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process variables on the resistance spot welding of aluminum alloys 
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ABSTRACT. A computer-based model of 
resistance spot welding with hemispher- 
ical electrode tips has been developed to 
include simulation of elastic-plastic me- 
chanical deformation as well as ohmic 
heating and thermal conduction. The pri- 
mary effect of the mechanical deforma- 
tion is in its influence on the contact area 
and current density developed at the fay- 
ing surface. The model was used to sim- 
ulate spot welding in aluminum alloys. 
Preliminary results show the effects of 
variations in input current, contact resis- 
tance, applied force and position of the 
cooling water with respect to the elec- 
trode tip. It is shown that the value of the 
contact resistance has a large effect on 
nugget formation in the spot welding of 
aluminum alloys and that the applied 
force has a significant effect arising from 
its effect on the area of contact at the fay- 
ing surface. The formation of a resistance 
spot weld in aluminum is also sensitive 
to the position of the cooling water-elec- 
trode interface because of the high ther- 
mal conductivity of aluminum alloys. 

Introduction 

Resistance spot welding has been 
used for many years as a reliable tech- 
nique for joining pressed steel sheet. 
More recently, there has been an interest 
in the spot welding of aluminum alloy 
automotive structures and body shells. 
However, control of the spot welding of 
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aluminum is often more difficult than of 
steel because of aluminum's higher elec- 
trical and thermal conductivities and 
lower melting point. In order to investi- 
gate the problem of forming a spot weld 
in aluminum, a model of the process was 
developed to study the interaction of 
variables with the ultimate aim of im- 
proving process control. The develop- 
ment of the model is described in this 
paper. 

In resistance spot welding, two metal 
sheets are compressed between two 
water-cooled copper electrodes with an 
applied force P. Current is supplied to the 
sheets via the two electrodes to create 
concentrated heating at the faying sur- 
face. In spot welding steel, a current typ- 
ically in the range 8 to 14 kA is required 
to form a good size nugget. In contrast, 
current in the range 20 to 30 kA is re- 
quired to produce fusion in aluminum 
alloy sheets. Despite the simplicity of the 
underlying principles, there are many in- 
dependent variables that can affect the 
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spot welding process to a greater or lesser 
degree. Early attempts at modeling usu- 
ally simplified the problem by consider- 
ing it to be one-dimensional (Refs. 1-3), 
although one-dimensional models can- 
not predict the nugget diameter, which is 
of importance in determining the 
strength of the weld (Ref. 4). Two-dimen- 
sional finite difference models were de- 
veloped (Refs. 5, 6) to make predictions 
of the nugget shape. By taking account of 
the change in materials properties with 
temperature and coupling the thermal 
and electrical aspects of the problem, 
Cho and Cho (Ref. 5) developed a model 
capable of accounting for fluctuations in 
localized heating, which is particularly 
important at the faying surface. 

Finite element analysis has also been 
used to model spot welding, particularly 
when the mechanical aspects of the 
process have been investigated. Neid 
(Ref. 7) investigated the effect of the 
geometry of electrode and workpiece to 
predict the deformation and stresses as a 
function of temperature. However, the 
model was restricted to elastic deforma- 
tion and did not calculate the contact 
areas at the electrode-sheet and faying 
surfaces. Kim and Eager (Ref. 8) investi- 
gated the effect of elastoplastic deforma- 
tion using a coupled electro-thermal-me- 
chanical finite element method. This 
model was limited to the treatment of a 
flat-ended electrode and did not treat the 
change in contact area with different ap- 
plied forces, which occurs with conven- 
tional, domed electrodes. More recently, 
Tsai, et al. (Ref. 9), developed a coupled 
mechanical-electrothermal model which 
they used to produce weldability charac- 
teristic curves for steel sheet. Again, only 
flat-ended electrodes were modeled in 
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Fig. I - -  A - -  Mesh used in the finite difference module (electrothermal aspects); B - -  mesh used 
in the finite element module (deformation aspects). 

this work. 
Considerable advances have been 

made in modeling resistance spot weld- 
ing, and the application of modeling to 
ferrous alloys gives rise to the possibility 
of improved process control (Refs. 7-9). 
However, existing models incorporating 
mechanical deformation have simulated 
spot welding with flat-ended electrodes 
and have not taken into account the 
change in contact area that accompanies 
welding with domed electrodes. This 
may not be a serious limitation in simu- 
lating welding in steel, but it may be 
more important in the study of spot weld- 
ing of aluminum alloys where contact re- 
sistance at the faying surface is a domi- 
nant variable. It is the purpose of this 
paper to describe the development of a 
model of resistance spot welding applied 

to aluminum alloys, which is able to take 
into account the sensitivity of nugget for- 
mation in aluminum to the value of the 
faying surface resistance and area of con- 
tact at the faying surface. Such a model 
can be used to investigate the interaction 
of variables on fusion and nugget forma- 
tion to determine the relative effect of 
critical process parameters. 

The Model 

The axisymmetric arrangement 
shown in Fig.1 was assumed for ease of 
computation. The sequence of events 
during a spot welding cycle can be sep- 
arated into the following stages: 

1) A force P is applied to the elec- 
trodes, which produces elastic and plas- 
tic deformation in the sheets. The defor- 

mation results in different areas of con- 
tact at the electrode-sheet surface and at 
the faying surface, the size of which de- 
pends on the applied force, the yield 
stress sy of the aluminum and the Young's 

moduli of the sheet and the electrode. 
2) At the start of the welding cycle, 

with the sheets and electrode at a uni- 
form temperature T, current passes 
through the copper electrodes, flowing 
through the sheets and faying surface 
contact in the process. Both the elec- 
trodes and the sheets have well-defined 
values of electrical and thermal conduc- 
tivity (G, k), which are initially constant. 
The contact resistance R c at the faying 
surface is not well-defined and has to be 
specified with reference to experimental 
determinations, depending on the alloy 
and any coating it may possess. An im- 
portant application of the model is to in- 
vestigate the sensitivity of nugget forma- 
tion to variations in R c. 

3) As a consequence of the current 
flow, at some short time St after the start 
of current flow, the temperature wil l  in- 
crease at a rate that depends on the local 
value of the resistance. At the same time 
heat wil l  flow out of the sheet and elec- 
trode into the cooling water at a rate de- 
pendent on the local value of the thermal 
conductivity k and the local temperature 
gradients. The distance between the 
electrode-cooling water interface wi l l  
have a strong influence on the rate of ab- 
straction of heat and can be varied in the 
model. 

4) The properties of the materials wil l  
change locally as a consequence of the 
local increase in temperature. Conse- 
quently, the yield stress Sy wil l  fall and 

more deformation wil l  occur, increasing 
the areas of contact between the elec- 
trode and the sheet and between the fay- 
ing surfaces. At the same time both the 
electrical and thermal conductivity wil l  
decrease as a function of the local tem- 
perature increase. These changes wil l  af- 
fect both the local rate of heating and the 
rate of local heat conduction away from 
the faying surface. 

5) The competing processes of ohmic 
heating and heat conduction wil l  even- 
tually lead to a steady state where the rate 
of change of temperature at any point is 
zero. However, if the current is large 
enough, melting wi l l  occur before the 
steady state is achieved, first at the faying 
surface, and then in an increasing vol- 
ume of material about the faying surface. 
Fusion wi l l  absorb heat, but both the 
electrical and thermal conductivities de- 
crease discontinuously in the molten 
zone to offset this effect. If the fusion 
zone becomes too large relative to the 
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area of contact determined by the ap- 
plied force, weld metal expulsion wi l l  
OCCUr .  

An axisymmetric model incorporating 
the above features was developed. The 
mechanical aspects of the problem were 
treated using the finite element tech- 
nique. The electrical and thermal aspects 
were treated using the finite difference 
technique. The programs were coded 
and run in separate modules in the initial 
stages. After testing, the modules were 
linked as described in more detail below. 

Electrothermal Module 

The flexibility and speed of the finite 
difference method in solving heat trans- 
fer problems was exploited in developing 
the electrical-thermal module. Expressed 
in continuum form, solution of the tem- 
perature field involves the solution of the 
differential equation 

r~t olr ~ ~-r ) r r)r 

(1) 
where p is the density, c is the heat ca- 
pacity, T is the temperature, t is the time 
and k and ~ are the thermal and electri- 
cal conductivities, respectively. The ax- 
isymmetrical coordinates are denoted by 
r, which is the radial distance measured 
from the center of the electrode, and z, 
which is the distance in the direction par- 
allel to the central axis of the electrode. 
The material properties c, k and ~ are 
functions of temperature as indicated 
above. The last term on the right side of 
Equation 1 represents the heating pro- 
duced by the potential £0. Because (~ is a 
function of temperature and because the 
problem incorporates a number of differ- 
ent regions (e.g., copper electrodes, alu- 
minum sheet, surface layers) the heating 
term varies with position and tempera- 
ture and must be calculated indepen- 
dently at each time step in the computa- 
tion. The governing differential equation 
for the calculation of the electrical po- 
tential go is 

<-tort <'<-mr J+r 

az C az j (2) 
In solving Equations 1 and 2 by a nu- 

merical method, the differentials are re- 
placed by finite differences relating to the 
values ofT and go at neighboring nodes in 
the chosen mesh (Refs. 10-12). The result 
is two coupled sets of linear equations. 
The set of equations arising from Equa- 
tion 1 was solved numerically using the 

alternating direction 
implicit (ADI) 
method, which is 
well-documented in 
the literature (Refs. 
10, 11). The method 
was chosen because it 
offers a stable solution 
for any choice of time 
step, and although the 
technique requires 
two solutions to be 
made in each time 
step, a tri-diagonal 
matrix is obtained so 
that each solution can 
be obtained using 
simplified Gaussian 
elimination. The in- 
stantaneous potential 
field defined in Equa- 
tion 2 was solved by 
the successive overre- 
laxation method 
(Refs. 5, 10, 12). Be- 
cause of the symmetry 
of the electrode pair, 
only one quarter of 
the physical arrange- 
ment need be mod- 
eled with a rnesh of 
the sort shown in Fig. 
1A. The total simu- 
lated time for comple- 
tion of the spot weld- 
ing cycle was of the 
order of 0.2 s, and so- 
lutions for the temperature and potential 
fields were obtained after each time step 

of 2x10 .4 s. The source code to accom- 
plish this was written in Fortran (Ref.13) 
and initially compiled in a Sun Sparksta- 
tion operating under Unix Sun OS. Sub- 
sequently, the code was transferred to a 
Cray operating under Unix. 

The mechanical deformation affects 
the electrothermal process through its ef- 
fect on the areas of the contacting sur- 
faces. This was simulated in the model by 
passing the temperature field to the finite 
element module, called as an external 
procedure at intervals of 0.02 s (simu- 
lated time). The updated contact areas 
were then passed back to the electro- 
thermal module from the finite element 
module, as shown schematically in Fig. 
2. This frequency of linkage was found to 
be sufficient to monitor the significant 
changes in the areas of contact during the 
spot welding cycle. 

Mechanical Module 

The axisymmetric mechanical defor- 
mation was modeled with the finite ele- 
ment method, using the mesh of four- 

Initialise current, temperature, properties i 

MECHANICAL MODULE 

Calculate 
(i) Deformation 

(ii)Contact area at faying surface 

1 
ELECTRO-THERMAL MODULE 

Calculate 
(i) Potential field 

I 

(ii) Temperature field 
I 

(iii) Update 
thermal conductivity, 
heat capacity, 
resistivity 

I 
time step 0 .0002 s .... 

- ~  time step 0.02 s 

Write output to data file ] 
J 

Fig. 2 Schematic illustration of computational procedure. 

node, isoparanletric elements shown in 
Fig. lB. Plastic deformation was mod- 
eled using the von Mises isotropic yield 
criterion (Ref. 14) in which Young's mod- 
ulus E, Poisson's ratio v, yield stress sy and 

work hardening rate h are the specified 
materials parameters. Provision was 
made in the module for incorporating the 
temperature dependence of the yield 
stress (empirical data), which falls signif- 
icantly as the temperature increases. So- 
lution of the finite element problem in- 
volves the solution of a system of 
simultaneous equations of the form 

H q ~ + t - O  (3) 
where qb is the vector of unknown dis- 
placements, f is the vector of "loads" and 
H is the "stiffness matrix" (Ref. 15). For 
the elasto-plastic problem, H itself de- 
pends on the unknowns q~ so that an it- 
erative method of solution was used, 
based on a modified Newton-Raphson 
method. This method was implemented 
in source code written in Fortran (Ref. 16) 
and designed to interface with the elec- 
trothermal module. The object code was 
initially compiled in a Sun Sparkstation 
under Sun OS. Subsequently, the code 
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Table 1 - -  Default Values of Variables 

Variable Default Value 

Input Current (50 Hz 20 kA 
sine wave) 

Contact Resistance 450 pl'~ 
Cooling Water- 3 mm (0.12 in.) 

Tip Distance 
Applied Force 5 kN (1120 Ib-force) 
Sheet Thickness 2 mm (0.08 in.) 
Electrode Tip Radius 50.8 mm (2 in.) 

was transferred to a Cray operating under 
Unix. 

The linked object code from the elec- 
trothermal and mechanical modules was 
run initially under Unix on a Sun Spark- 
station and, typically, a full simulation of 
one welding cycle (0.16 s) took two 
hours to complete. The code was subse- 
quently transferred to a Cray under Unix. 

Parameters and Boundary Values 

As with any numerical model, it is of 
great importance to define the boundary 
conditions and material parameters cor- 
rectly to obtain realistic results. However, 
the exact values of some parameters are 
not known. In these cases test solutions 
can be made to determine the sensitivity 
of the final result to variations in the pa- 
rameters in question. As described 
below, of the parameters with uncertain 
values, only the faying surface contact re- 
sistance was problematical. The bound- 
ary conditions used in the model are now 
described: 

Therma l  Bounda ry  Cond i t ions .  The 
temperature of the cooling water, elec- 
trode and aluminum sheets was initial- 
ized at 20°C (68°F). Initial studies of the 
process showed that convective heat 
transfer to the surrounding air is negligi- 
ble and can be ignored in the problem. 
To simulate the effect of a good flow of 
cooling water in the electrode cavity the 
temperature of the electrode-water inter- 
face was maintained at a constant value 
during the welding cycle. 

Electr ica l  Boundary  Condi t ions .  To 
drive the current, the potential at the top 
of the copper electrode was set to unity 
and the potential at the base of the mesh, 
at the faying surface was set to zero. 
These values were then scaled at each 
time step in accordance with the peak 
input current selected and the shape of 
the predetermined current pulse. For the 
simulations reported below, a 50 Hz sine 
wave current pulse was used. 

M e c h a n i c a l  B o u n d a r y  Cond i t i ons .  

On the base of the mesh, at the faying 
surface, the vertical displacement can 
only be zero or positive since the two sur- 
faces can part but not overlap. It was 
found that no significant tangential 
stresses develop over the area of physical 
contact at the faying surface. Hence, the 
question of appropriate constraints in the 
radial direction does not arise in this 
case. In contrast, stresses tangential to the 
interface are found to develop at the elec- 
trode-sheet surface, indicating the possi- 
bility of sliding, depending on the coeffi- 
cient of friction. To simplify the analysis, 
sliding at the electrode-sheet interface 
was not modeled, which is equivalent to 
assuming a large friction coefficient. The 
predetermined, constant applied force 
was maintained by adjusting the dis- 
placement. The yield strength at room 
temperature was taken to be 158 MPa (23 
ksi) and the variation of yield strength 
with temperature was included using ex- 
perimental data for AH 5754 aluminum 
alloy (Ref. 17). Full modeling of melting 
in its effect on mechanical deformation is 
very difficult because of the change in 
phase, which the finite element method 
is not well adapted to handle. To simu- 
late the effect of melting within the con- 
straints of the numerical method, the 
Poisson's ratio of the material in the re- 
gion at temperatures above the melting 
point was made to be close to 0.5 and the 
shear yield strength was made small (10 
MPa; 1.5 ksi) as was compatible with 
producing a stable solution. Ideally, Pois- 
son's ratio should be set to a value of 0.5 
to represent a liquid, but finite element 
models cannot generally handle this lim- 
iting case. In the present work, Poisson's 
ratio was set to 0.485 to model the liquid 
region. 

Mater ia l  Properties. Data for specific 
heat and electrical and thermal conduc- 
tivities as a function of temperature (Refs. 
18-20) were included in the data input 
file, and the values used in the model 
were updated at each time step. The ex- 
treme in the specific heat capacity at the 
melting point was incorporated using 
isothermal absorption of the fusion en- 
ergy. 

Contact  Resistance. Boundary nodes 
not in physical contact with the electrode 
or at the faying surface (zero normal pres- 
sure at that point) were treated as insu- 
lating by assigning an effectively infinite 
resistance to them. An increase in the 
contact area with time was modeled by 
assigning a finite resistance to the nodes 
that had come into contact since the end 
of the previous time step. The contact re- 
sistance at the electrode-sheet interface 
was ignored because experimental mea- 
surement has shown it to be low com- 
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Fig. 3 - -  Nugget profiles (boundary between 
molten and solid metal) developed at different 
times in the welding cycle. The effect of  dif- 
ferent input currents (sinusoidal wave form) is 
shown with: A - -  input current o f  10 kA 
(peak); B - -  current of  20 kA (peak). Other 
variables are set to the default values shown in 
Table I. 

pared with the faying surface contact re- 
sistance (Ref. 21) and also because pre- 
liminary modeling studies showed that 
local melting at the electrode surface had 
very little effect on nugget formation. 
Contact resistance at the faying surface 
was incorporated in the model by the in- 
clusion of nodes with a high resistivity at 
the area of contact at the faying surface. 
In the results reported below, it was as- 
sumed that the contact resistance was 
spatially uniform across the contact area 
at a given applied force. Contact resis- 
tance is anticipated to fall with increas- 
ing temperature and detailed information 
on this effect in steel is available (Refs. 
22-24). However, experimental observa- 
tions show that the contact resistance at 
the faying surface in coated aluminum al- 
loys remains reasonably constant until 
the temperature is close to the melting 
point (Ref. 21). Although it is easy to 
model detailed variations in the contact 
resistance with temperature and current 
flow using the present software, the fol- 
lowing procedure was adopted for 
heuristic purposes. The contact resis- 
tance was maintained constant until the 
temperature at faying surface nodes ex- 
ceeded the solidus temperature of the 
aluminum alloy. The contact resistance 
was then allowed to drop to the level of 
that of the molten metal over a tempera- 
ture range of 50°C (122°F), which corre- 
sponds approximately to the solidus-liq- 
uidus range in aluminum alloys of 
interest. 
Results of Simulations 

Some simulations were performed to 
observe the effect of various parameters 
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Fig. 5 - -  Nugget profi les developed at differ- 
ent times in the welding cycle showing the ef- 
fect o f  the posit ion o f  the cool ing water from 
the electrode tip. A - -  2 ram; B - -  5 ram. 
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Fig. 6 - -  Nugget profiles developed at differ- 
ent times in time welding cycle showing the ef- 
fect o f  the appl ied lorce. A - -  3 kN; B - -  9 kN. 

on nugget formation. Unless stated oth- 
erwise, the default values listed in Table 
1 were adopted. The effect of input cur- 
rent on nugget formation is shown in Fig. 
3. In reasonable agreement with experi- 
ence of resistance spot welding of alu- 
minum, a current of I0 kA is found to be 
insufficient to form a good size nugget, 
whereas 20 kA is adequate, i .e., the cur- 
rent values required for the resistance 
spot welding of aluminum are about 
three times larger than for steel owing to 
the higher electrical and thermal con- 
ductivity of the material. 

The input current is a primary control 
variable in spot welding, but resistance 
spot welding of aluminum is expected to 
be sensitive to the value of the contact re- 
sistance at the faying surface, which in 
practice can vary between wide limits 
depending on the thickness of the oxide 
film and any coating applied to the ma- 
terial (Ref. 18). The range of values of the 
contact resistance used in the simula- 
tions was selected on the basis of exper- 
imental observations (Ref. 18). The re- 
sults of simulations (Fig. 4A and B) 
illustrate the importance of the faying 
surface contact resistance. A factor of 
two decrease in the value of the contact 
resistance has the effect of reducing the 
local heating at the contacting surfaces 
sufficiently to suppress nugget growth. 
This result contrasts with the result of spot 
welding simulations done on steel using 
the present model (Ref. 25), which show 
that the value of the contact resistance is 
not such a critical factor in spot welding 
steel as in aluminum. 

Because of the high thermal conduc- 
tivity of aluminum the distance between 
the electrode-cooling water interface 
and the electrode tip has a significant ef- 
fect on spot welding. As illustrated in Fig. 

5, too much heat may be abstracted from 
the weld region to form a good-sized 
nugget when the distance is small. When 
the distance is large, a larger nugget is 
formed, although unwanted melting is 
then likely to occur at the electrode-sheet 
interface, with a consequent reduction in 
electrode tip life (Ref. 26). 

The main effect of increasing the ap- 
plied force is to increase the contact area 
and reduce the current density. In addi- 
tion, because of its sensitivity to contact 
resistance, nugget formation is expected 
to be sensitive to the contact area at the 
faying surface, which in turn is deter- 
mined by the applied force. With a low 
applied force of 3 kN, a large, round 
nugget is formed. With an applied force 
of 9 kN, a much flatter nugget is formed 
as a consequence of the lower current 
density at the center of the weld - -  Fig. 
6. 

Discussion 

The development of an integrated 
electro-thermal-mechanical model has 
allowed the realistic modeling of resis- 
tance spot welding of aluminum to be 
undertaken. In particular, the incorpora- 
tion of mechanical deformation in the 
model enabled the contact area at the 
faying surface to be included in the com- 
putation, to account for the change in 
contact area as temperature rises. The 
modeling of mechanical deformation is 
also envisaged to be useful in studies of 
the effect of applied force on molten 
metal expulsion at the faying surface, and 
the results of a study of this is presented 
in a separate publication (Ref. 27). The 
results presented in the present work 
show that the effect of a number of vari- 
ables and their interaction can be readily 

studied and confirm previous findings 
that the contact resistance is crucial in 
spot welding aluminum, in contrast to 
the spot welding of steel. This raises a 
problem in the application of simulation 
to the study of spot welding in produc- 
tion because the contact resistance at the 
faying surface is the least understood and 
least controllable of all the parameters in- 
corporated into the model. 

The contact resistance of aluminum 
alloys is likely to be determined by both 
the roughness of the surface and the 
thickness of oxide films and any coating 
that has been applied to the sheet. It is 
often assumed that the deformation of 
surface asperities during compression of 
the faying surface largely determines the 
value of the contact resistance at the fay- 
ing surface (e.g., Ref. 9), but experimen- 
tal work (Ref. 21 ) has shown that this may 
not always be the case at the faying sur- 
face in aluminum alloys, particularly 
when the sheet has been coated with an 
insulating film. Hence, an important use 
for simulation by computer modeling is 
to obtain a better understanding of the 
least understood aspects of the process, 
such as the role of the contact resistance 
and the details of the breakdown of con- 
tact resistance during melting. 

Various patterns of possible behavior 
of contact resistance can be investigated 
inexpensively using the model. How- 
ever, for this to be realistic and useful, the 
boundary conditions must be appropri- 
ate to spot welding in practice and take 
account of the effect of previously- 
formed spot welds, which form a shunt in 
the electrical circuit during the weld 
cycle. It is a relatively simple matter to in- 
corporate a shunt resistance in to the 
model, but the effect of the presence of 
the shunt induces more complex behav- 
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ior. For instance, given the assumptions 
built into the simulations reported above, 
a high contact resistance is beneficial 
when no shunt is present, but may not be 
when there is a shunt resistance because 
of the diversion of current away from the 
weld. A study of the interaction between 
contact resistance and the presence of 
shunt welds and other factors using the 
present model is presented in a separate 
publication (Ref. 27). 

Conclusions 

1 ) A model of resistance spot welding 
of aluminum has been made incorporat- 
ing the electrical, thermal and mechani- 
cal aspects of the process. 

2) A primary effect of the applied force 
and mechanical deformation on nugget 
formation is the determinat ion of the 
contact area and current density at the 
faying surface. 

3) Preliminary studies of the effects of 
a number of variables on nugget forma- 
tion are in good agreement with expec- 
tations, but a further development is to 
adapt the model to a more detailed study 
of resistance spot welding under produc- 
tion conditions which would include, for 
example, the effect of previously formed 
shunt welds. The results of a more de- 
tailed study of the influence of process 
variables wi l l  be presented in another 
paper (Ref. 27). 
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Correction: 
Re: Numerical Simulation of the 

Effect of Gravity on Weld Pool Shape, 
byJ. Domey, D. K. Aidun, G. Ahmadi, 
L. L. Regel and W. R. Wilcox, pp. 263- 
s to 268-s, August 1 995. The last para- 
graph on p. 266 reads in part, "This is 
evident in comparing the Grashof 
numbers for the 0.1- and 2.0-g cases 
which are 2.08 x 106 and 1.56 x 108, 
repectively." The numbers should 

read: 2.08 x 106and 1.56 x 108. 
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