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Theoretical Analysis of Welding 
Characteristics during Resistance Mash 

Seam Welding of Sheet Steels 
Surface strains and approximate thermal cycles can be easily calculated 

for resistance mash seam welding and used to infer joint quality 

BY J. E. GOULD 

ABSTRACT. In this work, the mash seam 
welding (RSEW-MS) process has been 
analyzed with respect to the requirements 
of the different mechanisms of solid-state 
welding, and the role of each assessed. 
The process was first analyzed to predict 
local strains along the weld interface. This 
was done through a simple geometric  
analysis of the weld stackup. Thermal cy- 
cles were then analyzed using a variation 
of the 2-D Rosenthal equation and an ap- 
propriate heat-generation term for mash 
seam welding. From this relationship, an 
equation was deduced defining the dura- 
tion of temperature excursions above crit- 
ical temperatures for metallurgical reac- 
tions. Calculations of weld interface 
strains suggest that for mash seam weld- 
ing, maximum strain levels are on the 
order of 110%. Further, for realistic lap 
conditions, the degree of strain appeared 
to be a function of the setdown of the joint 
stackup only and not the included lap. In 
addition, these strains were found to be 
relatively low compared to published 
strain requirements  for cold pressure 
welding (400-500%). As a result, it was 
concluded that actual surface straining 
plays a reduced role in joining during 
mash seam welding of sheet steels. In the 
absence of sufficient strain, solid-state 
welding must occur by thermally assisted 
processes. For such processes, longer 
times at temperature promote such mech- 
anisms as oxide dissolution, diffusion, and 
weld area recovery/recrystallization. 
Analysis of thermal excursions above crit- 
ical metallurgical temperatures suggests 
that higher currents, slower travel speeds, 
and increased laps all should improve 
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weld performance. These observations are 
all consistent with extensive manufactur- 
ing experience. 

Introduction 

Resistance mash seam welding is a 
variant of both conventional resistance 
seam welding (RSEW) and projection 
welding (PW). Mash seam welding uses 
equipment quite similar to that for con- 
ventional seam welding, including a large 
resistance welding frame, and rotating 
wheel-type electrodes to conduct the cur- 
rent. Mash seam welding differs from con- 
ventional seam welding in that the degree 
of overlap (between the sheets) is rela- 
tively small (on the order of 1-2 times the 
sheet thickness). During welding, this lap 
area is resistance heated and forged down 
to form a joint. A schematic representa- 
tion of the lap prior to welding and the 
final joint geometry is provided in Fig. 1. 
This heating and forging characteristic is 
similar to solid projection welding. 

Mash welding is essentially a heating 
and forging process. Resulting joints are 
typically of solid-state character,  and, 
when properly formed, show no evidence 
of melting. Earlier work on mash seam 
welding (Ref. 1) has suggested that for- 
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mation of a fusion zone was characteristic 
of these joints, and this is certainly possi- 
ble if sufficiently high currents and low 
travel speeds are used. However, most 
mash seam welds today are made as solid- 
state joints. Mash seam welding shows 
considerable advantage over conventional 
seam welding in a number of areas. Since 
a relatively narrow lap is used, this process 
is quite insensitive to the particular wheel 
geometry. As a result, the process is usu- 
ally conducted with relatively wide, fiat 
wheels. These fiat wheels offer excellent 
final surface finish and, in addition, 
greatly reduce sensitivity of the process to 
joint tracking. The final joint thickness is 
also generally very close to the base mate- 
rial thickness (typically 110-130% of that 
thickness). In addition, with secondary 
mechanical planishing, final joint thick- 
nesses equal to the base material thickness 
can be obtained. 

Given these advantages, it is not sur- 
prising that mash seam welding is widely 
used in industry today. Applications for 
mash seam welding include appliance 
manufacturing (e.g., dryer drums, motor 
shells) and fabrication of can and drum as- 
semblies, bicycle rims, etc. More recently, 
mash seam welding has been used in au- 
tomotive applications for the production 
of tailor-welded blanks (Refs. 2 4 ) .  

It is somewhat surprising that, given 
the widespread application of this process, 
the underlying mechanics of joint forma- 
tion are not well understood.  As men- 
tioned above, some work was done to de- 
fine the characteristics of these joints 
using metallographic inspection (Ref. 1). 
However, that work focused on the fusion 
characteristics of this process, and, as de- 
scribed, most of these joints are now made 
in the solid-state regime. As a result, this 
work is not applicable to most mash seam 
welding applications. 
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Fig. 1 - -  Mash seam weld geometry prior and 
following application of the joining process. A - -  
Before welding; B - -  after welding. 

Recent work has been done to better 
define the mechanisms of joining during 
solid-state welding processes (Ref. 5). 
Welding in these processes appears  to 
occur in three distinct submechanisms. 
These include the following: 

1) Creation of additional surface (surface 
strains). 

2) Dissolution of weld interface contam- 
inants. 

3) Dissolution of residual weld interface 
structure. 

Each of these mechanisms can be suf- 
ficient to create a joint. For example, sim- 
ply creating surface strains is the operat- 
ing mechanism for cold pressure welding 
(CW), while dissolution of contaminants 
and residual weld interface structure are 
the operating mechanisms for diffusion 
welding (DFW). 

These mechanisms of joining appear to 
be applicable to mash seam welding. Mash 
seam welding certainly creates additional 
surface by forging of the joint stackup (con- 
figuration of the sheets in the lap area). In 
addition, the heating done to promote forg- 
ing can also be used to facilitate dissolution 
of weld interface contaminants and residual 
weld interface structures. 

In this work, the formation of joints in 
resistance mash seam welds has been in- 
vestigated using analytical techniques. This 
work has included examinations of both the 
development of surface strains and tem- 
perature profiles in these components. The 
two are then compared and used to define 
operative mechanisms for creating mash 
seam welds between sheet steels. 

Analysis of the Resistance Mash 
Seam Welding System 

As briefly outlined above, mash seam 
welding is a combination of two processes: 
resistance heating and mechanical forg- 
ing. With respect to the basic mechanisms 
of welding for solid-state processes, these 
factors operate somewhat independently. 
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Fig. 2 - -  Geometry configuration for strain analysis during mash seam welding. A - -  Before welding; 
B - -  during welding. 

That is, mechanical forging largely results 
in the creation of surface strain, while re- 
sistance heating provides the thermal en- 
ergy for dissolution of residual weld inter- 
face contaminants  and annealing 
recrystallization of the residual weld in- 
terface structure. To gain an understand- 
ing of their influence on the process, each 
aspect can be analyzed separately. This is 
done in separate sections below. 

Analysis of Forging Effects 

The role of the application of force is 
largely to create additional surface along 
the weld interface. This effect has been 
well documented, particularly in the area 
of cold pressure welding (Refs. 6-9). Gen- 
erally, in mash seam welding, forging is de- 
scribed in terms of the final joint thickness 
relative to the thickness of the attached 
sheets. Obviously, for similar thickness 
sheets, this value can range from 2 prior to 
welding, down to 1 for a fully collapsed 
joint. For actual mash seam welds, values 
for the final joint thickness range from 1.1 
to 1.3 times the sheet thickness. 

Figure 1 details the shape of the weld 
interface before and after mash welding. 
The actual surface strains that occur along 
the weld interface can be easily derived 
from the final joint thickness using some 
simple geometric  relationships. This 
analysis can be conducted based on the 
following assumptions: 

1) During forging, the joint remains geo- 
metrically symmetrical about its cen- 
terline in cross section. 

2) Relative to the joint centerline, mate- 
rial is conserved. 

3) The length of the contact area can be 

defined as a straight line between the 
terminat ion points of the relative 
sheets in cross section. 

The resulting configuration for analy- 
sis is presented in Fig. 2. This figure pre- 
sents the schematic condition at the be- 
ginning and at some point  during the 
forging process. The parameters z0 and Y0 
are defined as twice the sheet thickness 
and the lap width, respectively, z andy are 
the actual stackup thickness and apparent 
lap at any point in the forging process. 
The above assumptions can be translated 
into the following equations: 

YoZo = y z  (1) 

y2 +Iz__~O_(z_Z~l]2  = f f  (2) 

L Z  \ z J J  

In the latter equation, L represents the ap- 
parent length of the weld at any point in 
the forging process. The former equation 
represents conservation of material. The 
lat ter  equation simply represents  the 
length of the weld interface as a function 
of the geometric parameters and can be 
simplified to 

y2 + (z ° _ z)Z = L 2 (3) 

Equations 1 and 3 can then be combined 
to eliminate the y term and yield the fol- 
lowing expression: 

y~ z~ ~.(Zo_ z)2 L2 
Z 2 (4) 
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Fig. 3 - -  Computed values of surface strains (e) during mash seam welding 
as a function of the relative lap (~) and the relative joint thickness (A). 

Fig. 4 - - A  representative mash wehl with initial relatil'e lap (~) q[" I. 4. and 
final relative joint thickness (A) of 1.16. (Joint shows a welding strain of 
90% compared to a predicted value of 84%.) 

Dividing through byy0-', and then using the 
observation that Y0 = L0 (the initial weld 
interface/lap length) in the right-hand side 
of the equation, the relationship can be re- 
duced to 

+ - 7 ( 0  z) 2 
', Z Yo (s) 

Inverting the first term, and then factoring 
a z0 out of the second term allows the 
equation to be reexpressed in the form 

1 2~_ zo 1 _ z  = 
t y,, ) t z,, ) [:,) (6) 

Then, the right hand of the expression can 
be rewritten, and the equation redefined 
a s  

z 2 + z "  1 - z  

(7) 

where (L - L.) /L.  is the effective weld in- 
terface strain. Defining the relative joint 
thickness as A = 2z/z. (the joint thickness 
divided by the sheet thickness), the rela- 
tive lap as ~ = 2yJz. (the lap divided by the 
sheet thickness), and the weld interface 
strain as E = (L - L.)/Lo, Equation 7 can 
be rewritten as 

', " ', + 1 - - ~  
t / ' ,  s (8) 

Thermal Analysis 

As described above, heat generation 
during mash seam welding is largely 
through resistance heating the lap area it- 
self. As is well known, the rate of heat gen- 
eration ( Q )  for resistance welding 
processes is generally defined as 
Q = F-R, where I is the applied 
welding current and R is the resistance of 
the workpiece and contact surfaces. For a 
simple examination of heat generation 
during mash seam welding, the resistance 
can be approximated through the con- 
ducting volume of the workpiece. This can 
be defined as R = p z(JA, where p is the re- 
sistivity of the steel and A is the area of 
contact. This assessment of resistance as- 
sumes, of course, no contact resistances, 
and that the height of the stackup is 
roughly equal to two times the sheet thick- 
ness. These are simplifications but are 
useful for understanding heat generation 
during this process. Assuming further that 
the contact area is bounded by the lap (,v0) 
and the length of contact (l), the rate of 
heat generation can be expressed as fol- 
lows: 

I 2 

In this equation, the current has been nor- 
malized to the contact area. 

Once an expression for heat genera- 
tion has been described, it is a relatively 
simple process to define the heat-flow 
equation for this process. Mash seam 
welding is typically done with thin sheets, 
and 2-D heat flow predominates. (The 
wheels themselves typically move at high 
speeds, minimizing their influence as a 
heat sink.) As a result, the Rosenthal 2-D 
solution (Ref. 10) can be used in combi- 
nation with the heat-generation term de- 

fined in Equation 9 above. The resulting 
expression is as follows: 

T - T o =  

I I ~2 ply,, ( - v w ' ~  ,, ['vR'~ 
 expi, J^,,I, J 

(lo) 

where T -  T0 is the rise from the base tem- 
perature, K and tx are the thermal con- 
ductivity and diffusivity, respectively, v is 
the welding speed, w and R are distances 
along and radially away from the heat 
source, and K, is the modified Bessel func- 
tion of the second kind of zero th order. 
Following the work of Adams (Ref. 11 ) the 
cooling rates in such a weld can then be ex- 
pressed as follows: 

d T  

dt 

2rcK2ot, ( ) I  v2 "] 2(T -T°)3 

p ~ ly,, (11) 

D i s c u s s i o n  

Effects of Surface Strains 

As previously described, the first 
mechanism of joining during any forge 
welding process is the creation of addi- 
tional contact surface. The creation of this 
additional contact surface essentially frac- 
tures weld interface contaminants and al- 
lows contact of nascent surfaces, enabling 
solid-state welding (Ref. 5). The degree of 
this surface extension is usually described 
by the surface strain. 

For mash seam welding, the amount of 
surface strain as a function of process con- 
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Fig. 5 - -  Plot showing the relationship between the oxide/metal hardness ratio 
and the minimum strain for cold welding for different materials. 

nesses on the order 
of 110-130%. In 
referring to Fig. 3, 
this range of laps 
and final joint  
thicknesses corre- 
spond to weld in- 
terface strains 
ranging from about 
55-110%. 

A representative 
mash seam weld for 
tailored-welded 
blank application is 
presented in Fig. 4. 
The weld was made 
on 0.8-mm-thick 
mild steel sheets. 
The initial relative 
lap (~) before weld- 
ing is 1.4, and final 
relative joint thick- 
ness (A) after weld- 
ing is 1.16. The 
weld interface 
strain (e) mea- 
sured from this fig- 

ditions is defined in Equation 8 above. It 
is clear from this equation that the amount 
of surface strain is a function of only the 
relative initial relative lap (~) and the rel- 
ative joint thickness (A). Typically, for real 
manufacturing applications, the relative 
lap (~) can vary from about 0.5 to 2.5. Fur- 
ther, given geometrical constraints of the 
process, the relative joint thickness has a 
value of 2 before any setdown (collapse of 
the initial joint stackup), with a minimum 
value of 1 as the joint thickness achieves 
the base material thickness. Plots showing 
variations in weld interface strains within 
these constraints are provided in Fig. 3. 
Surface strain (e) is plotted as a function 
of relative joint thickness (A) for five lev- 
els of relative lap (~). 

The extent of weld interface strain is 
clearly affected by the relative joint thick- 
ness. The degree of strain is obviously zero 
when the joint thickness is twice the sheet 
thickness (no setdown), and it increases 
continuously as the relative joint thickness 
decreases. Maximum strains correspond- 
ing to complete setdown (A = 1) appear to 
range from 100 to 180% with relative laps 
ranging from 0.5 to 2.5. 

The effect of relative lap is of greater 
interest. These results suggest that for rel- 
atively small laps (~ < 1) weld interface 
strains are very sensitive to lap. However 
for larger laps (~ > 1), the relationship is 
reduced. This suggests, of course, that the 
highest strains can be obtained with the 
smallest overlaps. 

As mentioned above, typical mash seam 
welding is done with relative laps on the 
order of 1-2, and relative final joint thick- 

ure is roughly 90%. 
This is consistent with the calculated value 
from Equation 8 (84%). 

To understand the role surface strains 
that occur during collapse has on the weld- 
ing process, the strains calculated here can 
be compared to those necessary for join- 
ing during cold pressure welding. The clas- 
sical works on cold pressure welding pub- 
lished by Tylecote and his coworkers 
(Refs. 6, 7) contain information on re- 
quired fractional deformations for weld- 
ing for various materials. These measure- 
ments were made on lap specimens using 
an elongated punch. Assuming plane 
strain condit ions under the punch and 
constancy of volume over the deformed 
material, an analysis similar to the one de- 
scribed above can be used to relate surface 
strains to the measured welding deforma- 
tions. The resulting relationship is as fol- 
lows: 

% D e f  

100 - %D(f ( 1 2 )  

where % D e f  is the measured deforma- 
tions for welding in Tylecote's original 
work. Critical surface deformations for 
welding (in the absence of heat) can now 
be translated from Tylecote's work and are 
reported in Table 1 below. As has been de- 
tailed in numerous works (Refs. 6-9), crit- 
ical strains for welding are related to the 
relative hardness of surface oxides. These 
correlations were made in Tylecote's orig- 
inal work and have been translated and 
presented as necessary surface strains for 
welding as a function of this oxide/metal 
hardness ratio for different materials.  

These results are presented graphically in 
Fig. 5. 

These results suggest that critical sur- 
face strains for welding range from as lit- 
tle as 10% for materials with very brittle 
oxides, to more than 1000% where the ox- 
ides are more ductile. These results fur- 
ther suggest that critical surface strains for 
steel are in the range of 400-500%. 
Clearly, these levels are outside the range 
of possible strains for conventional mash 
seam welding methods. It appears then, 
that the forging occurring during mash 
seam welding of steels plays a reduced role 
in the overall welding process. These ob- 
servations are consistent with two com- 
monly observed facts in manufacturing ex- 
perience. The first is that increases in lap 
(which apparently do not increase surface 
strain) are advantageous to weld quality. 
The second is that metal collapse in the 
absence of heat does not produce any ap- 
parent welding. 

Effects of the Thermal Cycle 

The above discussion strongly suggests 
that the first stage of the solid-state weld- 
ing process, creation of additional surface, 
plays a reduced role in mash welding 
steels. As has been discussed elsewhere 
(Ref. 5), further joining during solid-state 
welding processes must occur by the addi- 
tion of thermal energy. As ment ioned 
above, this thermal energy has two func- 
tions. Initially, thermally activated disso- 
lution of retained surface oxides occurs, 
creating additional clean surface for weld- 
ing. Also, this energy allows recovery (and 
in the extreme recrystallization) of the 
residual deformed weld interface struc- 
ture. For mash welding of steels, the role 
of this thermal energy appears to predom- 
inate. 

The thermal response of mash seam 
welds has been summarized in Equations 
10 and 11 above. For resistance welding 
processes, heating is generally extremely 
rapid (Ref. 12). Assuming this rapid heat- 
ing, the time above a specific temperature 
for metallurgical  reaction can be esti- 
mated by integrating the cooling rate ex- 
pression given in Equation 11 above. The 
resulting equation is as follows: 

= T E  

(13) 

where At is the time above critical temper- 
ature Tp - AT; Tp is the peak or forging 
temperature (generally 1200-1300°C for 
mash seam welding); and AT is the differ- 
ence between the peak and critical tem- 
peratures. This equation allows the effects 
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of all critical process parameters on time 
above critical temperature to be assessed. 

It is no surprise that the dominant  
process variable is the specific welding 
current (I/A). Times above critical tem- 
peratures increase to the fourth power as 
the specific current is increased. Current 
is, of course, the most sensitive variable in 
the process. Similarly, it is not surprising 
that times above critical temperatures de- 
crease in proportion with the square of the 
welding speed. Reduced welding speeds 
are often used as a method of improving 
mash seam weld quality. 

Of interest, however, is the apparent re- 
lationship between the lap (Y0) and the time 
at welding temperatures. Equation 13 pre- 
dicts that time above critical temperature 
will increase as the square of the lap. This 
observation explains a critical observation 
in mash seam welding mentioned above, 
that greater relative laps are strongly cor- 
related to improvements in weld quality. 
The suggestion here is that the role of in- 
creased lap is not to increase forging dur- 
ing welding but rather to increase the heat 
content of the process, and increase the 
time above critical temperature. 

Conclusions 

In this program, the characteristics of 
welding have been analyzed in a theoreti- 
cal way. To accomplish this analysis, mash 
seam welding has been considered in light 
of recent work on the basic mechanisms of 
solid-state welding. Central to these 
mechanisms of welding are the creation of 
surface strains and the addition of heat for 
thermally assisted processes. Analysis of 
surface strains was done through simple 
geometric relationships. Thermal analyses 
were done based on Rosenthal's 2-D heat- 
flow equations, coupled with a heat-gen- 
eration term appropriate for resistance 
mash seam welding. Results provided a 
detailed picture of the operative mecha- 
nisms of welding for resistance mash seam 
welding, as well as an understanding of the 
major process factors. Specific conclu- 
sions include the following: 

1) Assessment of Surface Strains - -  Sur- 
face strains can be easily calculated 
from a geometric analysis of the weld 
stackup. Final surface strains were 
simply a function of the relative joint 
thickness (A) and the relative lap of 
the sheets (~). 

2) Assessments of Thermal Cycles - -  
Thermal cycles can be estimated for 
resistance seam welding based on 
Rosenthal's 2-D heat-flow equation 
coupled with a heat-generation term 
appropriate for resistance mash seam 
welding. These simple models were 
extended to predict cooling rates and 
excursion times above critical temper- 
atures. 

3) Weld Interface Strain Relationships for 
Mash Seam Welding--  Calculations of 
weld interface strains showed that the 
actual strain levels were largely a func- 
tion of the setdown of the sheets, and 
insensitive to relative laps actually used 
for mash seam welding. 

4) Role of Surface Strains in the Forma- 
tion of Mash Seam Welds - -  Evalu- 
ated weld interface strains for real 
combinations of mash seam welding 
conditions suggested values typically 
less than 110%. This is only about 
one-quarter of the surface strain lev- 
els required for direct welding. There- 
fore, it appears that surface strains 
play a secondary role compared to 
thermal effects in the formation of 
mash seam-welded joints. 

5) Temperature Excursion Relationships 
for Mash Seam Welding - -  Times 
above critical temperatures were 
found to be heavily dependent on the 
applied specific current, welding 
speed, and lap. 

6) Effects of Lap on Temperature Excur- 
sions - -  Times above critical temper- 
atures were found to increase as the 
square of the lap used. This suggests 
that a major influence of the lap is to 
extend the temperature excursion, 
rather than to increase the amount of 
forging in the workpiece. 

7) Operating Mechanisms of Joining for 

Mash Seam Welding --These results 
suggest that thermally related effects 
are the dominant  mechanisms of 
welding for this process, and that fac- 
tors that increase time at temperature 
will inevitably improve weld quality. 

References 

1. Funk, E. J., and Bergeman, M. L. 1956. 
Electrical and metallurgical characteristics of 
mash seam welds. Welding Journal 35(6): 265-s 
to 274-s. 

2. Adonyi, Y., Milian, J., and Roudabush, L. 
1992. Welded steel sheet performance for tai- 
lored blanks. Sheet Metal Welding Conference V. 
Detroit, Mich.: AWS Detroit Section. 

3. Gordon, H., and Corrodi, R. 1992. Blank 
welding - -  A new generation of blank welding 
machines. Sheet Metal Welding Conference V. 
Detroit, Mich.: AWS Detroit Section. 

4. Geiermann, T. Published in IBEC confer- 
ence proceedings. 

5. Gould, J. E. 1995. Mechanisms of bond- 
ing for solid state welding processes. 1CA WT 95, 
Advances in Welding Processes. Columbus, 
Ohio: Edison Welding Institute. 

6. Tylecote, R. E 1954. Investigations on pres- 
sure welding. British Welding Journal 1(3): 
117-135. 

7. Tylecote, R. E, Howd, D., and Furmidge, 
J. E. 1958. The influence of surface films on the 
pressure welding of metals. British Welding Jour- 
hal 5(1): 21-38. 

8. Mohamed, H. A., and Washburn, J. 1975. 
Mechanism of solid state pressure welding. 
Welding Journal 54(9): 302-s to 310-s. 

9. Wright, P. K., Snow, D. A., and Tay, C. K. 
1978. Interfacial conditions and bond strength 
in cold pressure welding by rolling. Metals Tech- 
nology (1): 24-31. 

10. Rosenthal, D. 1941. Mathematical the- 
ory of heat distribution during welding and cut- 
ting. Welding Journal 20(5): 220-s to 234-s. 

11. Adams, C. M., Jr. 1958. Cooling rates 
and peak temperatures in fusion welding. Weld- 
ing Journal 37(5): 210-s to 215-s. 

12. Gould, J. E. 1987. An examination of 
nugget development during spot welding, using 
both analytical and experimental techniques. 
Welding Journal 66(i): l-s to 10-s. 

WELDING JOURNAL l,,.[,-lr~.- 1 


