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ABSTRACT. This research is focused on 
characterizing electrical contact resis
tance involved in resistance spot weld
ing of thin sheet steels. It is part of a larger 
study in which a mathematical simula
tion of the welding process is being de
veloped. A special test fixture has been 
fabricated that allows contact resistance 
at the electrode-to-sheet interface and 
the sheet-to-sheet interface to be mea
sured under typical welding pressures 
(e.g., 14 ksi) and from room temperature 
to elevated temperatures. Bare and gal
vanized mild and HSLA steels have been 
considered. The nature of the contact re
sistance is discussed, and experimental 
findings are presented. 

Introduction 

The idea of jo ining metals together 
with electrical resistive heating is at
tributed to Prof. Elihu Thomson (Ref. 1) 
in the 1 880s. He first conceived of this 
form of welding as a means of jo ining 
lengths of copper wire together but soon 
realized that it had a multiplicity of other 
uses. Today resistance welding is used 
extensively in the automobile industry 
to attach sheet steels, and to a more lim-
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ited extent in the aerospace, housing and 
white goods industries. 

Weld quality is most often stated in 
terms of weld nugget diameter. The 
major process parameters that affect 
nugget formation and size are electrode 
force, current level, and current dura
tion. For a given electrode force, the in
terplay of welding parameters is com
monly described with an experimentally 
generated lobe diagram, as illustrated in 
Fig. 1. Relatively low current levels and 
a large range between the minimum ac
ceptable nugget diameter and expulsion 
are desirable lobe characteristics. Low 
current levels increase electrode life by 
minimiz ing the total heat input into a 
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joint. Force, current and duration set
tings are based on a number of variables: 
the electrical and thermal contact resis
tances between the sheets being welded 
together, the electrode size, and base 
material characteristics. 

The importance of electrical contact 
resistance at the electrode-sheet and 
sheet-sheet interfaces in determining the 
lobe diagram for a particular sheet metal 
has been discussed and studied by such 
researchers as Kaiser, ef al. (Ref. 2), 
Gould and Cambell (Ref. 3), and Savage, 
ef al. (Ref. 4). Electrical contact resis
tance is composed of constriction and 
contaminant components. Figure 1 
shows the effect of electrical contact re
sistance on the lobe shape and location 
for sheet steels of comparable carbon 
content and thickness, as determined in 
the current work. The main difference in 
the two lobe diagrams is created by the 
presence of galvanizing. Considering 
that the energy to create a weld is related 
to the square of current, electrical con
tact resistance appears to affect the total 
heat required to create a weld of a given 
size (note that heat input is also inversely 
related to electrode life). 

If there is to be success in accurately 
modeling the resistance welding process 
(i.e., simulating the formation of a weld 
nugget), a thorough understanding of 
electrical resistance between contacting 
members under a variety of loads and 
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elevated temperatures is needed be
cause of its apparent influence on a va
riety of welding characteristics. A recent 
paper by Sheppard (Ref. 5) contains a 
review of finite difference and finite el
ement simulations of resistance spot 
welding. Most of these have met with 
mixed success in predicting weld zone 
temperatures and nugget size, perhaps 
due in part to inaccuracies in estimat
ing electrical contact resistance. 

Past Measurements and Means 
of Calculating Electrical 
Contact Resistance 

There have been a number of stud
ies conducted to quantify contact resis
tance of sheet steel (Refs. 2, 4, 6-1 2). 

Three of the most notable were by Studer 
(Ref. 6), Savage, etal. (Ref. 4), and Kim 
and Eagar (Ref. 7). Studer's experimen
tal work, performed in the 1930s, was 
primari ly concerned with contact be
tween uncoated low-carbon and stain
less steels. Contact resistance measure
ments were made by welding fine lead 
wires to specimens near the contacting 
surfaces. The effect of load in the range 
of 50 to 800 Ib (22.7 to 362.9 kg) (aver
age pressures from 0.6 to 10.3 ksi; 4.1 
to 71 MPa; for an electrode contact area 
of 0.0775 in . 2 ; 50 mm2) and tempera
tures between 68° and 752°F (20° and 
400°C) on contact resistance between 
steel sheets were studied. Studer's work 
did not address coated steels or contact 
between dissimilar materials (e.g., be

tween electrode material and steel). Fur
thermore, Studer notes that his test re
sults were highly variable. 

Savage, etal. (Ref. 4), experimentally 
studied the effect of load on contact re
sistance between the electrode and steel 
sheet, and at the sheet-to-sheet inter
face. Both bare and galvanized mild 
steel sheet were considered. The influ
ence of temperature on contact resis
tance was not addressed. 

More recently Kim and Eagar (Ref. 7) 
carried out extensive testing using in
frared imaging to measure thermal con
tact resistance between a copper elec
trode and galvanized mild steel sheet. 
Using an iterative numerical technique 
they backed out electrical contact resis
tance. Implicit in this approach is the as
sumption that electrical and thermal 
contact areas are the same. Due to the 
presence of contaminants such as ox
ides it is more likely that the thermal 
contact area w i l l be greater than the 
electrical contact area. 

With knowledge of characteristics of 
contacting asperities (e.g., size, number 
and distribution), the specific resistivity 
of all contacting materials, and the elec
trical characteristic of any contaminant 
f i lm, it would be possible to compute 
the value of contact resistance fol low
ing the theory presented by Holm (Ref. 
13) and Greenwood (Ref. 14). Green
wood presents the fo l lowing relation
ship for electrical contact resistance be-

Spherical 
Bushing , 

Ceramic 
Isolation 

Current 
Spacer * * — - ^ 

Test 
Samples 

fl Needle Roller —. 
Bearings ' v 

-

n 
a. 1 
% 
/ 

iL 

i 
( 

i 

= * = 

TJ 

-»-
a Current and Potential 
""""^ Leads 

1 

J 

1 

¥ P 

•j 

fc n.^.- Current and Potential 
Leads 

Fig. 2 — Electrical contact resistance measurement test apparatus. 

232-s I JUNE 1993 



tween two members: 

^ , ™ = { ( P I + P : ) ( 1 / [ 4 « « ] + «- ' )} 

+pfs/A. ( 1 ) 

where n is the number of contacting as
perities, "a" is the average radius of con
tacting asperities, p^ and p2 are the spe
cific resistivities of the contacting bod
ies, pr is the resistance of the f i lm, and s 
is the thickness of the contaminant a is 
the Holm radius and is defined as or1 = 
37t/(32nl), where 21 is the average cen
ter-to-center distance between asperi
ties. The first part { 1 of this expression 
is due to constriction effects, and the 
second is due to surface contaminants. 
Load and temperature are not explicitly 
present in Equation 1, but both influ
ence n and a. 

In reality, knowledge of the size, 
number and distribution of contacting 
asperities is very diff icult to obtain. 
These parameters are functions of the 
applied load and contacting materials. 
It is also difficult to accurately describe 
contaminants (in terms of resistivity Pf) 
present on sheet in the "as received" 
condi t ion. Equation 1 is useful, how
ever, in terms of providing bounds on 
electrical contact resistance. In deter
mining these bounds, it is assumed that 
Pf = 0 (e.g., sheet has been pickled and 
degreased), and that Ac = Ab, where Ab 

is the load-bearing area. This latter area 
can be related to the material hardness 
by P/(£H) (Ref. 1 3), where H is the ma
terial hardness (in this work approxi
mately 1 30 HV) and P is the applied load 
(in this work 182 kg or 400 Ib). % is a fac
tor between '/> and 1; between these lim
its, ' / ,<^<1, 0.00656>Ab>0.002167 in.2 

Ac can also be written as (= njta2). (Note 
that Holm (Ref. 1 3, p. 62) suggests that 
a factor of 1.1 should be included in the 

calculation of A^. In reality, this factor 
has very little effect on the results pre
sented below.) The apparent contact 
area Aa is 7tr2 = n 4 l 2 , where r is the ra
dius of the apparent contact area and in 
this work is taken to be 0.1 25 in. (3.2 
mm) (or Aa equals 0.04908 in . 2 ; 31.7 
m m 2 ; and A^Ag X 100 is between 4.4 
and 13.4%). Based upon the definitions 
of Ac and Aa presented above, it is ap
parent that there are not three indepen
dent variables (n, I, a) in Equation 1, but 
in fact only one. We wi l l consider n to 
be the independent variable that ranges 
from 20<n<1473, based upon the work 
of Fenech and Rohsennow (Ref. 15). 
Equation 1 can be used to determine the 
fol lowing bounds on electrical contact 
resistance 

0.2(p, +p2) < /?,.„„„„., < 2.8(p, +p2 (2) 

where p^ and p2 are as defined above 
and are in units of |afi-in. It is apparent 
that evaluation of Inequality (2) requires 
knowledge of the specific resistivity of 
the contacting materials. Published esti
mates of this property at room tempera
ture for mild steel, zinc and copper are 
5.116, 2 .401, and 0.677 u t i - i n . (Ref. 
16), respectively. This gives the fol low
ing bounds on electrical contact resis
tance between two sheets of mild steel, 
and between copper and sheet steel: 

(mild steel-to-mild steel) 
2<R,. :t<28|if2 

(copper-to-mild steel) 
1<Rr : t<16|iQ 

(galvanized sheet-to-galvanized sheet) 
1<Rr ,<13iuQ 

(copper-to-galvanized sheet) 
]<Rr ,<8iufi (3) 

based on P = 400 Ib, r = 0.1 25 in., p, = 
0, and H = 1 30 HV. The average con

tact pressure based upon the apparent 
contact area is 8.1 ksi (55.9 MPa). 

Test Program 

Physical Setup 

Calculating accurate values of con
tact resistance using the equations of 
Holm or Greenwood involves having 
solid knowledge of the size, number, 
and distribution of contacting asperities 
under a given load at a specified tem
perature, as wel l as knowledge of the 
thickness, composition and distribution 
of contaminants. Obtaining these data 
is no small task. 

An alternate approach, taken in this 
current work, is to measure electrical 
contact resistance directly for a given 
material, temperature and loading com
bination. This approach is attractive in 
that it gives specific resistance values. 
Of course its drawback is that it is diffi
cult to generalize from the results. 

In order to experimentally measure 
electrical contact resistance between 
sheets of steel and between steel and 
copper, a test apparatus was designed 
and fabricated to mate with a MTS 20-
kip universal testing machine equipped 
with an ATS cyl indrical furnace, as 
shown in Fig. 2. Molybdenum end caps 
wi th a 0.25-in. (6.4-mm) diameter ap
plied compressive loads to the steel and 
copper test specimens. Molybdenum 
was selected because of its high melt
ing point (471 2°F; 2600°C) relative to 
steel (2660°F; 1 460°C), making testing 
at elevated temperatures possible. The 
end cap diameter was selected to rep
resent the copper electrode dimensions 
used in welding 0.020- to 0.050-in. 
(0.51- to 1.3-mm) thick sheet steel. A 
Biddle MicroOhm Meter, which em
ploys a Kelvin double bridge, was used 
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Fig. 3 — Experimentally determined bulk resistivity vs. tempera
ture results. 

Fig. 4 — Contact resistance vs. load. Oiled sample, sheet-to-sheet, 
room temperature. 
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Table 1 — Test Definitions 

(1) Specimen 
Description 

Sheet steel discs each of 
thickness t 
1) 1-disc 
2) 2-discs 
Copper cylinder of height h 
3) 1-cylinder 
Copper cylinder of height h 
plus steel disc of thickness t 
4) 1-cylinder and 1-disc 

(ll).Biddle 
meter Resistance 

Measurement 

RAI 

RA2 

RB 

Rt 

(;"«) (III) Components 

=Ri + Rs + Rm5 

= R, + 2Rs + 2Rm s+R s s 

=Ri + Rc + 2Rmc 

= R, + R_ + Rm s+ Rc+ 

Rmc + Rsc 

(IV) Equation 
number 

(4a) 
(4b) 

(5) 

(6) 

to measure the resistance of the end 
caps, contacting surfaces and speci
mens. A special tool was built and used 
to ensure alignment of the various com
ponents. Addit ional details about the 
physical setup are given in (Ref. 1 7). 

For quantifying contact resistance be
tween sheets of a given steel, and be
tween sheet steel and a copper alloy 
electrode, the four specimen configura
tions listed in Column (I) of Table 1 were 
tested. All tests were run in load control. 
The thickness t of the sheet steels con
sidered (t = 0.034 to 0.058 in.; 0.863 to 
1.473 mm) is representative of sheet ma
terial typically spot welded. Steel disks 
were produced by electrical discharge 
machining (EDM) sheets of steel in stacks 
of ten. It was found that producing the 
disks by punching or stamping resulted 
in unacceptably high amounts of crown
ing; EDM did not produce any crown
ing. The height h of the copper alloy test 
cylinder (h = 0.352 in. ; 8.940 mm) is 
representative of the spacing between 
the electrode face and the water jacket 
bottom. 

Surface Preparation 

An important variable that affects 
contact resistance is surface contamina
tion (e.g., oi l , dirt). Preliminary tests con
ducted on material in the "as-received" 
condition indicated that surface contam
ination can vary greatly and is highly de
pendent on the material storage time pe
riod and environment. Initial tests were 
conducted on test specimens cleaned 
with methanol, which eliminates or sig
nificantly reduces surface contamina
tion effects. Subsequent tests, and the 

majority of elevated temperature test
ing, were conducted on test specimens 
cleaned with methanol then lightly oiled 
with way o i l . This surface condit ion is 
similar to that of large rolls of sheet ma
terial used in industry which retain a 
light oil coating during the rolling pro
cess. Sheet metal is commonly main
tained in rolls until it is stamped into 
parts and subsequently spot welded. 

During the welding of galvanized 
material there is a transfer of the zinc 
coating to the copper alloy electrodes. 
In order to reflect this transfer and its ef
fect on the electrical contact resistance 
between the copper cylinder and the 
steel disk, it is necessary to use copper 
alloy test specimens which have expe
rienced a service life. Each cylindrical 
test specimen used in connection with 
galvanized sheet was therefore fabri
cated from an electrode used to produce 
50 welds on galvanized material, with 
one end of the test specimen containing 
the actual welding deposits (i.e., zinc 
deposits). The specimens were cleaned 
with methanol prior to testing to remove 
fabrication surface contaminants. 

To ensure consistent test fixturing sur
face condit ions, the molybdenum end 
caps were lightly sanded and cleaned 
with methanol prior to each test. Peri
odic measurements of the system con
tact resistance during testing {i.e., with
out a test specimen installed) confirmed 
consistent surface conditions. 

Procedural Details 

The specific bulk resistivity of the ma
terials being considered is needed as a 

UJ 
tfi 
UJ 

cc 

Ri 
R, 
Rr 

Rrr 
Rrr 

R„ 
Rsc 

Table 2 — Component Resistance Definitions 

test system resistance (i.e., two molybdenum end caps) 
bulk resistance of steel disc of thickness t 
bulk resistance of copper alloy cylinder of height h 
electrical contact resistance between moly end cap and sheet steel 
electrical contact resistance between moly end cap and copper alloy cylinder 
electrical contact resistance between two steel discs 
electrical contact resistance between copper alloy cylinder and steel sheet 

function of temperature. These data 
were obtained by conducting elevated 
temperature tests in a high-temperature 
vacuum furnace. Specimen geometries 
were chosen to optimize the level of 
bulk resistance measured for the avail
able material sample constraints (e.g., 
the thin thickness of the sheet materials 
and the relatively short length of the cop
per alloy electrodes). Bulk resistance, 
measured with a Biddle MicroOhm 
Meter, was recorded at 200°F (111 °C) 
increments up to a maximum tempera
ture of 1900°F (1038°C). Results are 
shown in Fig. 3. 

A single test consists of resistance 
measurements being taken for a speci
men under constant temperature and an 
increasing then decreasing load, or 
under a constant load with temperatures 
increasing from room temperature to an 
elevated temperature (typically 750°F; 
399°C) in increments of 50°F (28°C). 
Each temperature was held for five min
utes to ensure thermal equil ibrium. The 
room in which the test equipment was 
located was humidity and temperature 
controlled at 45% relative humidity and 
68°F, respectively. Each test was re
peated three times under specific con
ditions; each time with a new specimen 
in order to ensure repeatability. As pre
viously noted, past researchers have re
ported great variability in test results. 

Test specimen resistance measure
ments listed in Table 1 (Column II) at 
given load and temperature are used to 
calculate individual component resis
tances. The four tests run under each 
specified condition (i.e., load level, tem
perature range) constitute a "test fam
ily." Implicit in this approach is that the 
individual resistance components are 
additive [i.e., act in series), as indicated 
by Equations 4-6 in Column III. The in
dividual resistances are defined in Table 
2. 

Determining Individual Resistances 

Column III in Table 1 defines the 
components of each test measurement. 
The derivation of expressions for these 
components is based on the fo l lowing 
assumptions: 

1) The pressure between contacting 
members is assumed uniform. Finite el
ement results of Wood (Ref. 1 8) indicate 
that the singularity between the materi
als used in the test fixture is weak. These 
results compare favorably with the ana
lytical solutions of Johnson (Ref. 19) and 
Bogy (Ref. 20). 

2) Bulk resistance can be calculated 
using the relationship pt/Aa, where Aa is 
the apparent contact area and is equal 
to 7tr2, as discussed in the context of 
Equation 1 and p is the specific bulk re
sistivity of the material. Implicit in this 
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assumption is that the constriction is 
long and that the asperity radius is very 
small relative to the sheet thickness. 

3) Related to assumption 2 is the idea 
that contact resistance is affected by the 
strength of the underlying material but 
not its thickness. 

4) The temperature field is uniform 
throughout all members. External heat 
is applied to the molybdenum end caps 
and test specimens by a convective fur
nace. A low test current (1 0 A) is used 
in actual measurements to avoid addi
tional internal heat generation. A five-
minute hold time at each temperature 
increment ensured thermal equilibrium 
had been reached. 

5) Uniform current f low through all 
members. This assumption is related to 
assumption 1 and to a uniform distribu
tion of asperities and contaminants. 

Using the measurements of specific 
resistivity for steel (pst) and the copper 
alloy (pcu) determined by the vacuum 
furnace testing described above, the re
spective bulk resistances Rs and Rc are 

R, = pj/{nr 

/?,. =pji/(n:r2) 

(7) 

(8) 

where r is the radius of the test piece, 
and in this work is equal to 0.1 25 in. 

To find the contact resistance be
tween steel sheets, Rss, RA1 (Equation 
4A) is subtracted from RA2 (Equation 4) 
giving 

A'. Rt,-R* R - • " A J - ' M I - - " . (9A) 

or in terms of the specific resistivity (as 
defined in Equation 7) 

R., ••XM-RAi-PJ/{*r (9B) 
Rsc (the resistance between copper and 
steel) is found by first rearranging Equa
tions 4A and 5 into the following forms: 

Therefore, using the values of resis
tance defined in Table 1 (Column II) for 
a specific temperature and pressure, the 
contact resistances between members 
can be found wi th Equations 9B and 
10C, and the bulk resistance of the 
members with Equations 7 and 8. 

Results 

The fixture and test procedures dis
cussed above were used to measure bulk 
and contact resistance of mild sheet steel 
(AISI 1 008, o y = 43 ksi, 296.5 MPa; o u 

= 49 ksi, 337.9 MPa), high-strength low-
alloy steel (HSLA: SAE960X, o y = 64 ksi, 
441.3 MPa; ou = 70 ksi; 482.6 MPa) and 
a copper alloy (C15760, o"y = 81 ksi, 
558.5 MPa; o u = 87 ksi, 599 MPa). The 
chemical composition of each material 
is listed in Table 3a. Galvanized (hot 
clipped) and bare surface treatments, 
wi th cleaned and oiled surface condi
tions, were considered. The thickness of 
the galvanized coating on the SAE960X 
material was reported to be 0.000546 
in., with the chemistry shown in Table 
3b. The various combinations of test 
families studied either under constant 
temperature with changing load, or con
stant load with increasing temperature 
are summarized in Table 4. Columns IV 
and V of Table 4 reference the figure 
number showing test results. Note that 
results are presented as a resistance 

based upon a contact area of 0.0490 in2 

(31.6 mm2). The vertical lines in these 
figures are the maximum (26.5 ksi) and 
nominal (8.1 ksi) contact pressures pro
duced at the faying surface when a 700-
Ib (318 kg) electrode force compresses 
two 0.034-in. (0.86-mm) thick steel 
sheets over the range of temperatures in
vestigated, as presented in Ref. 17. 

General results from these figures are 
as follows: 

Room temperature with changing 
load 

1) Rss strictly decreases with increas
ing pressure at a constant temperature 
for all materials/surface preparations 
considered (Figs. 4, 7) except HSLA 
clean (Fig. 7), where there is a very slight 
increase at higher pressures. 

2) Between the pressure limits de
fined above, Rss is always greater at a 
specific pressure for no (bare) surface 
treatment than for galvanized surfaces 
— Fig. 4. The percent decrease in Rss 

for bare oiled sheet is less than 10% be
tween these pressure l imits, whi le for 
galvanized sheet, it is approximately 
70%. 

3) Rsc is very small (less than 20 \xQ.) 
for oiled and cleaned surface prepara
tion of galvanized sheet — Figs. 5, 7. 

4) Rsc and Rss are of the same order 
of magnitude for bare mi ld steel in the 
oiled and cleaned states. 

5) Room-temperature values of Rss 

Table 3a — Chemistry of Materials (wt-%) 

Material C Mn P S Si Ni Mo Cu Cr Cb Ti Al 

1008 Bare 0.042 0.330 0.008 0.017 0.005 0.012 0.009 0.026 0.026 - - -
1008 Galv. 0.061 0.350 0.006 0.014 0.001 0.017 0.003 0.021 0.025 - - -
960X Calv. 0.060 0.450 0.090 0.011 0.013 - - - - 0.022 0.001 0.035 
C15760 _ _ _ _ _ _ _ 0.994 _ - _ 0.006 
Copper alloy [AI2O3J 

R +0.5/?, =0.5 R, R (4A') Table 3b — Chemistry of SAE960X Galvanizing (wt-%) 

/?„„.+0.5/?, = 0.5(/?B-/?,.) 

The sum of (4A') and (5') is 

/?..,. +/?, + /? =0.5(R„ - /?. .+/?, 

(5') 

(10A) 
This expression for (Rmc + R1 + Rms) is 
substituted into Equation 6 resulting in 
an expression for Rsc in terms of mea
sured quantities 

R /?+/?, , +/?. (10B) 

or in terms of the specific resistivities (as 
defined in Equations 6 and 7) 

R.u 
A\, Rr-0.5 

R„ 

+(pillh+pj)/[7tr2) 

(10C) 

Side 02/f t2 Sn Fe Cd 

Table 4 — Summary of Test Results 

Al Pb 

Top 
Bottom 

0.395 
0.451 

<0.03 
<0.03 

0.26 
0,20 

<0.01 
<0.01 

0.26 
0.24 

<0.02 
<0.02 

(I) Material 

1008 
1008 
960X 
1008 
960X 

(II) Surface 
Treatment 

none (bare) 
galvanized 
galvanized 
none (bare) 
galvanized 

(III) Surface 
Preparation 

oiled 
oiled 
oiled 
clean 
clean 

(IV) Constant 
Temp 

F 

Rss 

4 
4 
4 
7 
7 

, Increasing 
Load 
g. No. 

Rsc 

5 
5 
5 
7 
7 

(V) Constant 
Load, Increasing 

Temperature 
Fig. No. 

Rss Rsc 

6 6 
(a) (a) 

(a) (a) 

(a) (a) 

(a) Electrical contact measurements were not made as a function of temperature because the signal level was less that the resolution 
of the Biddle meter. 
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Table 5 — Experimental Electrical Contact Resistance for Various Surface Conditions: Preweld 
Values 

Relative 
surface Surface 

Condition Preparation 

low resistance 

high resistance 

degreased S 
pickled 

clean 
clean 
pickled 
pickled 
degreased 
degreased 
as received 
oiled 
as received 
as received 
as received 
oiled 
oiled 
phosphate 

treated 

Material 

mild steel-bare 

mild steel-bare 
galv. HSLA 
mild steel-bare 
HSLA steel-bare 
mild steel-bare 
galv. mild 
mild steel-bare 
mild steel-bare 
mild steel-bare 
mild steel-bare 
HSLA steel-bare 
galv. mild 
galv. HSLA 
mild steel-bare 

Sheet-to-
Sheet 

Resistance 
(RS5) in fiQ 

449 
2 
51 
170 
50 
48 

2700 
590 
394 
300 
468 
324 
561 
539 

Sheet-to-
Electrode 
Resistance 
(Rsc) in MO 

14 

277 
< l 
83 

106 
250 

16 
250 
273 
271 
370 
347 

18 
37 

483 

Reference 

[4)(a) 

current research1''1 

current research"'1 

[2](0 
[2](0 
[4](a) 

[4Ja 

[4](a) 
current researchb 

[2](0 

[6]d 

[2]M 
current research*' 
current research''" 
[2](0 

(a) Nominal area (0.0372 in.2), with 400-ib load resulting in 10.8-ksi contact pressure {Ref. 4). 
(b) Nominal area (0.0491 in.2), with 4404b load, resulting in 8.1-ksi contact pressure. 
(c) Nominal area (0.0491 in-2), with 1504b load, resulting in 3.0-ksi contact pressure (Ref. 2). 
(d) Nominal area (0.0775 in.2), with 4504b load, resulting in 5.8-ksi contact pressure (Ref. 6), 

800 
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Contact Pressure [psi] 

Note: Rel. [2] Kaiser, el.al., 1982 . Pickled 
Ret. J4] Savage, e l .a l , 1977 - Pickled and/or Degreased 

Fig. 7 — Contact resistance vs. load. Cleaned samples, room temperature. 

and Rsc measured in this research at 8.1 
ksi of contact pressure are summarized 
in Table 5. This same table also contains 
data generated by other researchers, 
which wi l l be discussed later. 

6) Hysteresis is present in Rss on load
ing and unloading, an example of which 
is shown in Fig. 8A. 

Constant load increasing tempera
ture. 

7A) Rss strictly decreases with in
creasing temperature at a constant pres
sure for 1008 bare steel (oiled) samples 
(Fig. 6) and by 400°F (204°C) is virtually 
negligible for all pressures considered. 

7B) Rsc strictly decreases with in
creasing temperature at a constant pres
sure for 1008 bare steel (oiled) samples 
(Fig. 6) and by 300°F (149°C) is virtually 
negligible for all pressures considered. 

8) A hysteresis is present in Rss on in
creasing and decreasing temperature, an 
example of which is shown in Fig. 8B. 

Discussion 

A number of the results presented 
above were qualitatively predictable, for 
example: electrical contact resistance 
decreases with increasing pressure 
(load), and cleaning and/or galvanizing 
the surface reduces electrical contact re
sistance, if is interesting to note that test 
results for Rss and R5C of bare 1008 in a 
clean state (Fig. 7) fall far above the so
lution presented in Inequalities (3) (over 
a factor 20 above the upper limit), while 
Rss for clean galvanized sheet falls close 
to the upper limit. Recall that a number 
of assumptions were made in determin
ing Inequalities (3); load-bearing area is 
equal to the conducting contact area and 
Pi = 0 being the major ones. It is to be 
expected that these assumptions are 
more likely to break down when con
sidering bare sheet than galvanized 
sheet, and this seems to be the case here. 

Empirical results presented by a num
ber of other researchers are shown in 
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Fig. 8 — Hysteresis characteristics of 1008 bare steel. A — Oiled samples, sheet-to-sheet, room temperature; B — oiled samples, sheet-to-sheet, 
8149 lb/in2. 

Table 5. Comparisons of room temper
ature contact resistances for bare 1008 
sheet steel are presented in Figs. 4, 5 and 
7 for clean and oiled conditions. It can 
be seen that the current research data 
for the sheet-to-sheet interface (Rss) and 
electrode-to-sheet interface (Rsc) of bare 
1008 steel are higher than previously 
measured values in the cleaned surface 
condition — Fig. 7. These results are to 
be anticipated as other researchers de
greased and/or pickled test specimens 
to eliminate surface contaminants. This 
cleaning procedure removes corrosion 
products [i.e., oxides) present on bare 
1008 steel, which would significantly 
reduce contact resistance, even relative 
to the cleaning procedure with methanol 
used in the current work. 

Values of Rss in the as-received or 
oiled condition are compared with pre
viously reported values in Fig. 4. Even 
though the values from the current work 
are generally higher than reference data, 
their error bands often encompass the 
work of others (error bands are discussed 
in detail below). The electrode-to-sheet 
data (Rsc) for bare 1008 steel in an oiled 
state agrees well with reference data in 
the as-received surface condition — Fig. 
5. Any discrepancies in measurements 
for the as-received condition may be at
tributed to different degrees of surface 
contaminants present on the sheet steels 
investigated (e.g., 2700 u._ measured 
for as-received bare mild steel by Sav
age, ef al. (Ref. 4)). 

The measured response of electrical 
contact resistance to increasing temper
ature when bare oiled material is con
sidered supports contact resistance char
acteristics predicted by the Holm (Ref. 
13) and Greenwood (Ref. 14) relation
ships. The material softens with increas

ing temperature, thereby increasing the 
number and size of the contacting as
perities. A complete study of bare clean 
steel under increasing temperature was 
not undertaken; however, baseline tests 
indicate a similar electrical contact re
sistance response as found for the bare 
oiled material (i.e., the presence of the 
oil has a negligible effect on bare mate
rial at elevated temperatures). As was 
mentioned in the footnote to Table 4, 
measurements were not made as a func
tion of temperature with galvanized 
sheet because the signal levels were less 
than the resolution of the Biddle meter 
used in testing. 

In discussing his measurements of 
electrical contact resistance, Studer (Ref. 
6) said, "In spite of ail care to maintain 
uniform conditions over a surface, the 
contact resistance is usually consider
ably different when measured at one po
sition than at another, and indeed, when 

measured a second time in the same re
gion." Studer is commenting on the high 
degree of variability possible in this sort 
of empirical work. In order to study the 
variabil ity of the data measured in the 
current work, error bands were deter
mined based on ±1 standard deviation 
(a), as defined by Ref. 2 1 : 

o>. 

\(oR,2f+(<JR,u)2} ~ 

\aKlif+0.25(<jSAIf 

+0.25(c7„r)
2 

(11) 

IJ) 

should be noted that the standard devi
ation of the bulk resistance measure
ments was insignificant in comparison 
to the standard deviation of the contact 
resistance measurements, and was ne
glected to simplify error band calcula
tions. Sample error bands are shown for 
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Fig. 9 — Error bands for 
1008 bare steel. Oiled 
samples, sheet-to-sheet. 
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Fig. 10 — Error bands for HSLA galvanized steel. Oiled samples, 
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Fig. 11 — Error bands for 1008 galvanized steel. Oiled samples, 
sheet-to-sheet. 

in Figs. 9 - 1 1 . These represent m a x i m u m 
(Fig. 9), average or typ ica l (Fig. 10), and 
m i n i m u m (Fig. 11) er ror bands seen in 
th is w o r k . In l i gh t o f the i n n u m e r a b l e 
sources o f er ror , the b a n d i n g exh ib i t ed 
in all tests is acceptab le and s igni f icant ly 
lower than that reported by prev ious re
searchers. 

Conclusions 

Al l r oom- tempera tu re test results on 
the mater ia ls and surface coat ings c o n 
sidered in the research discussed above 
are cons is ten t w i t h a n a l y t i c a l l y p re 
d ic ted e lec t r i ca l con tac t resistance est i 
mates. The effects o f c h a n g i n g load o n 
the a m o u n t a n d size o f c o n t a c t i n g as
perit ies suppor t the characterist ics o f the 
resistance vs. contac t pressure response 
cu rves . E leva ted - tempera tu re tests re
sul ts fo r bare 1 0 0 8 sheet steel are a lso 
cons is ten t w i t h a n a l y t i c a l l y p r e d i c t e d 
estimates. 

Efforts made to assure consistent e n 
v i r o n m e n t a l c o n d i t i o n s a n d a l i g n m e n t 
du r i ng test ing p r o d u c e d repeatable test 
results w i t h relat ively smal l error bands. 
Previous researchers have noted s ign i f i 
cant scatter in test data, w h i c h may often 
overshadow subtle effects of surface/en
v i ronmenta l cond i t ions be ing eva luated. 
The charac te r i s t i cs d e t e r m i n e d by the 
cu r ren t research have been repea ted ly 
d e m o n s t r a t e d , and i nc reas ing or de 
creasing trends in the measured contact 
resistances w e r e i n d i c a t e d in al l tests 
conduc ted under s imi lar test cond i t ions . 

These data have been used as part of 
a ma themat i ca l s imu la t i on of the w e l d 
ing process . P r e l i m i n a r y results o n 
nugget d e v e l o p m e n t are p resen ted in 
Ref. 2 2 . Cur ren t l y under s tudy w i t h the 
s imu la t ion are e lect rode movemen t and 
deve lopmen t o f residual stresses. 
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