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Mechanism of Solid State 
Pressure Welding 

Study establishes a rational oasis tor atom-to-atom 
bonding that supports neither the film theory nor the dif-
fusion principle .i 

BY H. A. MOHAMED AND J. WASHBURN 

ABSTRACT. The mechanism of pres
sure welding in polycrystalline alumi
num, copper, silver and gold was in
vestigated. The role of the oxide film 
was studied and it was found that no 
metal to oxide bonding contributes to 
the strength of the weld. From scan
ning electron microscope observa
tions a two-stage model has been 
suggested which could explain the 
different behavior of the metals 
studied. 

The first stage of welding involves 
the formation of overlapped oxide
free metallic areas; this is controlled 
by: (a) difference on a microscale of 
the local plastic strain occurring on 
matching opposite faces of the weld 
interface, (b) relative hardness of the 
metal and its oxide film, and (c) 
mechanical properties of the oxide. 

The second stage involves: (a) 
plastic flow of the metal to the over
lapped areas; the stress at which this 
can take place is influenced by the 
stacking fault energy of the metal, and 
(b) some relative shear displacement 
at the points where metal cleaned 
of oxide comes into contact; this is 
influenced by surface roughness. 

The different weldability of differ
ent metals is attributed to differences 
in stacking fault energy, hardness 
ratio and plastic properties of the ox
ide. The weld strength calculated 
theoretically on the basis of measured 

The authors are associated with the Inor
ganic Materials Research Division, 
Lawrence Berkeley Laboratory and the 
Department of Materials Science and 
Engineering, College of Engineering, re
spectively, at the University of California, 
Berkeley, California 94720. 
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welded area was in agreement with 
measured fracture strength. It was 
concluded that the strength attained 
after a given deformation is deter
mined by the fractional welded area at 
that deformation. 

Introduction 

Pressure welding is the establish
ment of an atom-to-atom bond be
tween the two pieces to be joined 
through intimate contact between 
oxide-free areas achieved under 
pressure and without the formation of 
liquid phase. 

In order to develop this bond, sur
face films have to be removed or at 
least reduced in amount. Surface 
films fall into two categories: 

Oxide Film 

All metals except gold possess an 
oxide film at room temperature. In 
most metals the oxide film reaches a 
limiting thickness in the range 20-100 
angstroms at room temperature 
(Ref. 1). 

Contaminant Film 

This film consists of a thin layer of 
moisture and greases. The best tech
nique which has proved (Refs. 2-4) to 
be successful in reducing these films 
is a combination of chemical and 
mechanical cleaning. 

Two theories have been proposed 
so far to explain the mechanism of 
pressure welding: 

The Film Theory 

This theory (Refs. 2, 5) proposes 
that if two clean metal surfaces are 

brought into intimate contact a weld 
will be created. The theory attributes 
the different weldability of different 
metals to the relative hardness of the 
bulk metal and oxide. Initiation of 
welding is controlled by the degree of 
fragmentation of the oxide film. 

In the present work, scanning elec
tron microscope photographs show 
that oxide films on aluminum, copper 
and silver crack at deformations 
much less than the minimum welding 
deformation (see Fig. 1 ); the way this 
deformation was determined will be 
discussed. 

This suggests that it is not only the 
fragmentation of the oxide film Which 
controls the initiation of welding. 

Energy Barrier Theory 

The energy barrier theory (Refs. 
6, 7) suggests that even if clean sur
faces are brought into contact no weld 
will result. The theory states that an 
energy barrier exists that must be 
overcome before welding can take 
place. Parks (Ref. 7) thought that the 
barrier is recrystallization while Erd
mann-Jesnitzer (Ref. 6) thought that 
it is diffusion. Semenov (Ref. 6) sug
gested that the energy barrier comes 
from the misorientation of the crys
tals at the contact surface, since he 
could weld aluminum, copper and 
silver at the temperature of liquid 
nitrogen. It is impossible to assume 
that welding at this temperature oc
curred due to diffusion or recrystal
lization. 

McEwen and Milner (Ref. 8) have 
shown that immiscible metal pairs 
can be joined satisfactorily. 

In the present work the rate of ap
plying the pressure was found to have 
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no effect on either the weld{!)g d('!for-o 
matJon or the weld strength. It wn1 be' 
shown that the misorientation factor 
has an important effect in the ini
tiation of welding. 
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Materials for Lap Welding. The 
materials used for this study in-

Fig. 1 - Scanning photographs for the surfaces of aluminum, copper and silver of defor
mations below the minimum lap welding deformation. High purity aluminum: (A) 3% defor
mation, (B) 6% deformation. High purity copper: (C) 5% deformation, (D) 23% defor
mation. High purity silver: (E) 25% deformation. All reduced 9% 

eluded high purity aluminum, silver, 
copper, gold (purity, 99.999%) and 
commercial purity aluminum (purity, 
99%). The dimensions of the strips 
were 75 mm length, 18.75 mm width 
and the thickness ranged from 0:8 to 
1.2 mm. The overlapping distance 
was 25 mm. 

Materials for Butt Welding. These 
materials included high purity alumi
num (purity. 99.995%) and 6061T6 
aluminum alloy (main alloying ele
ments are silicon and magnesium). 
The dimensions of the rods were 
60 mm length and 9 mm diameter. 

Procedure 

Welding Dies. Two welding dies 
were designed, one for lap welding 
and the other for butt welding. Figure 
2 is a schematic illustration of these 
dies. 

Surface Preparation. In order to 
reduce surface films, all the spec
imens were first degreased in ace
tone and then wire brushed using a 
motor driven wire brush. Figure 3 
shows a scanning electron mkro
scope photograph for an aluminum 
surface. It is seen that the surface 
consists of a series of hills and 
valleys. 

Welding. After surface prepara
tion, the specimens were imme
diately set in the welding die and then 
the pressure was applied. At the 
beginning of the experiments, the 
pressure was applied at very slow rate 
and then at a much higher rate. It was 
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Fig. 2 - Schematic illustration of the 
welding dies 
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Fig. 3- Scanning photograph for aluminum surface after wire brushing. Reduced 41% 
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Fig. 4 - Pressure and strength v.S strain 
diagram for aluminum 

Sleeve 

Fig. 5 ~ Schematic illustration of sleeve 

used to prevent plastic flow at the inter
face in butt welding 
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found that the rate of applying the 
pressure does not have a marked 

. effect on either the welding deforma
tion or the weld strength. The weld
ing time (time of applying and re
leasing the pressure) was then set to 
be 1 min in all the experiments. The 
experiments were carried out at room 
temperature. 

Deformation Measurements. For 
lap welding the deformation was 
measured as a percentage reduction 
in the total thickness of the two strips. 
For butt welding it was mea?ured as a 
percentage increase in the cross-sec
tional area. 

Measurement of Minimum Welding 
Deformation. Figure 4 charts pressure 
and strength vs strain for aluminum. It 
is seen that there is a stage of easy 
plastic flow; the onset of this stage 
corresponds to a sudden increase in 
the weld strength. 

The deformation at which this oc
curs was taken to be the minimum 
welding deformation. The minimum 
welding deformation for the other 
metals was determined in the same 
way. 

Mechanical Testing. Lap joints 
were tested in tensile shear. Due to 
the relatively high welding deforma
tion of copper and silver. most 
failures occurred outside the welding 
at the weld metal junction. Data for 
lap welding were obtained for alu
minum and gold only. Butt joints were 
first machined and then tested in ten
sion. 

Scanning Electron Microscope In

vestigations. The specimens were 
viewed in a direction normal to the 
weld surface. This investigation was 
carried out at deformations less than 

the minimum welding deformation 
and at deformations higher than the 
minimum, i.e., investigating the frac
ture surface of the weld. 

Experimental Results and 
Discussion 

Role of the Oxide Film 

To investigate the role of the oxide 
film the following experiments were 
carried out: 

1. In the case of aluminum butt 
welding, a hard sleeve was set around 
the rods, as shown in Fig. 5, so as to 
prevent the metal from deformation at 
the interface. If the oxide film does 
contribute to welding, it would be ex
pected that welding can occur in the 
presence of the sleeve. It was ob
served that whatever the pressure 
applied in the presence of this sleeve 
no welding did occur. Figure 6 is a 
scanning photograph of two 
aluminum specimens pressed at the 
same pressure, one in absence of the 
sleeve (A) and the other in the 
presence of it (B). By comparing the 
two photographs it is seen that in the 
presence of the sleeve the oxide layer 
did not break. 

In lap welding, gold could be weld
ed at zero macroscopic deformation . 

2. By welding silver at 200 C, it 
was found that the minimum lap 
welding deformation was reduced 
from about 75% at room temperature 
to negligible value at 200 C .. This 
behavior cannot be attributed only to 
a reduction in the flow stress of the 
metal but is associated with the dis
sociation of silver oxide (it is well 
known that silver oxide dissociates 
completely at 190 C at atmospheric 
pressure). 

3. A thin (about 100 angstroms) 
layer of aluminum was deposited on a 
scratch brushed gold surface by 
evaporation in vacuum. The gold 
specimens were then exposed to the 
atmosphere so that the deposited 
layer consisted mostly of aluminum 
oxide. It was found that no welding did 
occur up to about 70% deformation. 

These results lead to the following 
conclusions: 

1. The oxide film does not con
tribute to welding; in order to initiate 
welding this film has to be broken. 

2. Plastic flow of the metal is a pre
requisite for oxide breakage. 

Mechanism of Oxide Film Fracture 

It was concluded in the last section 
that plastic flow of the metal is a pre
requisite for oxide film breakage. 

Consider a spot on the interface 
where the mating surfaces come into 
contact. Upon applying a deforming 
pressure the dislocations most favor
ably oriented with respect to the 
applied stress start to move on their 
slip planes. These dislocations con
tinue their motion until the outermost 
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loops approach the surface where the 
oxide film may act as a barrier to their 
emergence< The stress concentra
tion associated with the pile-ups of 
dislocations can be relieved by either 
opening a crack in the oxide_ or mov
ing pre-existing dislocations, and/or 
generating new ones in the oxide, de
pending on the relative hardness of 
the metal and its oxide film and the 
mechanical properties of the oxide. If 
the surface is covered with an oxide 
film harder than the metal, the dislo
cations experience an image force 
which is a repulsion reflecting the 
strain energy of the elastically harder 
material. The stress concentration · 
can be relieved by opening a crack in 

6 
the oxide, the oxide ultimately failing 
in a brittle tensile manner. Evidence 
for the piling up of dislocations 
against surface oxide films has been 
provided by Barrett (Ref. 9). 

Figures 1 A and 1 B are scanning 
photographs for high purity alumi
num surfaces at two deformations 
below the minimum welding defor
mation. It is seen that the surface has 

· discontinuities which may corre
spond to cracks in the oxide film. 
The .direction of propagation of the 
crack is seen to be normal to the 
applied stress which is a character
istic feature of brittle tensile failures. 
If, on the other hand, the surface is 
covered with a deformable oxide film, 

Fig. 6- Scanning photographs of aluminum surface (A) in absence and (B) in presence of 
the sleeve. Reduced 48% 

Table 1 - Hardness of Metals and Their 
Oxides at Room Temperature 

Hardness Hardness 
Metal HV Oxide HV 

AI 15 AI,O, 1800 
Cu 40 Cu,O 160 
Ag 26 Ag,O 135 
Au 20 

;rable 2 - Minimum lap Welding Defor
mation at Room Temperature 

Metal 

High purity AI 
Commercial Purity AI 
High purity Cu 
High purity Ag 
High purity Au 

Defor
mation,% 

10 
30 
64 
75 

0 

Table 3 - Minimum Butt Welding Defor
mation at Room Temperature 

Metal 

High purity AI 
6061T6 AI alloy 

Defor
mation,% 

130 
227 

Metal 

~,.Oxide 

- Oxide 

Me tor 

fa) Oriqinol Interface 

(b) Fracture of Brittle O~~:ide Film 

Ziiil Metol a 
Met at 

Cc) First Requirement for WeldinQ Formation of 

Overlapped Oxide -free Metallic Areas 

:=-:::1'-JT:~ 
~ 

(d) Second Requirement for Weldincr Extrus•on of· 

the Metal through the Gaps Created in the Oxide 
and some Relative Shear Displacement at the 

Points of Contact of Oxide- free Metal 

Fig. 7- Schematic illustration of the weld
ing process 

dislocations will also multiply in the 
oxide. In that case the metal and ox
ide undergo plastic deformation 
together. This behavior is possible 
when the oxide film is relatively duc
tile. In this case, the oxide may fail in a 
shear manner. It is seen in Figs. 1 C 
and 1 D. which are scanning photo
graphs fbr a copper surface at two 
deformation's below the minimum 
welding deformation, that the dis
continUities are quite different from 
those on aluminum surfaces. They are 
in the form of steps or striae which 
may suggest that _the oxide film on 
copper fails in a shear manner. Figure 
1 E shows the surface of silver, the dis
continuities are similar to those on 
copper surfaces; therefore, silver ox
ide also fails in shear. 

Table 1 gives the relative hardness 
of the metals investigated and their 
oxides. If the oxide film is completely 
brittle at the welding temperature, 
then the proportions of oxide-free 
metallic area formed at a certain 
deformation is equal to the surface 
extension at that deformation. This is 
not the case if the oxide is de
formable. It may be concluded that 
the proportion of oxide-free metallic 
area revealed is dependent upon the 
relative hardness of the metal and its 
oxide film, and the mechanical prop
erties of the oxide. 

The First Requirement for Welding 

It was found from scanning electron 
microscope photographs that the ox
ide films on aluminum, copper and 
silver crack at deformations much 
less than the minimum welding defor
mation (see Fig. 1 ). This shows that 
initiation of welding is not deter
mined only by the fragmentation of 
the oxide film as was suggested in the 
simple film theory. Table 2 shows the 
minimum lap welding deformations 
for the metals investigated at room 
temperature. Table 3 shows this· 
deformation for butt welding. 

In the mechanism of oxide film 
fracture presented in the last section 
it would not be expected that disloca
tion pile-ups at both sides of the inter
face would have the same distribu
tion and would always line up. There
fore. it seems likely that the oxide film 
on the two surfaces should break 
independently not as one layer as was 
suggested by Vaidyanath and Milner 
(Ref. 10). Although a metallic area is 
revealed on one surface, yet, the cor
responding area on the other surface 
may still be covered by an oxide. 
Welding cannot commence unless 
freshly revealed areas overlap one 
above the other as shown sche
matically in Fig. 7. 

This may explaiil why there is a 
considerable additional deformation 
required between the first initiation of 
cracks in the oxide and the initiation 
of welding. Therefore, the first weld-
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ing may occur after the cracks begin 
to overlap. 

Fracture Surface of the Weld 

0 

Figures 8 to 13 are scanning photo
graphs of the fracture surface of 
welds. It is seen that the fracture sur
faces of all the metals investigated 
have the same feature. They are 
made of concave depressions which 
is the prominent feature of fracture 
created by coalescence of voids (dim
ple rupture), (Refs. .11, 12). The · 
dimples are seen to be equiaxed 
which is typical of normal rupture. 
Each of the voids of the interface 

,,..., 
olf.; 0 6 8 I 0 

represents an internal crack. During 
mechanical testing these voids grow 
until the material between two voids 
thins down and separates by rup
turing. Figure (14) is a macrophoto
graph for the surface of a butt welded 
aluminum specimen just before fail
ure; deformation bands can be seen. 

Role of Surface Roughness 

The fact that initially rough sur
faces are required for welding sug
gests that bringing oxide free metals 
into contact does not result in weld
ing unless there is also some shear 
displacement as the two surfaces 

Fig. 8 - FraCture surface of lap welded high purity aluminum. (A) 29% deformation, (B) 
46% deformation. Reduced 50% 

Fig. 9 - Fracture surface of lap welded commercial purity alu

minum. (A) 45% deformation, (B) 58% deformation. Reduced 53% 
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come into contact. This was con
firmed by butt welding gold with dif
ferent methods of surface prepara
tion; gold was selected due to the 
complete absence of the oxide film. It 
was found that, at the pressures 
where welding did occur in wire 
brushed specimens, highly polished 
specimens degreased in acetone did 
riot weld. In lap welding of gold at zero 
macroscopic deformation there was a 
critical pressure for welding although 
the macroscopic deformation is ex
cluded. This behavior should be asso
ciated with the local deformation of 
high spots since there should be a 
minimum applied pressure neces
sary to deform these spots. Agers and 
Singer (Ref. 13) suggested that in lap 
welding the local deformation at the 
interface is more important than the 
macroscopic deformation. 

It seems that the importance of the 
shear displacement, besides in
creasing the contact area, is-that it de
stroys the continuity of any adsorbed 
oxygen layer which may contaminate 
the oxide-free area due to trapped air 
at the interface. 

Second Requirement for Welding 

The second requirement for weld
ing is to force the metal to flow 
through the gaps created in the oxide. 
This flow will result in welding when 
the metal flowing from one side of the 
interface comes into contact with the 
metal flowing from the other side and 
then some relative shear displace
ment occurs to destroy the continuity 
of the adsorbed oxygen monolayers 
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which probably contaminate the sur
face as a result of the trapped air at 

the interface. 
High stacking fault energy would be 

expected to facilitate extrusion of the 
metal through cracks because of easy 
cross-slip of glide dislocations. 

Except for gold, aluminum, which 
has high stacking fault energy ( ~ 110 
ergs/cm2

), smallest hardness ratio 
(HmetatiHoxicte) and possesses a com

pletely brittle oxide film, was the 
easiest metal to weld. Although gold 
has low stacking fault energy, it is 
easier to weld than .aluminum be
cause the first requirement of weld
ing is satisfied everywhere due to the 
complete absence of the oxide. It is 
only necessary for deformation to in
crease the area of contact. 

Theoretical Calculation 
of the Weld Strength 

Assume that the oxide film is com
pletely brittle, so the metallic area re
vealed, which could be welded, is 
equal to the amount of surface exten
sion that occurs after the surfaces are 
in intimate enough contact to ex

clude oxygen. 
In butt welding ttie experimentally 

measured extension R is given by 

A- Ao 
R = ---

Ao 

where Ao is the original cross-sec
tional area and A is the instanta
neous area at extension R. The true 
fractional metallic area revealed at a 
certain extention R is then: 

:1A 
A. 

R 

R + ( 1) 

In case of lap welding, if we divide the 
surface area A 0 into small areas A 1 (i 
= 1, 2, 3, ... N) then Ao = NA; and 
upon applying a deforming stress, the 
area A 1 extends to be A 1 + ~A 1 

where 

(x 1 +x 1)(y 1 +y
1
)-x 1y

1 

X; Y; 

ax 1 and ay 
1 

are the extensions in the 
x and y directions respectively and 

·therefore: 

~A 1 ..lx 1 lly 1 --=--+ 
A; X I Y; 

From the first law of plasticity: 

j.x; 

XI 

Therefore: 

:::,y. :1z 
+--'- + --'-=0 

Y i Z 1 

..lA; ..lz; 

A; Z; 

(minus sign means that the strain is 
compressive) 

The total measured reduction 

0 ,;,j I 

0
' 

6 I 
N ::.A' N ..lz; 

R =.!--=!-- , and 
1 A; 1 z ; 

j.A = R 

Ao 

and the true fractional metallic area 
revealed is given by: 

::.A, = R 

A R + 1 
(2) 

which is in the same form as that for 
butt welding, Eq. (1). Now, if welding 

is assumed to occur whenever clean 
metal surfaces come into contact, 
then the fractional welded area, f, 
should be given by: 

Fig. 11 - Fracture surface of lap welded high purity copper, 64% deformation. Reduced 
33% 

Fig. 12- Fracture surface of lap welded high purity silver, 75% deformation. Reduced 50% 
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Fig. 13 - Fracture surface of lap welded high purity gold. (A) 3% deformation, (B) 10% 
deformation. Reduced 50% 

Fig. 14 - Macrophotograph for the surface of butt welded aluminum specimen just before 
failure in tension. Reduced 42% 

f = C (-R-) z (3) 
R + 1 

where C is a proportionality constant. 
If there is a complete matching be
tween the metallic areas over the in
terface, f has its maximum value given 
by Eq. ( 1) or (2), i.e., 

fmax 
R 

R + 1 

but if there is no correlation, f should 
be given by Eq. (3) if the strength of 
the weld is Sw and the strength of the 
metal is Sm. then. 

( SW) = fmax - ( _R r 
Sm max R + 1 (

4
) 

where 1 < n < 2. It would be expected 
that f cannot attain this maximum 
value because flow of the metal will be 
restricted at the edges of the oxide 
gaps. 

Experimental values of (f) were ob

ained from tensile tests, where 

true ultimate tensile strength 

of the weld fexp= ~~~...,:..:.~::.....,--:-;---,---:-;--
true ultimate tensile strength 

of the metal 

The average fractional metallic areas 
revealed were estimated from the 
fractographs. The true welded area 
cannot be estimated directly be
cause of the deformation of the weld
ed region which occurs during me
chanical testing. The fractional weld
ed area 

was calculated from the estimated 
fractional revealed metallic area 

0.6r-----------r----------,,----------.-----------.-. 

1.0.----.----,------,,---,-, 

g 0.8 

.. 
u 

~ 0.6 
);' 

~ 
g 
~ 0.4 

g 
.g 

~ 0.2 

0 

- Colcuroted 

o H 1Qh Punty Alum mum 

a 6061 T6 Alummum Alloy 

~.L----L--~2-~-~--~4w 

Deformol10n ( Rl 

Fig. 15 Fractional revealed metallic 
areas estimated from fractographs vs 
deformation in butt welding of aluminum 
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-Calculated 

0 High Purity Aluminum 

6. 6061 T6 Alluminum Alloy 

2 

Deformation (R) 

3 

Fig. 16 _:_ Weld strength vs deformation of butt welded aluminum 

4 
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Deformation (R) :'Fig. 18- Weld strength vs deformation of lap welded aluminum 

Fig. 17- Fractional revealed metallic areas estimated from frac
tographs vs deformation in lap welding of aluminum 

( R: 1) 
exp 

Figures 15 to 18 show that: 

(a) The experimental values of the 
fractional metallic areas revealed are 
in agreement with those calculated 
theoretically from R/(R+ 1 ). 

(b) The measured strength of the 
weld is in agreement with that calcu
lated theoretically from Eq. (3) with 
n = 2 using the measured welded 
area. 

(c) The proportionality constant C 
in Eq. (3) is almost constant and inde
pendent of deformation. It has a value 
of the order of 0.7-0.8. 

(d) The experimental values of the 
weld strength are comparable to 
those calculated on the basis of un
correlated cracking of· the oxide 
layers. 

It may be concluded from these 
results that cracks in the oxide layers 
are uncorrelated and that the weld 
strength, as a fraction of the strength 
of the metal, attained after a given 
deformation is determined by the 
fractional welded area at that defor
mation according to the relati0n: 

R )2 
f = c (R+1 

With reference to gold, the formula 
which gives the revealed fractional 
metallic area while assuming the 
presence of a brittle oxide film, 1s not 
useful. For gold, the area of clean 
metal in contact will depend only on 
the initial roughness of the surface 
and on the deformation of the high 
spots as the pressure increases. 
Figure 19 shows the variation of f exp 

obtained from mechanical tests with 
deformation. 

The Parameter C. It was shown that 
some relative shear displacement at 
the points of contact of oxide-free 
metal is required for welding and that 
an initial rough surface facilitates this 
displacement. These points of con-
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Fig. 19 - Weld strength vs deformation of lap welded gold 

tact at which the stress is highly con
centrated may be considered as 
nuclei of the weld which grow with 
deformation, and as the number of 
these nuclei increases, welding 
becomes easier. It was also shown 
that C is almost independent of the 
deformation. 

It is proposed that C depends on 
the method of preparation of the sur
face, highly rough surface gives high 
value of C and vice versa. Therefore, 
one of the principal functions of wire 
brushing is to increase the param
eter C. 

Conclusions 

1. Metal to oxide bonding does not 
contribute significantly to weld 
strength. 

2. Initiation of welding of a given 
metal is determined by cracking of 
the oxide films which permits contact 
to gradually develop between clean 
metal surfaces. Localization of slip 
into heavy slip bands may be the 
cause of uncorrelated cracking of the 

two oxide layers. 
3. Factors that affect the relative 

difficulty of pressure welding are: (a) 
stacking fault energy of the metal, (b) 
relative hardness of the metal and its 
oxide film and the mechanical proper
ties of the oxide, and (c) surface 
roughness prior to welding. 

4. The weld strength attained after 
a given deformation is determined by 
the fractional area of clean metal sur
face that has been brought into con
tact at that deformation. 

5. Some relative shear displace
ment at the points where clean metal 
surfaces come into contact is neces
sary for welding. 
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