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MECHANISM OF PRESSURE WELDING 

Hani Abo--El-Fotoh Mohamed 
, ." ' 

Inorganic Materials Research Division, LaWrence Berkeley Laboratory and 
Department of Materials Science and Engineering, C~llege of Engineering; 

University of California,Berkeley, California 

ABSTRACT 

The mechanism of pressure welding in polycrystalline aluminum, 

copper, silver and gold was investigated. 

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 

scanning electron microscope observations 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: 

.. i) difference on a microscale of the local plastic strain occurririg. 

ona matching opposite faces of the weld interface 

ii) relative hardness of the metal and its oxide film 

iii) mechanical properties of the oxide. 

The second stage involves: (a) Plastic flow of the metal to the 

overlapped areas; the stress at which this can take place is influenced 

by the stacking fault energy of the metal. (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 different metals is attributed to differences in stacking 

fault energy, hardness ratio and plastic properties of the oxide. The 

weld strength calculated theoretically on the basis of measured welded 

area was in agreement with measured fracture strength. It was concluded 
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tg,at the strength attained after a given deformation is determined 

by the fractional welded area at that deformation. .. 
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I. INTRODUCTION 

Pressure welding is the establishment of an atom-to-atom bond between 

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 surfac~ films have to be removed or 

at least reduced in amount. Surface films fall into two categories: 

Oxide Film 

All metals except gold posses an oxide film. In most metals the 

oxide films reach a limiting thickness in the range 20-l0oA at room 

1 temperature. 

Contaminant Film 

This film consists of a thin layer of moisture and greases. The 

2 34 best technique which has been proved " 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: 

2 5 The Film Theory , 

This theory proposes that if two clean metal surfaces are brought 

into intimate contact a weld will be created. This theory attributes 

the different weldability of different metals to the relative hardness 

of bulk metal and 6xide. Initiation of welding is controlled by the 

degree of fragmentation of the oxide film. 

In the present work, scanning electron microscope photographs show 

that oxide films on aluminum, copper and silver crack at deformations 

much less than the minimum welding deformation (see Fig. 1). 
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This suggests that it is not only the fragmentation of the oxide 

film which controlls the initiation of welding. 

·67 Energy. Barrier Theory , 

This theory suggests that, even if clean surfaces are brought into 

intimate contact no weld will result. The theory states that an energy 

barrier exists that must be overcome before welding can take place. 

7 Parks thought that the barrier is recrystallization while Erdmann-

6 Jesnitzer thought that it is diffusion. 6 Semenov suggested that the 

energy barrier comes from the misorientation of the crystals at the 

contact surface, he could weld aluminum, copper and silver at the 

temperature of liquid nitrogen. It is not likely to assume that welding 

at th:(.s temperature occurred due to diffusion or recrystallization. 
8 . 

McEwen and Milner have shown that immiscible metal pairs can be 

joined satisfactorily. 

In the present work, the rate of applying the pressure.was found 

to have no effect on either the welding deformation or the weld strength. 

It will be shown that the misorientation factor has an important effect 

in the initiation of welding. 
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II. EXPERIMENTAL PROCEDURE 

A. Materials 

1. Materials .for Lap Welding 

High purity aluminum, silver~ copper, gold (purity is 99.999%) and 

commercial purity aluminUm (purity is 99%). The dimensions of the 

strips were 75 mm length, 18.75 rom width arid the thickness ranged from 

0.8 to 1.2 mm; the overlapping distance was 25 nmi. 

2. Materials for ,Butt Welding 

High purity aluminum (purity is 99.995%) and 606lT6 aluminum alloy 

(main alloying elements are silicon and magnesium). The dimensions 

of the rods were 60 mmlength and 9 mm diameter. 

B. Welding Equipment 

Two welding dies were designed, one for lap welding and the other 

for butt welding, Figure 2 is a schematic illustration of these dies. 

C. Surface Preparation 

In order to reduce surface fiims, all the specimens were first 

degreased in acetone and then wire brushed using a motor driven wire 

brus~. Figure 3 is a scanning electron microscope photograph for 

aluminum surface after wire brushing. It is seen that the surface 

consists of a series of hills and valleys. 

D. Welding 

After surface preparation the specimens were immediately 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. !twas found that the rate of applying the 

peessure has not a marked effect on either the welding deformation or 
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the weld strength. The wleding time (time of applying and releasing the 

pressure) was then set to be 1 minute in all the experiments. The 

experiments were carried out at room temperature'.: 

. Eo Deformation Measurements 

For lap welding the deformation was measured as a precentage 

reduction in the totalthickne,ss of the two strips. For butt welding/it 

~ . , 

was measured as a percentage increase in the cross-sectional area. 

F. Mechanial Testing 

Lap joints were tested in tensile shear. Due to the relatively 

high welding deformation of copper and silver, most failures occurred 

outside the weld at the weld-metal junction. Data for lap welding were 

obtained for aluminum and gold only •. Butt joints were first machined 

and then tested in tension. 

G. Scanning Electron Microscope Investigations 

The specimens were viewed ina 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 

(investigati.ng the'fracttire surface of the weld). 
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III •. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Role of the Oxide Film 

To investigate the role of the oxide film the following experiments 

were carried out: 

(a) In case of aluminum butt welding, a hard sleeve was set around the 

rods as shown in Fig. 4 so as to prevent the metal from deformation 

at the interface. If the oxide film does contribute to welding, 

it would be expected that welding should occur in the presence ot 

the sleeve. 

It was observed that whatever the pressure applied in the presence 

of this sleeve no welding did occur. Figure 5 is a scanning 

photograph for two aluminum specimens at the same pressure, one 

in the 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 welded at zero macroscopic deformation. 

(b) By welding silver at 200°C, it was found that the minimum lap welding 

deformation was reduced from about 75% at room temperature to a 

negligible value (the temperature of 200°C was attained by using a 

heat gun). This behavior cannot be attributed only to a reduction in 

the flow stress of the metal but is associated with the dissociation 

·of silver oxide (it is well known that silver oxide dissociates 

completely at atmospheric pressure at 190°C). Since the hardness 

of copper oxide film on copper at room temperature is of the same 

order of magnitude as that of silver oxide, it would be expected 

that copper oxide is a barrier for welding. 
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(c) A thin layer of alumimDll ("'IOoA) 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 may lead to the following conclusions: 

1. The oxide film does not contribute to welding, in order to 

initiate welding this film has to be broken. 

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

B. Mechanism of Oxide Film Fracture 

It was concluded in the last section that plastic flow of the metal 

is a prerequisite for oxide film breakage. 

Consider a spot on the interface where the mating surfaces cmme into 

contact. UpOI). applying a deforming pressure the dislocations most 

favorably oriented with respect 'to the applied stress start to move on 

their slip planes. These dislocations continue their motion until the 

outermost loops approach the surface where the oxide film may act as an 

obstacle to the emergence of dislocations. The stress concentration 

associated with the pile ups of dislocations can be relieved by 

either opening a crack in the oxide or moving pre-existing dislocations 

and/or generating new ones in the oxide depending 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 dislocations experience an image force which is a repulsion since 

the strain energy of the system increases 'as more of the strain field, 
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is imposed on the elastically, harder material. The stress concentration 

can be relieved.by opening a crack in the oxide and the oxide ultimately 

fails in a brittle tensile manner. Evidence for the piling up of 

. . 9 
dislocations against surface oxide films has been provided by Barrett. 

Figures la and lb are scanning photographs for high purity aluminum 

surfaces at two deformations below the minimum welding deformation. 

It is seen that the surface has discontinuities which may correspond 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 characteristic feature 

of brittle tensile failures. 

if, on the other hand, the surface is covered with a deformable oxide 

film, dislocations will also multiply in the oxide. In that case the 

metal and oxide undergo plastic deformation together. This behavior is 

possible when the oxide film is relatively ductile. In this case, the 

oxide may fail in a shear manner. It is seen in Figs. lc and ld which 

are scanning photographs for copper surface at two deformations below 

the minimum welding deformation that the discontinuities 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 Ie shows the surface of silver, the dis-

continuities are similar to those on copper surfaces, therefore, silver 

oxide also fails in shear. 

Table I shows 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, 
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Table I. Hardness of metals and their 
oxides at room temperature. l 

," 

Metal Hardness Oxide Hardness 
iI~ v. H. v. .. 

Al 15 A120
3 

1800 

Cu 40 Cu20 160 

Ag 26 Ag20 135 

Au 20 
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"this is not the case if the oxide is deformable • It may be concluded 

that the proportion of oxide-free metallic area revealed is dependent 

upon the reLative hardness of the nietal 'and its, oxide film and the 

mechanical properties of the oxide. ' 

It was suggested in the'film the'ory' that 'the initiation of welding 

is determined by the, fragmentation of the o~ide film. The present 

wc::irk may lead to the coi1~lusion tliat it is not only the fragmentation 

of the oxide film which determines the initiation of welding. This 

will be shown in the next section. 

c. The First Requirement for Welding 

It was found from scanning electron microscope photographs that 

the oxide films on aluminum, copper and silver crack at deformations much 

• 
less than: the minimum welding deformation (see Fig. 1). This shows 

that initiation of welding is not determined only by the fragmentation 

of the oxide film as was suggested in the simple film theory. Table II 
, , 

shows the niinimum lap welding deformations for the metals investigated 

at room temperature. 

Table III shows this deformation for butt welding. 

In the mechanism of oxide fi'lm fracture presented in the last section 

it would not be expected that dislocation pile-ups at both sides of 

the interface would have the same distribution and would always line up. 

Therefore, it seems likely that the oxide film on the two surfaces 

should break independently not as one layer as was suggested by Vaidyanath 

10 and Milner. Although a metallic area is revealed on one surface, yet, 

the corresponding area on the other surface may still be covered by an 

oxide. Welding can not commence unless freshly revealed areas overlp 

one above the other as shown schematically in Fig. ,6. 
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Table II. Minimum lap welding deformation 
at room temperature. 

Metal 

High Purity Al 

Comercial Purity Al 

High Puri~y Cu 

High Purity Ag 

High Purity Au 

% Deformation 

15 

35 

64 

75 

o 

Table III. Minimum butt welding 
deformation at room temperature 

Metal, % Deformation 

High Purity Al 130 

606lT6 Al Alloy 227 

". 
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This may explain why there is a considerableaddidonal deformation 

required between the first initiation of cracks in the oxide 'and the 

initiation of welding. Therefore, the first welding may occur only 

after the cracks begin to overlap. 

D.Fracture Surface of the Weld 

Figures 7 to 12 are scanning photographs of the fracture surface 

of the weld. It is seen that the fracture surfaces of all the metals 

invesUgated have the same feature. They are made of concave depressions 

which is the prominent feature of fracture created by coalescence of 

voids (dimple rupture). 11,12 The dimples are seen to be equiaxed which 

is typical of normal rupture. They tend to become more shallow as the 

welding deformation increases. The later would be expected since the 

density and size of voids at the interface should decrease with 

increasing pressure. Each of the voids at the interface represents 

an internal crack, during mechanical testing these voids grow until the 

material between two voids thins down and separates by rupturing. 

Figure 13 isa schematic illustration of the mode of fracture. Figure 14 

is a macrophotograph for the surface of butt welded aluminum specimen 

just before failure; deformation bands can be seen. 

E. Role of Surface Roughness 

The fact that initially rough surfaces are required for welding 

suggests that bringing oxide free metals into contact does not result in 

welding unless there is some shear displacement as the, two surfaces come 

into contact. 

This was confirmed by butt welding gold with different methods of 

surface preparation, gold was selected due to the complete absence of the 
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oxide film. It was found that, at the pressures where welding did 

occur in wire brushed specimens, highly polished specimens degreased 

in acetone did not weld. In lap welding of gold at zero macroscopic 

deformation there was a critical pressure for welding although the 

macroscopic deformation is excluded. This behavior should be associated 

with the local deformation of high spots since there should be a minimum 

13 applied pressure necessary to deform these spots. Agers and Singer 

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 beside 

increasing the contact area is that it destroys the continuity of any 

adsorbed oxygen layer which may contaminate the oxide-free area due 

to the trapped air at the 'interface. 

F. Second Requirement for Welding 

The second requirement for welding 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 displacement occurs to destroy the continuity of 

the adsorbed oxygen monolayers which probably contaminate the surface 

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. Table IV shows the minimum lap welding deformations, 

hardness ratios and stacking fault energies of the metals investigated. 
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Table IV. Minimum lap welding deformation, hardness ratio 
and stacking fault energies of the metals investigated • 

Metal % Deformation 

Al 15 

Cu 64 

Ag 75 

Au 0 

H /H 1 
metal oxide 

(H. V.) 

0.0083 

0.25 

0.20 

Stacking Fault Energy 
ergs/cm2 

110 

40 

17 

55 
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It is seen from the table that except for gold, the easiest metal to weld 

is aluminum which has the highest stacking fault energy, smallest hardness 
'., 

ratio and possess a completely brittle oxide film. Although gold has 

low stacking fault energy, it is easier to weld than aluminum because 

the first requirement of welding is satisfied everywhere due to the 

complete absence of the oxide. It is only necessary for deformation 

to increase the area of contact. 

1 
It was reported by other workers that polycrystalline zinc is 

difficult to weld at room temperature and that it is not possible to weld 

polycrystalline magnesium at this temperature. 

The hardness ratio of zinc is less than that of magnesium while 
, 1 

the oxide film on magnesium is relatively softer than that on zinc. 

The two metals have close packed hexagonal structures; therefore, the 

number of possible slip systems is less than that in face centered 

cubic metals. 

The suggested model predicts that a metal which has high ductility 

and possesses a brittle oxide film has good weldability. Both zinc 

and magnesium have relatively 60ft oxide films and because there is 

only one easy slip plane they do not have enough plasticity for the 

extensive deformation that is required for welding. Therefore, they 

have poor weldability. ' 
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G. Theoretical Calculation of the Weld St~ength 

1. ButtWelding!> 

Assume that the oxide film is completely brittle, so the metallic 

area revealed, which could be welded, is equal to the amount of surface 

extension that occurs after the surfaces are in intimate enough contact 

to excluded oxygen~ 

The experimentally measured extension R is given by: 

R = 
A-A 

o 
A 

o 

where A is the original cross';'sectional area and A is the instantaneous o 

area at extension R. The true fractional metallic area revealed at 

a certain extension R is: 

(1) 

Assuming that at a given deformation R, the metallic area revealed on 

both surfaces is the same but that cracks in the oxide develop independently 

and at random on the two surfaces. The probability that 
2 

overlap one above the other is proportional to (R !1) . 
metallic areas 

If welding is 

assumed to occur whenever clean metal surfaces come into contact, then 

the fractional welded area, f , should be given by: 

(2) 

where C is a proportionality constant. If there is a complete matching 

between the metallic areas over the interface, f has its maximum value 

given by Eq. (1) 
/ 
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If there is no correlation, f should be given by Eq. (2). 

If the strength of the weld is Sw and the strength of the metal is 

8m, then 

(;w) 
m.max 

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 as shown schematically in Fig. 6. 

Experimental values of (f) were obtained from tensile tests, where 

f exp 
= true ultimate tensile strength of the weld 

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 because 

of the deformation of the welded region which occurs during mechanical 

testing. The fract,ional welded area (R ! l):XP were calculated from 

the estimated fractional revealed metallic area ( R ) 
R+ 1 exp 

It can be seen from Tables Va and VIa and·Figs. 15 and 16 that: 

a) The experimental values ·of the fractional metallic areas revealed 

are in agreement with those calculated theoretically from 

(R ! 1) formula. 

b) The measured strength of the weld is in agreement with that 

calculated theoretically from Eq. (2) with n = 2 using the 

measured welded area. 
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Table Va. Butt welding of high purity aluminum. 
c 

Average Fractional Revealed J 

(R!l) 1 

Metallic Area Estimated 2 
R From Fractographs (R/R+l) . 

(R!l) 1 
f exp . exp ca cu ca cu 

1.30 _. 0.565 0.53 0.319 0.22 

1. 75 0.638 0.60 0.397 0.30 

2.00 0.669 0.65 0.448 0.33 

2.50 0.715 0.68 0.511 0.35 

2.70 0.730 0.71 0.533 0.36 

2.90 0.745 0.75 0.555 0.40 

3.20 0.761 0.78 0.579 0.43 

3.60 0.782 0.77 0.611 0.45 

3.75 0.790 0.79 0.624 0,.46 .. 

3.90 0.798 0.80 0.627 0.49 

4.04 0.801 0.81 0.640 0.51 

(R )2 
. R+1 c= 

exp 

0.28 

0.36 

0.41 

0.46 

0.50 

0.56 

0.60 ' 

0.59 

0.61 

0.64 

0.65 

" .. 

f 
ex;e 

(R/R+1) 2 
exp 

0.80 

0.80 

0.80 

0.76 

0.72 

0.73 

0.71 

0.76 

0.75 

0.72 

0.79 

I ..... 
--.J 
I 
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Table Vb. Butt welding of 
high purity aluminum. 

Weld Strength/ 
Strength of Metal 
Calculated from 

R 
-0.75 (R!l/ 

f 
exp 

calcu 

1.30 0.239 0.220 

1. 75 0.298 0.300 

2.00 0.336 0.330 

2.50 0.383 0.350 

2.70 0.399 0.360 

2.90 0.416 0.400 

3.20 0.433 0.430 

3.60 0.458 0.450 

3.75 0.468 0.460 

3.90 0.470 0.490 

4.04 0.480 0.510 



'. 

(R!l) 1 
R . 

ca cu 

2.27 0.697 

2.40 0.706 

2.65 0.730 

2.87 0.741 

3.10 0.756 

3.40 0.772 

.3.65 0.785 

3.90 0.798 

Table VIa. Butt welding of 606lT6 aluminum alloy. 

. 

Fractional Revealed I 
Hetallic Area Estimated 

(R~l) :alCU. (-L)2' From Fractographs (R/R+l)exp f ·.exp R+l exp 

0.66 0.483 0.35 0.44 

0.'68 0.497 0.37 0.46 

0.74 0.526 0.39 - 0.55 

0.76 0.548 0.41 0.57 

0.77 ,0.576 0.45 0.59 

0.78 0.596 0.47 0.60 

0.80 0.616 0.49 0.64 

0.83 0.638 0.53 0.69 

.., 

c= 

,.. 

f 
eXE 

(R/R+1) 2 
exp 

0.79 

0.80 

0.70 

0.72 

0.78 

0.78 

0.76 

0.76 

I ..... 
\D 
I 
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Table Vlb. Butt welding of 6061T6 aluminum alloy 

,~ 

R . Weld Strength/Strength of ~eta1 f exp 
Calculated from: -0. 75(R!1) " " .. 

" ca1cu 

2.27 0.362 0.350 

2.40 0.373 0.370 

2.6) 0.395 0.390 

2.B7 0.411 0.410 

3.10 0.432 0.450 

3.40 0.447 0.470 

3.67 0.462 0.490 

3.90 0.479 0.530 
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c) The proportionality constant C in Eq. (2) is almost constant 

and independent of deformation. It has a value of the order 

of 0.7-0.8. 

It will be shown that the parameter C depends on the method of 

preparation of the surface. 

d) The experimental values of the weld strength are comparable to 

those calculated on the basis of uncorrelated cracking of the 

oxide layers. 

2 • Lap Welding 

In this case the experimentally measured deformation is the reduction 

in thickness. To get the fractional welded area in terms of the 

measured reduction R, we divide the surface area A into small areas 
o 

Ai (i = 1, 2,· 3, • • • N) 

A = NA 
o i 

Upon applying a deforming stress, the area Ai extends to be Ai + AAi • 

Aai (xi + 6xi ) (Yi+ 6Yi) - xiYi 
--- = ~~----=---~--~----~--

Ai xi Yi 

Axi and AYi are the extensions in the x and Y directions, respectively. 

~i Axi AY i --=--+--
Ai xi Yi 

The first law of plasticity states that: 

6xi 6Yi 6zi -+-+-=0 ... 
xi y. z. 

~ ~ 

(1) 

(2) 
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From Eqs. (1) and (2) it follows that: 

(minus sign means that the strain is compressive) total measured 
N Mi N llzi 

reduction R = L --- = L ---
I Ai 1 ·zi 

M 
-= R 
A 

o 

and the true fractional metallic area revealed is given byM/A ~ (R/R+l) 

which is in the same form as that for butt welding. Similar to the case 

of butt welding: 

and for uncorrelated cracking of the oxide layers 

As in ,butt welding the experimental values of (f) were obtained from 

mechanical tests. In that case, the strength of metal was considered 

. as the ultimate tensile strength of a tensile sheet specimen since 

the fractographs showed that the mode of fracture is normal rupture 

and consequently the tensile shear test gives nearly the tensile 

strength of the weld. The average fractional revealed metallic areas 

were estimated from the fractographs .(. R ) R + 1 , then the fractional 

welded area 

It can 

calculated from (R ! 1)2 • 
exp 

be seen from Tables VII and 

exp . 

VIII and Figs. 17 and 18 that 

the results for lap welding are similar to those of butt welding. 



( R ) \ R 
R+1 1· ca eu 

0.12 0.106 

0.15 0.130 

0.18 0.152 

0.22 0.180 

0.29 0.235 

0.41 0.300 

0.46 0.325 

Table VIla. Lap welding of high purity aluminum. 

Fractional Revealed ·1 
Metallic Area Estimated 

R ) 2 
(R!l)2 From Fractographs (R/R+l). . 

(R+1 ca1cu 
f . exp exp 

exp 

0.10 0.0112 0.008 0 .. 010 

0.11 0.0169 0.010 0.121 

0.15 0.0230 0.018 0.0225 

0.17· 0.0320 0.026 0.0289 

0.23· 0.0502 0.044 0.0529 

0.30 0.0841 0.062 0.0900 
. 

0.32 0.0992 0.083 0.1024 

. 
c= 

• 

f 
eXE 

(R/R+l)2 
exp 

0.80 

0.82 

0.80 

0.80 

0.82· . 

0.70 . 

0.80 

I 
N 
W 
I 
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Table VUb. Lap welding of high purity aluminum. 

R 

0.12 

0.15 

0.18 

0.22 

0.29 

0.41 

0.46 

Weld Strength/Strength of 
Metal Calculated from 

-0.75 (R/R+l)2 1 ca cu 

0.0084 

0.0127 

0.0173 

0.0240 

0.0377 

0.0631 

0.0744 

f 
exp 

0.0080 

0.0010 

0.0180 

0.0260 

0.0440 

0.0620 

0.0830 



" 

(&~l) R 
calcu 

0.35 0.270 

0.39 0.290 

0.42 0.305 

0.45 0.320 
" 

0.52 . 0.350 

0.58 0.380 

" 

Table VIlla. Lap welding of commercial purity aluminum. 

Fractional Revealed I 
Metallic Area Estimated . ", 2 

( R / From Fractographs (R/R+l) 
(R!l) , 1 

f 
e).."P exp R+l 

ca cu exp 

0.25. 0.068 0.050 0.0625 

0.28 0.078 0.062 0.0784 

0.31 0.084 0.069 0.0961 

0.33 0.096 0.072 0.1089 

0.35 0.117 0.098 0.1225 

0.37 0.135 0.112 0.1369 
------------ - -------- --- -- -~~- -- -

r 
c= exp 

(R/R+l)2 
'c.'xp 
-

0.80 

0.79 

0.72 

0.69 

0.80 

0~8l 

- - --

I 
N 
VI 
I .' 



R 

0.35 

0.39 

( 0.42 

0.45 

0.52 

0.58 
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Table VIIlb. . Lap welding of commercial 
purity aluminum. 

Weld Strength/Strength of 
Metal Calculated from 

-0.75 .. (R/R+l)~alcu 

0.0510 

0.0585 

0.0630 

0.0720 

0.0876 

0.10l3 

f 
exp 

0.0500 

0.0620 

0.0690 

0.0720 

0.0980 

0.1120 
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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 deformation according to the 

relation: 

where: 

f _ fractional weld strength 

R - deformation; it is the increase in cross-sectional area for butt 

welding and the reduction in total thickness for lap welding 

C = a constant of the order of 0.75 

The Parameter C 

It was shown in Section III-E 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 contact at which the stress is highly concentrated may be 

considered as nuclei of the weld which grow with deformation, as the 

number of these nuclei increases welding becomes earier. It was shown 

in the last Section that C is almost independent of the deformation. 

It is proposed that C depends on the method of preparation of the 

surface, a highly rough surface gives high val~es of C and vice versa. 

Therefore, one of the principle functions of wire brushing is to 

increase the parameter C. 



."..,: 
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Lap Welding of Gold 

With reference to gold the formula which gives the fractional 

metallic area revealed assuming the presen~e,ofibrittleoxidefilm 

is not useful.· For gold t the area 01· cle~n' metal in icontact,wil1 

depend only on the initial ~oughness of the' surface and on. the 

deformation of the high spots as the pressure increases. Figure 19 

shows the variation f obtained from mech~mica1 tests with deformation. . exp 
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IV. 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 properties of the oxide. 

(c) Surface roughness prior to welding. 

4. The weld strength attained after a given deformation is determined 

by the fractional area of clean metal surface that has been 

brought into contact at that deformation. 

5. Some relative shear displacement at the points where clean metal 

surfaces come into contact is necessary for welding. 
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FIGURE CAPTIONS 

Fig. 1. Scanning photographs for the surfaces. of aluminum, copper and 

silver of deformations below the minimum lap welding deformation. 

High purity ahiminum: (A) 3% deformation, (B) 6% deformation. 

High purity copper: (C) 5% deformation, (D) 23% deformation. 

High purity silver: (E) 25% deformation. 

Fig. 2. Schematic illustration of the welding dies. 

Fig. 3. Scanning photograph for aluminum surface after wire brushing. 

Fig. 4. Schematic illustration of sleeve used to prevent plastic flow 

at the interface in butt welding. 

Fig. 5. Scanning.photogtaphs of aluminum surface in absence and presence 

of the sleeve. 

Fig. 6. Schematic illustration of the welding process. 

Fig. 7. Fracture surface of lap welded high purity aluminum. 

(A) 29% deformation, (B) 46% deformation. 

Fig. 8. Fracture surface of lap welded commercial purity aluminum. 

(A) 45% deformation, (b) 58% deformation. 

Fig. 9. Fracture surface of butt welded high purity aluminum. 

(A) 130% deformation, (B) 360% deformation 

Fig. 10. Fracture surface of lap welded high purity copper, 64% deformation. 

Fig. 11. Fracture surface of lap welded high purity silver, 75% deformation. 

Fig. 12. Fracture surface of lap welded high purity gold. (A) 3% deformation, 

(B) 10% deformation. 

Fig. 13. Schematic illustration of the mode of fracture. 
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Fig. 14. Macrophotograph for the surface of butt welded aluminum 

specimen just before failure in tension. 

Fig. 15. Fractional revealed metallic areas estimated from fractographs 

vs deformation in butt welding of aluminum. 

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

Fig. 17. Fractional revealed metallic areas estimated from fractographs 

vs deformation in lap welding of aluminum . 

Fig. 18. Weld strength vs deformation of lap welded aluminum . 

Fig. 19. Weld strength vs deformation of lap welded gold . 
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XBB 7311-6831 

Fig. 1 
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XBB 7311- 6832 

Fig . 1 continued. 
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XBB 7311- 6825 

Fig. 1 continued. 
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XBB 7311-6822 

Fig . 3 
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Sleeve- Specimen 

XBL 7311-6677 

Fig. 4 
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Fig. 5 
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XBB 7311-6830 

Fig. 7 
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Fig. 8 
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XBB 7311-6820 

Fig. 9 
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XBB 7311-6823 

Fig. 10 
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XBB 7311-6834 

Fig. 11 
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XBB 7311-.6833 

Fig. 12 
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r------------------LEGALNOTICE--------------------_ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their empl(:wees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information,apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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