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COLD WELDING OF COPPER UNDER ULTRAHIGH VACUUM

H. Conrad and L. A. Rice
The Franklin Institute kesearch Laboratories

ABSTRACT

~ (

T *he cohesion cf copper under ultrahigh vacuum in the range 101%17 A“pﬂth” *£
§ /’ AL / S HIA, /ﬂ;\ﬂ
to 10 torr "vas 1nvest1gatqé using the technique of cold welding
specimens previously fractured in the vacuum. It was found that the
cohesion coefficient increased with the compressive load during celd
welding but was relatively independent of the purity and structure of
the copper (and in turn the hardness and strength), time of contact
over the range 5 sec to 9‘2/sec and exposure to the vacuum environment
P B I‘Q’ ///& j(‘ L Jt(’j
over the range of 10 A tc’TO't? torr-sec.
Nc voids were detected at magnifications up to 1000X along the
SMALAULNE
weld interface of fine-grained (6 - 19#) specimens which had been cold
welded at loads approaching the virgin fracture load. Voids were, however,
/"1/"-( (7"3-

observed for coarse-grained (100 - 459*%~specimens at such loads and for
all specimens at loads appreciably below the initial fracture load. From
ultrasonic transmission studies it was deduced that the cohesive strength
was proportional to the area of contact developed during cold welding.

The effect of compressive load on the cohesive strength is explained
by the increase in contact area resulting from elastic and plastic strains
in the vicinity of the interface. This interpretation suggests that the
cohesion coefficient should be proportional to the reciprocal of the elastic
modulus, which was shown to be the case when comparing Cu, Ag and re. The
fact that the coﬁfigon coefficient was independent of exposure to the vacuum

s

envirorment up teﬂl torr-sec is shown to be in accord with adsorption

theories.'




COLD WELDING OF COPPER UNDER ULTRAHIGH VACUUM

H. Conrad and L. Rice

INTRODUCTION

From a technological viewpoint, an understanding of the cohesion
(or adhesiou*) of metals is.important to such areas as friction and wear
and bonding, joining and cladding. Especially important in recent years
has become thé subject of the cohesion of metals in ultrahigh vacuum

(defined here as a pressure < 1078

torr(l)) as related to the behavior of
components and systems in a space environment and the possibility of joining

materials in space by cold welding}(z) Besides having a direct bearing on

L]

technology, studies of the cohesion of metals can also provide information
concerning the nature and behavior of surfaces, which is of value to
understanding such phenomena as catalysis, oxidation and corrosion.

The objgctive of the present research program is to develop a
better understanding of the cohesion of metals through a study of cold
welding under ultrahigh vacuum. It was decided to investigate the cold

welding of copper initially, since a considerable amount of basic data on

fmg Hunf Gag g QP Sz DG GED GND TEX SEE W ayy

the crystal lattice properties, surface properties and mechanical properties

of this metal are already available and since only a limited amount of data

s

on the cohesion of this metal in ultrahigh vacuum had been previously

1t

published. (-4

TThe term cohesion will be used to refer to the bonding of a metal to

itself, while adhesion will be used for dissimilar metals.




Since in cohesion studies it is desirable to obtain surfaces
which are free of contaminating gases or films, it was decided to
investigate the cohesion of specimens which had been fractured in a
vacuum, similar to fhe experiments of Ham.(3’4) In this way, clean
surfaces can be produced with relative ease and the results obtained
with them will provide a reference for comparison with those from surfaces
previously contaminated and subsequently cleaned by various means. The
present paper thus describes the results obtained on the cold we' ing under

ultrahigh vacuum of previously fractured copper specimens.

EXPERIMENTAL PROCEDURE

The material employed in the present studies was polycrystalline
copper of three impurity contents: commercial tough pitch, commercial
OFHC and high purity (99.999%) copper from American Smelting and Refining
Company. Cold welding studies were conducted on various conditions of
these materials; representing a range of structures, grain sizes, and
mechanical properties; see Table I and Figures 1 to 3.

To localize the fracture and to reduce the amount of necking, a
notched specimen of the form shown in Fig. 4 was employed. This specimen
has a notch geametry and notch sharpness (r/p = 5.0) similar to those used
ty Ham(3’4) and represents the optimum for obtaining a relatively flat
fracture with the load at fracture being least sensitivc to small -changes
in notch geometry.(s) Specimens of the form shown in Fig. 4 were machined

from the as-received rod,electropolishecfr and either tested directly, or

*Electropolishing solution: 8C ml HZO’ 40 ml ethanol, €0 ml H3P04; 9 - 10
volts at 25°C.
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annealed in a vacuum of 10"6 torr to produce the desired grain size,
eleétropolished again and tested.

The cold weldiﬁg tests were conducted in the ultrahigh vacuum
testing apparatus shown schematically in Fig. 5. This system is capable

1 torr and applying a maximum load in

of producing a vacuum of 2 x 10°
tension or compression of 1000 1lbs. with a load sensitivity of 0.01 1b.

and aﬁ elongation sensitivify 6f 2 x 10'4 in. To be able to apply both
tensile and compressive loads to the specimen and to ensure good mating of the
two fracture surfaces, the gripping and alignment fixture shown in Fig. 6

was enployed.

Previous to conducting the cohesion studies, the mechanical testing
machine was calibrated using a hardened steel rod. This established the
elastic behavior of the machine (which was relatively soft) and provided .
corrections which could be applied to the test data to separate machine
effects from the behavior o the specimen. The bellows are so arranged
that no corrections were needed to account for their contraction or
expansion. Specimen elongations were all ﬁeasured from the cresshead motion
of the testing machine.

A cohesion test consisted of pulling a specimen to fracture at a
+

constant crosshead velocity of 0.01 in. per min. under an ultrahigh vacuum

(after initially flushing the system with purified dry nitrogen++ and

to 2 x 1077 torr;
11

+The vacuums investigated were in the range 2 x 10°11

howevar most tests were conducted in the range of 2 x 10 ~" to 10 x 10'11 torr.

ttThe purified nitrogen contained 0.001 wt.$ 0, and 0.0012 wt.% H,0 maximum.
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baking out at 150°C), exposing the fracture surfaces to the vacuum environment
for a predetermined time, pushing the two fractured halves together at the
same crosshead speed and to a fixed load, holding the specimen at the
maximum load for a fixed timef, and finally pulling the cold welded specimen
apart again (at the same crosshead speed) to ascertain the fracture load
of the cold welded specimen; i.e., the degree of cohesion. All tests were
conducted at room temperature.

in an attempt to establish the area of contact nondestructively,
some of the specimens viere removed from the vacuum chamber following cold
welding and examined at ambient pressure with 2 Sperry UM 715 reflectroscope,
using the "through transmission technique' with one search uni; being applied
to each end of the test specimen. In this technique ‘the transmitting search
unit prejects an ultrasonic heam into the specimen which travels through
the material to the opposite surface where 1t is picked up by the receiving
search unit. Any discontinuities in the path of the beam will cause a
reduction in the energy passing through the specimen to the receiving
search unit. Contact between the search crystals and the specimen ends
was established using a thin film of glycerin.

A limited microscopic study was made of the nature and structure
of the weld interface after cold welding. For this study, specimens were
cold welde:! under the ultrahigh vacuum and then removed from the chamber,
sectioned and prepared for metallographic examination using standard

procedures.

tThe time of contact was varied from 5 to 900 scconds, however most tests

were conducted with a contact time of 300 seconds.
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EXPERIMENTAL RESULTS

1. Mechanical Tests

Examples of the load versus croschiead travel curves obtained
in the present tests under ultrahigh vacuwa are given in Figs. 7-9.
The curves of Fig. 7 are representative of specimens which were in the

cold worked state prior to testing while those of Figs. 8 and 9 are

: typical for annealed specimens. The mechanical properties under ultra-

high vacuum derived from these curves for the initial loading are given
in Table I and are similar to those for specimens tested at atmospheric
pressure, differing from the results reported for aluninmn(6) .

Evident from Figs. 7-9 is that during the cold welding phase of

the load-crosshead travel curves a departure from the linear “elastic"

region of the curves occurs for loads in excess of about RC(= Lc/LF ) = 0.5,
suggesting the oécurrence of plastic flow. This plastic component of the
contraction Azp (= az, - ALE) was found to be approximately proportional
to (L /LF ) ; see Fig. 10. At.t is the total contraction; Atp i is the
"elasnc" contraction derived from a projection of the linear region of
the load versus crosshead travel curve; L, and LFo are defined in Figs. 7-9.
One way of camparing the cohesion data on the various coppers,
which only involves measurements of loads and therefore does not include
any errors which may be associated with area determinations, is to plot
the cohesion ratio RF(' LFI/LFo) versus the compression ratio Rc (i-LC/LFo) .
Again, the significance of LFI' LFo and L. is indicated in Figs. 7-9. &
plot of RF versus Rc for the tough pitch copper specimens is presented in

Fig. 11; a similar plot for all materials tested is given in Fig. 12.
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Evident from these figures is that the cohesion ratio increases with

the compression ratio, essentially independent of structure, purity, and
the contact time at the maximum compressive load. Also to be noted is
that the RF versus Rc curves are not linear but exhibit a slight positive
curvature. This feature is further revealed in Fig. 13 where the cohesion
coefficient o (= LFl/Lc) is-plotted versus the compression ratio. It is

here ceen that o can be considered to increase linearly with Rc yielding
a= a * BR, (1)

with @, = 0.75 and 8 = 0.15.

An alternate methed of comparing the cold welding results is
illustrated in Fig. 14, where the "average' cohesicn stress % (= LFllAFI)
is plotted versus the "average' campression stress °c(= Lc/AFl)' AFl is
the area after fracture of the cold welded specimen. The data of Fig. 14
indicate that the cohesion stress is approximately proportional to the
campression stress, yielding Oy °F/ g 0.86. However, from Fig. 15
it is seen that, by plotting °F/°c for each test, the value of ; increases
with stress from about 0.63 - 0.83 at low stresses tc 0.80 - 1.0 at 80 ksi
and thereafter remains essentiiny constant, indicating a slight positive
curvature at low stresses in the curve of Fiz. 14,

The effect of exposure of the fractured surfaces to the vacuum
enviroment prior to cold welding is illustrated in Fig.16, where o is
plotted versus the exposure. a, was derived for each test through Eq. 1.
The pressure and time ranges covered to yield these exposures was 2 x 10‘“ torr
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to 2 x 107 torr and 37 sec to 6 r 10° sec respectively. The results for

a given exposure wefe independent of the pressure and time, over the range
considered. Evident from Fig. 16 is that the cohesion coefficient is
independent of exposure up to 10_4 torr-sec. Significant in this regard
is that for a sticking coefficient of 1.0, a monolayer of gas would form

after an exposure of abcut 2 x 1075 torr-sec. ()

2. 'Ultrasonic Tests

The results of the measurements of the transmission of ultrascnic -
waves through the cold welded specimens of tough'pitch copper are presented
in Fig. 17, which indicates that the transmitted wave amplitude is proportional
to the cohesion ratio RF‘ VAssuming that the amplitude of the transmitted
wave is proportional to the area of contact along the weld interface Aw,

the results of Fig. 17 suggest that

=~

R. =0 /o, = 2)
(o} c’FIOFO AF

Cc

where AF is the fracture area for the initial loading of the specimen.
o .

3. Microscopic Study

The photomicrograph of Fig. 18 illustrates the appearance of the
weld interface near the center of a cold welded tough pitch copper specimen,
when viewed in the unetched condition. Porosity is noted along the interface
for a compression ratio R, = 0.5, while there is no indication of voids for
RC = 1.0 at the magnification shown or higher (up to 1000X). Similar

behavior was noted for the fine-grained (6u) OFHC specimens. HbWever,




the coarse-grained OFHC (100y) and coarse grained high purity (450u)
specimens exhibited slight porosity even for Rc = 1.0, with the amount
of porosity increasing with dectrease in RC. At the time of this writing,
no microstructure anaiysis had been made of welded specimens of the cold
worked materials.

The appearance of the weld interface for R, = 1.0 after etching
is illustrated in Figs. 19-21. The excellent mating of the two fracture
surfaces possible with the present apparatus is revealed in Fig. 19.

Note here, for example, the good matching of grain boundaries and twin
boundaries across the weld interface. Comparing Figs. 19 and 20 with

Fig. 18 reveals that the matching‘of the two fractured surfaces did not
occur as well for the OFHC copper specimens as for the tough pitch copper.
However, the results of Figs. 12 and 13 indicate that the degree of

matching had only a slight influence, if any, on the cohesion.

DISCUSSION
A significant finding of the present results is that the cohesion
of copper is independent of purity and structure (cold work and grain size)
and in turn independent of strength and hardness, over the range considered.
This is contrary to the idea that cohesion (or adhesion) may be directly
related to the strength or hardness cf the materials which are cold weldedgs'lo)
The cohesion coefficient a obtained in the sresent tests increased

with the compression ratio R., or with the compression stress 0.+ A linear




increase of a with R. indicated in Fig. 13 can be explained as follows:
Assuming that the fracture stress of the cold welded copper specimens is
proportional to the area of contact (which is in accord with the ultrasonic

transmission results of Fig. 17), then it seems reasonable that

LF{AW s LFO/AFO (3)

where LF and A.F are the load and area at fracture of the virgin specimen'
) )

and LFl and Aw are the load and true area of contact along the interface

of the cold welded specimen. Moreover, it is expected that the area of
contact A developed during cold welding will depend on the compressive

load and as a first approximation is given by

p (4)

Kg = a*‘bEE""CEp

where a represents the contribution at zero stress, b eg represents the
contribution due to the elastic strains at. the weld interface and c -
represents that due to plastic strains.

Elastic considerations suggest that

< (5)

where E is the elastic modulus. Moreover, since a parabolic stress strain

behavior is often observed for both plastic microstrain(ll’lz) and

R vt e A S (. . g b — W_ -
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macrostraing13’14) a reasonable assumption for the plastic contribution

2
cCe = —~—---Cl LC - (6)
P 2 | Ig |
0

Inserting Eqs. 4-6 into eqs. 3 and 4 and rearranging gives

bl 93] LC \
b/l = ¥ o (T 7
0

when a/LF is small, which is expected in the present case. Eq. 7 is in
o ,
accord with the linear relationship between RF and RC indicated in Fig. 13.

appears to be

ue

e

On the other hand, the results of Fig. 10 suggest that the quantity

o € may be more nearly given by

(8)

Inserting Eq. 8 into Eqs. 3 and 4 and rearranging gives

2 .
L \ (9)
E E3 L
Fo)

which requires that the cohesion ratio RF increase linearly with the square

of the cumpression ratio R.. That the present data can also be considered
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to obey Eq. 9 is illustrated in Fig. 22. The straight line drawn here
gives

2

a = 0.80 + 0.10 Rc (10)

The present results do not permit a separation between a linear or
paraboiic relation between a and Rc.

It is of interest to.compare the values of the cohesion coefficient
o obtained in the present tests with those obtaired by other investigators
for copper£3’4) silver(ls) and iron§4) From Ham's data£3’4) one obtains
for OFHC copper o = 0.62 - 0.68 at 90°C for an exposure of 2 x 10'6 torr-sec

10

(p=5x 10" torr) and compressive stresses of 35 - 52 Ksi. These are in

reasonable accord with the results presentzd here. Keller's data(ls) for
silver cleaned by argon ion bombardment and contacted in a vacuum of 10'10
torr at room temperature yield a = 0.84, while Ham's data(3’4) for steel

8 i06x107

yields o = 0.34 - 0.36 at 25°C for exposures of 6 x 10
torr-sec and compressive stresses of 60-90 Ksi. From Table II it is seen

that the product «E (E = Young's modulus) is approximately a constant for

these metals, suggesting that the lower valves of a for steel compared to
copper and silver are due to the difference in modulus rather than a difference
in crystal structure. An approximately constant value of oE is expected on

the basis of Eqs. 7 and 9, especially wien a (= b;/E) represents a large

part of «.

Sikorski(s'g) has shown that when comparing different metals the

median cohesion coefficient tends to decrease with increase in strength

5, DA 3 ey P A S lltinas %m--am__., —_ e - T
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or hardness. This is in accord with the above analysis, for there is
both theoretical and experimental support(ls) that the hardness and
strength of metals increases with increase in modulus. Thus, since
according to Eqs. 7 and 9 o is inversely related to the modulus, one
expects a decrease in o with increase in strength or hardness when
comparing different metals, but not for the sane metal. It should be
pointed out that the relatiﬁnship between « and strength (or hardness)
for different metals may be complicated, for the relationship between
strength and modulus is not always simple, especially when comparing
metals of different crystal structures.

The observation that the cohesion coefficient was independent
of exposure to the vacuum environment up to expecsures of 10-4 torr-sec
will now be considered. Since the system was initially flushed with high
purity nitrogen, it is expected that this gas is the major constituent in
the vacuum environment, other than possibly the inert gases. Theoretical

considerations and experimental observations(1’16)

indicate that nitrogen
does not adsorb on copper at the pressures and temperatures of the present
investigation. Hence, an exposure of 10-4 torr-sec to this gas is not
expected to influence the cohesion. Furthermore, if one assumes that the
fraction of oxygen and water molecules in the vacuum is the same as that
in the original nitrogen gas (approximately 0.001 wt. %), the maximum

4

exposure of 10~ torr-sec to the vacuum environment would only represent
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an equivalent exposure of about 10‘9 torr-sec to the oxygen or water
molecules. Since from kinetic theory a monolayer of a chemisorbed film
requires about 1 to 3 x 10°® torr-sec to form, an exposure of 10" torr-
sec to oxygen or water molecules is not expected to have an effect on
cohesion. These considerations suggest that no effect of exposure on the
cohesion of copper is expected to occur in the present vacuum envirdnment

up to about 107! torr-sec.
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TABLE II

Effect of Elastic Modulus on the Cohesion Coefficient o

Metal Crystal Structure E a Ref. aE
106 psi Avg. 108 psi

Cu FCC » 16 0.75 Present 12.0

0.65 3,4 10.4

Ag FCC 11 0.84 15 9.2

Fe BCC 29 0.35 3,4 10.2
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Specimen employed in present tests.
Left: photograph of actual specimen; Right: dimensions of specimen.
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SCHEMATIC OF SPECIMEN GRIPS AND ALIGNMENT FIXTURE -

UPPER
RETAINING

RING

GRIP INSERTS

R —————— . L

PUSH - PULL ROC

-

ALIGNMENT
CYLINDER

LOWER
RETAINING
RING

~———&—— SPECIMEN

Figure 6

-y SN WS WS O




x ——g

-GNy SEN T W 2

LOAD (LBS)

LOAD - CROSSHEAD TRAVEL CURVES FOR INITIAL FRACTURE,
COLD WELDING AND SUBSEQUENT FRACTURE OF WELD FOR
AS -RECEIVED TOUGH PITCH COPPER

108C

TOUGH PITCH Cu-~AS RECEIVED

864— EXPOSURE: 3-4 x 10°® TORR-SEC

CONTACT : 5 MIN INITIAL FRACTURE

648 — L¥o

432}

INITIAL LOADING >
216— Ao =8.13xI0°IN2!

FRACTURE OF WELD

Ar, =588 x10°IN2_BL,
Lc COLD WELDING
216 1 | | | |

INITIAL FRACTURE

648 — L /Lf, =050 Lr,

Ao = 8.56 x 10°IN2

(]
1]
/i
432}— , _ 3N 2 |
Ar, = 6.73 x 103N, i FRACTUREQOF WELD
B 1 i LF
216 INITIAL LOADING E f |
[]
]
o Il
a6l . COLD WELDING
P
-432 l l I I l I
648[— Lc/Lg, = 1.00 '
Ao = 8.09 x10°IN2 E
432— 5. =769 x103IN? :
]
]
- I
216 INITIAL LOADING !
FRACTURE UF WELD
0
-216 —
~~="COLD WELDING
-432}—
Le

506 0 0016 0032 0048 0064 0080 0096
CROSSHEAD TRAVEL (IN.)

Figure 7

0.112




g

LOAD (LBS)

540
432 TOUGH PITCH Cu - 10u G.S.
EXPCSURE: I-3 x IO-a TORR-SEC
324 — CONTACT : 5 MIN
INITIAL FRACTURE
216} INITIAL P LFo
LOADING Le/Lr, = 0.27 :
108 Ao = 7.85 1107 IN" | FRACTURE OF WELD
Ap,=3.79 x10°IN? e
0 -
melm
-108 l l AL 1 L
324 —
~\ INITIAL FRACTURE
216 INITIAL LOADING PLr,
Le/Lg, = 0.50 E
108 Ao = 6.72 x 10°3IN2 i FRA%TERE OF WELD
Af, = 3.08 x 107IN2 i
o 7 1
Le COLD WELDING
-108+—
| 1 1 | l |
24— INITIAL FRACTURE
216|— 'NITIAL LOADING LFo bL,
Le/Lr, = 1.OO '
- -3, 2 "
108 Ao = 7.54 "'°_3'“'2 :
Ar =4.14 xI0IN. ;

o !
-108 }— FRACTURE OF WELD
-216t— Le COLD WELDING
326 | < L |

0 0.0i6 0.032 0.048 0.064 0.080 0096 0.112

LNAD - CROSSHEAD TRAVEL. CURVES FOR INITIAL FRACTURE,
COLD WELDING AND SUBSEQUENT FRACTURE OF WELD FOR

ANNEALED TOUGH PITCH COPPER OF iOux GRAIN SIZE

CROSSHEAD TRAVEL (IN.)

Figure 8




LOAD (LBS)

LOAD - CROSSHEAD TRAVEL CURVES FOr INITIAL FRACTURE,
COLD WELDING AND SUBSEQUENT FRACTURE OF WELD FOR
ANNEALED OFHC COPPER OF 7. GRAIN SIZE

540
OFHC Cu-7u G.S.
432 |— EXPOSURE : -4 x10° TORR-SEC
NTACT: 5 MIN
324 — co ¢
| INITIAL INITIAL FRACTURE
216 LOADING L(;/LFo = 0.25 PLF,
Ao = 7.28 x 10 IN2 E
108 Ar,=1.68 x10°IN? ! FRACTURE OF WELD
° / i
COLD WELDING
-108 J l Le 1 | l
324 —
INITIAL LOADING INITIAL FRACTURE
216 L¢/LFo = 0.50 g"“
-3 .2
Ao =781 xI0"IN" | _cRACTURE OF WELD
108 A= 172 010°N2 | AT
o i
08 COLD WELDING
| | Lee™ | l l |
324 |—
INITIAL LOADING INITIAL FRACTURE
216 Le/Ly, = 1.00 LFo _®FRACTURE OF WELD
Ao = 7.60 x 107 IN2 LRy
108 Ag, = 3.60 x10IN2 i
]
o [
- 108 — COLD WELDING
-216 — L®
-324 1 l | l | |
0 0.016 0.032 0.046 0.064 0.080 0.0986 0.112

CROSSHEAD TRAVEL (IN.)

Fiqure 9
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COHESION RATIO, Lg, /L..-o

COHESION RATIO VERSUS COMPRESSION
FOR TOUGH PITCH COPPER

RATIO

1.0 I | T | 1 I
_ TOUGH PITCH Cu A
X AS-RECEIVED C.W.
0.8 — & ANNEALED - 104 G.S.
© ANNEALED -50p G.S. X
EXPOSURE : 1079 - 10™* TORR-SEC 3/
CONTACT: 5-900 SEC
0.6— PRESSURE : 1071 - 10”2 TORR
TEMP : R.T.
0.4|— A?
/'*/‘:
0.2— J
/ X
L /A
A
OV | | | ] |
) 0.2 0.4 0.6 0.8 1.0
COMPRESSION RATIO, L¢/Lg,

Figure N




COHESION RATiO, Lg, /LF,

EFFECT OF COMPRESSION RATIOC ON THE COHESION RATIO

I L L L

TOUGH PITCH Cu OFHC Cu
® AS-RECEIVED C.W. ® AS-RECEIVED C.Ww.
1.O ]/ O ANNEALED-Su G.S. O ANNEALED-6u G.S. -

® ANNEALED-50p G.S. & ANNEALED-100u G.S.

| HIGH PURITY Cu —

A SWAGED 75%
A ANNEALED- 450¢ G.S. -

o
©
|

0.6 — —
P ) —
oal- & _
_ TEMP: R.T. i
PRESSURE: 10" -16° TORR
0.2 b— . EXPOSURE:1G°-10° TORR-SEC
CONTACT: 5-900 SEC
- 0 INITIAL GAS: N, | -
oX

o VS TN R TR NN SRS NN R N

0 0.2 0.4 0.6 0.8 1.0

COMPRESSION RATIO, L¢ /Lg,

Figure 12
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OuGy PiTcn Cu OFHC ¢,
® AS~RECEIVED C.w AS RECEIvep c
0 ANNEALED-S,U, G.S. NNEALED-G# S
ANNEALED~50/.L G.s. A NEALED-IOO,u. S
| HIGH PURITY
lo o SWAGEp 75 o
' ANNEALED~45 i G.s 8
(3] ‘% ‘ 3 0y
-d
8 O a8
[ ]
- o o4
-~ _ O
i .
C 06 ¢
‘u'; TEMP. .T
o PRESSURE: 1511_, ~ RR
9 :
> EXPOSURE: 1579, |54 TORR-ggc
g,? 0.4 CONTACT: 5.4 EC
g NITIAL cas.
S
0.2
0 0.2 0.4 6 1.0
coumsss:o:v RATIQ, /Le

Figur‘e 13




EFFECT

OF COMPRESSION STRESS ON THE COHESION STRESS

200

240 I | | I L
TOUGH PITCH Cu OFHC Cu
200 k— ® AS-RECEIVED C.W. ® AS-RECEIVED C.W. |
O ANNEALED- Sy G.S. O ANNEALED-6u G.S.
- . © ANNEALED-50u G.S. & ANNEALED-100y G.S. —
v
160 :
o HIGH PURITY Cu
\E_ | 4 SWAGED 75% _
" o ANNEALED -450u 6.S.
2 120 —
W
a
-
wn = -
P-4
o
w 80— —_—
W yd
S | @ép TEMP: R.T. _
@ PRESSURE: 10" -16° TORR
40 |— 4 EXPOSURE: 10 °- 10 TORR-SEC —
0% CONTACT: §-900 SEC
- INITIAL GAS: N, -
7
N T B T
0 40 80 120 160
COMPRESSION STRESS, Lc /AF| (Ksi)
Figure 14
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TRANSMITTED WAVE AMPLITUDE (ARBITRARY UNITS)

32

24 |

16

AMPLITUDE OF TRANSMITTED ULTRASONIC WAVE VERSUS
COHESION RATIO FOR TOUGH PITCH COPPER

TOUGH PITCH Cu (9u g.s)

® VIRGIN SPEC. STRAINED
TO MAXIMUM LOAD

O COLD WELDED SPEC.

8

FREQENCY

! I I l I

TEMPERATURE :
EXPOSURE :
CONTACT :
ULTRASONIC :

300°K

108 TORR-SEC
5 MIN

10 Mc

I I 1

0.4 0.6

0.8

COHESION RATIO, L, /Lg,

Figure 17
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Figure 19
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Figure 21
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