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SUMMARY

The degree of cold molecular welding was determined under static and
dynamic conditions for 45 metal combinations in an ultra-high vacuum environ-
ment. The metals investigated were: 2014-T6 aluminum, Ti-6Al1-4V titanium
alloy, beryllium-copper, electrolytic grade copper, cobalt, 321 staiunless steel,
René 41, ES52100 steel, and coin silver. Each of the nine metals was tested
against themselves and each of the other metals. The test arrangement con-
sisted of three pellets mounted in a rigid holder resting or being rotated on
the top of a horizontal wear track. The pellets supported a weight of 9.2 1b.
to create a contact pressure of 1,000 psi, based on projected area. The test
surfaces were lapped and polished to less than 1 pin. rms finish. They were
_exposed to a chamber pressure of less than S x 10-10 torr before contact was
made. During static and dynamic testing, the pressures were in the 10-° torr
range. The static test consisted of the coefficient of friction being measured
at breakaway after stationary contact for 300 hr. at a temperature of 200°C.
The dynamic test proceeded at a rotational velocity of 0.4 in/sec immediately
after breakaway; it continued until the coefficient of friction exceeded 4.9
(1imit of the test apparatus), the pellets wore excessively, or the time ex-
ceeded 100 hr.

The results of the investigations are compiled in several forms. A
presentation of the data is first given as a ranking of the 45 metal combina-
tions in order of increasing static coefficients of friction and a similar
ranking of the dynamic coefficients of friction during short time testing
(0 to 0.5 hr.). The second presentation is a tabulation of the coefficients
of friction in a more convenient listing so that data of a particuiar metal
combination can be readily located. The amount of pellet wear for each of the
test combinations is given as a third set of data. These data indicate whether
metal was transferred from or to the pellets. The frictional behaviors of four
metal combinations were obtained in air; the values were all lower than the
corresponding combinations ia ultra-high vacuum. In air, all had moderately
high initial dynamic coefficients which stabilized at lower values within a
half hour.

A summary of the results of the 45 tests is presented in the follow-
ing tabulation as a ranking of the metals based on average coefficients of fric-
tion. This Summary Table gives the general tendencies of various metals to
cold weld.




SUMMARY TABLE

RANKING OF THE TENDENCY OF METALS TO COLD VWELD IN ULTRA-HIGH VACUUM
AVERAGE COEFFICIENTS OF FRICTION

Static Breakaway* Dynamic Coelficient*

(after 300 hr. soak) (maximum value)
Ti-6A1-4V Titanium 0.46 Cobalt 1.43
Beryllium-Copper 0.81 Ti-6A1-4V Titanium 1.59
321 Stainless Steel 0.86 Beryllium-Copper 2.36
Rene 41 0.86 2014-T6 Aluminum 2.52
Cobalt 0.89 321 Stainless Steel 2.53
Coin Silver - 0.92 ES2100 steel 2.86
Copper 1.03 Coin Silver 3.40
E52100 steel 1.06 René 41 3.63
2014-T6 Aluminum 1.21 Copper 3.80

*Average values from metal combinations of specified metal with itself
and the eight other metals.

This table is based only on the average coeffi.ients of friction
under the one set of parameters: controlled surface finish and flatness,
specimen temperature 200°C, contact pressure 1,000 psi, chamber pressure less
than 5 x 10~7 torr, and rotational velocity of 0.4 in/sec for the dynamic
tests. Ranking of the tendency of the metals to cold weld was not possible
on any other basis because of the wide variation of alloys, mutual solubil-
ities, degrees of hardness, ultimate strengths, crystal structure, and other
properties. The interaction of these properties and their influence on the
behavior of the test surfaces prevented (1) the generation of any theoretical
correlation to explain the various results, and (2) any prediction or grading
of materials not tested on the program as to their cold welding tendencies.
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I. INTRODUCTION

A potential problem area in the design of current and future NASA
Manned Spacecraft is cold molecular welding between metal parts having rela-
tive motion while in the spece environment. Numerous investigations have been
conducted in the past on the adhesion, cohesion, cold welding friction, sei-
zure, wear, and other related phenomena of two metals in contact. At the pres-
ent, considerably more emphasis is being placed on studying the egfect of two
metals in contact when in a similated space environment (ulra-high vacuum).

Cold molecular welding is generally referred to by most of the iu-
vestigators as the adhesion or cohesion of two materials in contact at tmpera-
tures significantly below the melting temperature of the materials. When a
surface of one metal is in contact with another and moving relative to it, the
coefficient of friction is a convenient measure of the degree of cold welding.
When one metal slides smoothly over the other, the coefficient of friction is
usually moderately low and relatively constant. U%hen cold welding begins to
occur on a microscopic scale, a stick-slip action begins to develop and the co-
efficient of friction becomes higher and more erratic. The degree of cold
welding which can be tolerated in any system is dependent on the amount of
energy which is available for creating relative motion betwren the two mate-
rials in contact and the amount of surface damage which can be permitted.
Thus, a careful analysis must be made in any engineering application to estab-
lish the limits of cold welding.

This program was conducted to study and evaluate cold molecular weld-
ing of a variety of typical metals which are being used or consideved for the
Apollo mission. The coefficients of friction were determined for various metal
combinations under specified conditions. Then, the metal combinations were
ranked according to their likelihood of cold welding as indicated by their co-
efficients of friction. This rating of the 45 metal combinations is based on
static breakaway friction after 300 hr. of contact and short-time dynamic con-
ditions (during O to 0.5 hr.). In addition to the ultra-high vacuum tests for
45 metal combinations, the comparative effects of operation in air versus
ultra-high vacuum were determined for four metal combinations.

The specific tasks undertaken to meet the objective of the program
consisted of reviewing the scientific literature and research programs concern-
ing cold welding and conducting an experimental program for generating data.
The data reported by other investigators directly related to cold welding in
ultra-high vacuum were examined for correlation with the data generated on
this program. Results of the literature survey are given in the Appendix.



The experimental program consisted of developing test chambers and 7
conducting the static and dynamic tests. The design cf the test apparatus used
the concept of three pellets resting or being rotated -n an annular wear track,
2.3 in. dia. The three pellets, 0.0625 in. dia., were rigidly mounted in a
holder and supported a 9.2-1b. weight; this weight produced a 1,000~-psi con-
tact pressure between the pellets and wear surface (based or projected area).
The design incorporated heaters for maintaining the wear surfaces at approxi-
mately 200°C. The coefficient of friction was determined by measuring the
torque necessary to rotate the pellets. The mechanism was enclosed in a stain-
less steel chamber and evacuated with an oil-free vacuum pumping system capable
of maintaining pressures in the 10-9 and 10-10 torr region. Detailr of the
equipment, specimen preparation, and testing procedures are given in Section
IV, Experimental Program.

II. EXPERCMENTAL RESULTS ' !

The experimeutal results of the testirg program are based on the
coefficient of friction measurements on static breakaway and dynamic rotation
of the pellets on the wear track for the nine materizls tested on themselves
and each other. An additional set of data is obtsinsd from observations of
the wear of the pell:ts and the wear track surface =i the relative manner of
metal transfer. Prior the coefficient of frictio: iata, the specimen de-
scription and chemical zomposition of the materials s.e given.

A. Description of Specimons

The sy -~imens used in the testing v:.:ram vere made from materials
whose compositio... and physical properties ars given in Tables I and II. The
hardness values were measured on the ends cf 1/4 in. dia. cylinders machined
from the plates and bars with the same crientation as the pellet. All of the
specimens were machined from rolled plates or rectangular bars; the test sur-
face of the wear track was parallel to the face of the plate or bar. Each
pellet of a given material was machined from the same plate or bar as the wear
track of the material; the pellet was oriented with its axis perpendicular
to the direction of rolling. Thus, the test surface of the pellet had elon-
gated grains cdue to the rolling operation in the plane of the surface ead not
perpendicular to the surface. The wear track and pellet surfaces were lapped
and polished to a finish of 1 pin. rms or less (described in Section IV).
Generally the specimen materisls were in the same heat-treat condition as is
used in the Apollo program. Exceptions were ES52100 steel which was tesced
in the spheroidized annealed condition, 2014 T6 aluminum, ccpper, and silver
which were all softened somewhat by the bake-out tempersture of 265°C.




TABLE I

COMPOSITION OF SPECIMEN MATERIALS

2014-T6 Aluminum (QQA 261) %21 Stzinless Steel
Si 0.50 - 1.2 C 0.06 Ni 10.80
Fe 3.9 - 5.0 Mn 1..44 Cr 17.39
in 0.4 -1.2 P 0.024 Mo 0.14
Mg 0.2 - 0.8 g 0.013 Other 0.59
Cr 0.10 Si 0.72 Fe Bal.
Zn 0.25 Cu . 0.08 . w
Ti 0.15
René 41
C 0.027 S 0.005 ™. 3.15
Fe 0.09 Mn 0.04 Al 1.55
No 0.014 si 0.10 B 0.008 R
Va 3.9 Mo 9.75 Ni Bal: o
Hp 0.004 | ' i
ES210C Steel _ - g
Beryllium-Copper (QQC-530) c 0.99 S g —
Be 1.85 Co 0.24 Mn 0.44
Fe 0.10 Zn 0.02 P 0.01
IN] 0.05 Sn 0.01 s  o.011
Si 0.14 Pb 0.005 Si 0.30
151 0.01 Cs 0.005 Cr  1.40 |
Cu Bal. " Fe Ba;.
Topper, Tlectrolytic Grade ~ Coin Silver- i
99,95 Cu -0.04 Oxygen Typicel A 9071 - .
0.0l Total Other Impurities Cu Bal. '
Cd 0.00”
Cobalt 7n  <0.001 _ ‘
Cu 0.005 ' Fo - -2.001 , ' R
Fe 0.0018 Fe  <0.001 : sl
S 0.001 AL - <0.001 T
C 0.012 Bi <0.001 ‘
Co Bal. ' : ) ; o
-5- C
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B. Coefficients of Friction

The coefficients of friction are used as an indication of the degree
of cold welding for the metal combinations in the test program. The coeffi-
cient of friction was recorded at breakaway of the static test and continuously
during the dynamic test. From these continuous recordings the coefficients of
friction were obtained for various intervals of the dynamic test:; i.e., O to
0.5 hr., 0.5 to 5.0 hr., and S to 100 hr. The coefficients for most metal com-
binations varied widely during the dynamic test. Maximum values occurred when
the pellets dug into the wear track surfece or cold-welding seizure was immi-
nent. When sufficient torque was available to break the pellets free, they
would tend to slip momentarily at low coefficient values. The resulting action
of the pellets on the wear track was a random stick-slip behavior which caused
an audible vibration in the test chamber.

1. Ranking of metal combinations: The tendency of various metal
combinations to cold weld in a space environment at 200°C and a projected con-
tact pressure of 1,000 psi is given in Figs. 1 and 2.

Static coefficients of friction are given in Fig. 1 for the pellets
upon breakaway after 300 hr. of stationary contact in the uitra-high vacuum
environment. This table indicates tnat Ren€ 41 on itself had the lowest static
coefficient (0.20) but also Rene 41 on ES2100 steel had the highest (3.70).
The average static coefficient for René 41 (as shown in the Summary Table) is
0.86. Ti-6A1-4V titanium has the lowest average coefficient (0.46); a glance
at the data for all the metal combinations involving Ti-6A1-4V titanium in
Fig. 1 shows that its highest value is 0.95 (with aluminum), but most of the
values are less than 0.5. The 2014-T6 aluminum has the highest average coef-
ficient (1.21) because of the consistently high coefficients it has with it-
self and the other metals. Discussion of these results and those from the
dynamic tests will be given in Section II1I, Discussion of Results.

The dynamic coefficients of friction of the metal combinations are
given in Fig. 2 for the initial period of rotation (0 to 0.5 hr.). The dynamic
conditions consisted of rotation of the pellets over the wear track at a linear
velocity of 0.4 in/sec. The metal combinations are ranked in the order of in-
creasing coefficient, based on the maximum dynamic coefficients which occurred
during the time interval. The last four combinations had values above 4.9,
the limit of the test apparatus at the 1 000-psi contact pressure. These were
then rauked on the basis of the time which they rotated before their coeffi-
cient exceeded the 4.9 limit. The ES2100 steel rubbed on itself only two
revolutions before its coefficient exceeded 4.9; yet there was no adhesion
between the pellets and the wear track. Th~ only combination which cold-
welded in the sense that the pellets were bonded to the wear track was copper
on copper; however, the pellets broke from the wear track when they were being
removed from the pellet holder.




PELLETS ON PLATE

1000 RS.i. LOAD 200°c COEFFICIENT OF FRICTION

ULTRA-HIGH VACUUM

METAL COMBINATION

STATIC BREAKAWAY
(AFTER 300 HOURS)

(PELLET) { WEAR TRACK) s 2 3 4 5
2an% 4 Rerf 41
To.a S.iver Ti-6A1-4V Titanium
T -£A1-47 Titanmium ES210 [teel
T-i L lver René 41
Zobalt Renf 41
Zobalt Ti-6A1-4V T.tanium
Coin Jilver E52107 Steel
Z-balt ES2107 Steel
T3pr ¢ René 4}
Trln 3 lver 321 3tainiess Steel |
2:né 4l Beryllium-c opper
>-talt Cobalt

T -6A1-47 Trtoniun
Cobalt

Ti-6A1-4V Titanium
321 Stainless Steel

Peafe 41 Ti-6Al-4V Titanium
Trpper Reryll:.um-Copper
Zhpier T.-6A1-4V Titanium

™ aGA1-4V T tan:um

Beryll‘um-Coppe-

Copp v
PRaryllium-Copper
Beryllivm-Coppar

321 Stainless Steel
321 Stainless Stcel
Beryllium-Copper

Coppar
Trvelt
7 14-T5 Al minum

ES21CC Steel
Beryllium-Ccpper
321 Stainless Steel

Beryllium-Copper
Coln §ilver
E‘ 2109 Steel

ES2100 Steel
Beryllium Copper
321 Stainless Steel

Ti-CA1-4V Titamium
Copoer
2014-T6 Alum)num

321 Steinless Steel
2014~TS Aluminum
Ti~-6A1-4V Titanium

2014-T€ Aluminum
2714-T6 Aluminum
2014=T6 Aluminum

Cobalt
René 41
£E52100 Steel

£52100 Steel
Coin Silver
Zoin 3" lver

ES2100 3Steel
Coin Silver
2714-T6 Aluminum

“ ”I "l (I LR

Coin 3ilver
Coin Silver
2714-T¢ Alumirum

Copper
Cobalt
Beryllium-Copper

René 41
Copper
£714-T6 Aluminum

321 Stainless Steel
Ccpper
2014-T6 Aluminum

HJ

Copper
321 Stainless Steel
Ren€ 41

Cobalt
321 Stainless Steel
ES2100 Steel

Datn frow single run with each metal combination.

Fig. 1 - Ranking of Metal Combinations Based on Static
Breakaway Coefficients of Friction

[e0]
!




PELLETS ON PLATE 106 RGL Loap 200°c COEFFICIENT OF FRICTION

ULTRA-HIGH VACUUM

b O cmtrarn ped

s SHORT TIME - DYNAMIC (0-0.5 HOURS)

METAL COMBINATION seesnssecsess  STATIC BREAKAWAY { AFTER 300 HOURS) REMARKS
(PELLET) ( WEAR TRAC.? i 2 3 4 5

Coin Silver T{-6A1-4V T laniun Steb:lized
Ccbalt Renf 41 Stabil.zed
Cobe’t Ti-6Al-4Y Titenium Stabil.rad
Coin S:lver 321 Stainless Steel Stabilized
Rend 41 Beryllium-Copper Stabilized
Zcoalt Cobalt Statilized
foin 3iiver Cobalt P R Jratilizea
Ti-6A1-4V Titenium *1-6A)-4V Titanium ciabil:ze:
Beryllium-Copper 321 Stainless Steel Slightliy ancrear 1,
Ti-HAl-47 Titanium 321 Stainless Steel eee Slightly Irerce.
& 14-7€ Aluminum T.~6Al-4J/ Titanium . Stabilize:
Cr-alt 721 Stainless JSteel Ltabilizea
RBaryll:um-Copper Beryllium-Copper Moderately Ii » 4.
2014-T€ Aluminum 321 Stainless Steel Siabil.zea
Zo.n 3flver £52190 Steel Mouerately Ir -
Copp °r ES21C  steel S abil.ces
7714-7F Aluminum Peryl1ium-Copper Stab.. iz
2w b 4] T{-6A1-4V Titarium sm,r:h', L e
T 1a-™ Alumimm Cobalt Stab:l.zec
2014~TC Alum‘num E5210C Steel Stabil.zed
Zormlt £ 107 Steel Statil zed
T.-SA1-4V Titmium Beryllium-Coppér Stabilized
Berylliam-" ;per ES2107 Steel Stat l:zec
Zaobalt Beryllium-Copper Stabilized
Z6.a Silver Beryllium-Copper * " Sligttly Increas
T1-6Al-4V T:tanium 25210C steel F— Mederately
Coin Rilver René 41 * wrratel,
Copper Beryll um-Copper Erratic
2 14-T7¢ Aluminur Ren€ 4l Sligr iy Iner <.
Cso:n Silver Coin Gilve- b Moderstely It~vee
& 14-T6 Aluminum 2014-T6 Aluminum Rapidly Iicreas ..
Copper Ti-6A1-4V Titanium S.apntly Inerez v
Copper 321 Stainless Steel Rapialy Increec
Coin Silver Copper Rapidly Ir '1»n
Renf 41 E52100 Steel See Note )
Ccpper 2014-T6 Aluminun . See Note O
René 41 321 Stainless Steel oD Fapidly Tnerea
René 41 Ren€ 41 Fapidly In'r
Copper René 41 Fap dly Increa.
Coin Silver 2014-76 Aluminum Erratic
E5210C Steel 321 Stainless Steel See Note 3
Copper Cobalt 0.5 Hr. to Limit

X711 Stainless Steel

Copper
E52100 Steel

321 Stainless Steel
Copper
ES2100 Steel

0.3 Hr. to Lam.t
0.12 Hr. to Limit
+71 Hr, to Limit

Note )1 - Maximum at 2.4 at beginning and nearly the same for 4.3 hours until & sudden rise to 4.9.

Note 2 - Maximum at 2.2 at beginning, dropped to 0.2 to 1.5 within 1 hour, at 1.4 nours apparently debris caught pellet and stopped rotation, restar.ed anc

for another half hour at 0.2 40 1.5 befor= nexr stoppr:e.
Note 3 - High friction at beginning, aropped in % hours to 0.2 to 0.5 and stable for next 30 hours, maximm increased to 4.9 in next 4 hours.

Data from eingle run with each metal combinat‘on.

Fig. 2 - Ranking of Metal Combinations Based on Short-Time

(0 to 0.5 hr.) Dynamic Coefficients of Friction

run




The static breakaway coefficient is also shown with the short-time
dyramic test data in Fig. 2 so that the general correlation (and the few ex-
ceptions) between the two sets of data can be seen. Generally the static co-
efficients are less than the dynamic coefficients of the metal combinations.

In the Remarks column of Fig. 2, the notation, "stabilized,” indi-
cates that the coefficient of friction has stabilized during the first 0.5 hr.
of dynamic testing. Throughout the remaining time, generally 100 hr., the
coefficient did not change. The notation, "increasing," indicates that the
coefficient was continuing the increase at the end of the O to 0.5 hr. period
to a maximum value which occurred at some later time. Unusuwal frictional
behavior is called out in a note at the bottom of the chart.

2. Tabulation of coefficients of friction: The static and dynamic
coefficients of friction are presented in a more convenient form for easier
access to the design engineer in Fig. 3 than in Figs. 1 and 2. Figure 3 in-
cludes the maximum and minimum values of the dynamic coefficients as well as
additional data for medium and long time dynamic testing. Thus, the engineer
can note the changes in the coefficients as a function of the duration of the
test. As can be seen in Fig. 3, the data for all the metals tected against
321 stainless steel are given in bar graph form in one section, those for
Ti-6A1-4V titanium in the next section, and so forth. In the second column
of the material combination, the metal followed by (P) was the pellet metal
of the common metal in the section, the one followed by (T) was the track.

By the use of Fig. 3, the design engineer can readily locate the re-
sults of the studies for a particular metal combination which he may be con-
sidering in a design problem. The remarks column can give him a guide as to
the reason for the termination of a test before the end of 100 hr. "Excessive
friction" indicates that the coefficient of friction exceeded 4.9 and the ap-
paratus was automatically stopped. '"Excessive wear' indicates that the pellets
wore away at a much higher rate than expected. Vhen this wear was first en-
countered, the dynamic tnrque and the sound from the stick-slip action for the
particular test was at moderate levels. Both abruptly dropped to a lower value
and stayed at this lower value so the test was stopped. Upon examining the
pellets later outside of the chamber, they were noted to have excessive vear
and plastic deformation or smearings. Thus, the abrupt drop in torque was
used as a signal to end the test. For a number of tests, this signal gave &
false indication of excessive wear and so the "Remarks" column indicates a
footnote to describe loss of contact between the test surfaces. Sufficient
information had been obtained for these particular tests, so they were not
rescheduled.
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3. Wear data: The wear data for the studies were collected after
the pellets and wear track were removed from the apparatus (see Table III).
An examination of all the pellet and wear track sets was made at one time
since it allows an evaluation of the surfaces to be as comparative as possible.
Measurement of the amount of pellet wear by itself could not be used for pro-
viding wear data because the wear tracks for many of the metals were deeply
scored while the pellets were not appreciably worn. The degree of wear was
judged on the combined effects of both the pellets and the wear track. Three
degrees of wear were considered adequate in describing the results; the terms
for these are "excessive," "moderate,' and "slight." As previouvsly indicated,
"excessive" implies that the pellets wore down so that the pellet holder would
be rubbing; furthermore, "excessive" is used if the pellets aid npt wear ep-
preciably but the wear track had a deep or broad groove scored in it. The
term "slight" was used during the examination to describe only slightly dam-
aged wear track or worn pellets. The term "moderate” describes conditions
between the two extremes.

The specimen hardness has an effect on the amount of wear or scoring,
rarticularly if the wear track is softer tnan the pellets. The test procedure
required a minimum bake-cut temperature of the vacuum chamber of approximatel;
265°C for 4 to 5 hr. This temperature significantly reduced the hardness of
silver, copper, and the 2014-T6 aluminum alloy from their original hardness
values; i.e., Rg 73 to Rg 62, Rg 40 to Ry 25, and Rg 83 to Ry 47, respectively.
The other materials were practically unaffected. Table III shows the relative
hardness of the pellets and wear track and the direction the metal was trans-
ferred from the pellet to the wear track or vice versa.

4. Friction studies in air: A brief study was conducted to inves-
tigate the frictional behavior of selected metal combinations in ambient
laboratory air. The parameters of the tests were the same as for the ultra-
high vacuum tests; namely, contact pressure 1,000 psi, linear velocity 0.4 in/
sec, and specimen temperature 200°C. The specimens were prepared and cleaned
as in the other tests. They were not given the bake-cut temperature cycle
prior to testing but were given an hour of static testing tefore breakaway and
the subsequent dynamic tests. The 2014-T6 aluminum alloy and Ti~6A1-4V alloy
were rotated on 321 stainless steel for 5.5 hr., 321 stainless steel and co-
balt on 321 stainless steel for 18 hr. The metal combinations and test re-
sults are given in Table IV. The surfaces generally showed slight to moderate
wear. Comparison »f the results of this study to those in ultra-high vacuum
is given in Section III-B.
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TABLE III

WEAR DATA FROM DYNAMIC FRICTION STUDIES IN ULTRA-HIGH VACUUM

Pellet Hardness
Relative to

Pellet (P) Wear Track (T) Metal Transfer Wear Track
A. Metal Combinations Showing Slight Wear
Coin silver Cobalt PtoT Softer

1" 1 Renel 41 1" "

" " E52100 steel " "
Copper ! 11 ft "
2014-T6 Al René 41 " "

" " E52100 steel " "
Cobalt Deryllium-copper " "

" E32100 steel " Same
Beryllium-cormer Beryllium-copper Indetzrminate "
Rene’ 41 " " " Softer
Cobalt Rene 41 " "
Berylliium-copper 321 stainless steel PtoT Harder
B. Metal Combinations Showing Moderate Wear
Coin silver Ti-6A1-4V PtoT Softer

" " Beryllium-copper " "

" " 321 stainless steel " "
Copper Cobalt " "

" Rene 41 " "
" Ti-6A1-4V " "
2014-T6 Al Cobalt " "

" " Ti-6A1-4V " !
Ti-6A1-4V Beryllium-copper " "
Coin silver Copper " Harder
Beryllium-copper E52100 steel " "
Copper Beryllium-copper Indeterminate Softer
Cobalt 321 stainless steel " Harder

" Cobalt " Same
René 41 Ren€ 41 " "
Ti-6Al-4V Ti-6ALl-4V " "
ES52100 steel ES2100 steel " "
Rene 41 Ti-BAL-4V T to P Harder
Cobalt " " Softer

- 14 -




TABLE III (Concluded)

Pellet Hardness
Relative to
Pellet (P) Wear Track (T) Metal Transfer Wear Track

C. Metal Combinations Showing Excessive Wear

Copper 321 stainless steel PtoT Softer
2C14-T6 Al Beryllium-copper " "

" " 321 stainless steel " "
Copper 2014-T6 Al T to P "
Coin silver " " " Harder
Rend 41 E52100 steel " "
T1-6A1-4V " " : N

" 321 stainless steel PtoT "
E52100 steel " " ; " "
René 41 " " " Indeterminate "
Coin silver Coin silver Tto P Same
Copper Copper Indeterminate "
2014-T6 Al 2014-T6 Al " )

321 stainless steel 321 stainlecs steel " "

5. Typical test data: The results of the cold-welding tests are
dependent on the documentation of the test parameters. Important parameters
of each test of a metal combination consist of the condition of the pellet
and wear track test surfaces, the variation of the coefficients of friction
with time, the temperature of the wear track and the vacuum in the chamber.

The data for these parameters were recorded as indicated in Testing Procedure,
Section IV-D.
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TABLE IV

FRICTION STUDIES IN AIR

Coefficients of Friction

Static Short Moderate
Bregkaway Time Time

Metal Combination (after 16 hr.) (0 - 0.5 hr.) (0.5 - 5 hr.)
2014 T6 Aluminum on 321

Stainless Steel 1.1 0.45 - 0.95 0.2 -0.9
Cobalt on 321 Stainless

Steel 0.27 0.37 - 0.70 0.25 - 0.45
Ti-6A1-4V Titanium on 321

Stainless Steel 0.58 0.7 - 1.5 0.5 - 1.1
321 Stainless Steel on

321 Stainless Steel 1.7 0.6 - 1.9 0.6 - 0.9

Typical test data from the investigations are given to provide back-
ground information for the user of the results. Typical photographs of the
specimen surfaces before and after the tests are shown in Figs. 4 through 9.
Figures 4, S and 6 are for metal combinations with moderate friction; the last
three are for excessive friction. The top photograph in all the figures is
the fringe pattern between the polished surface of the wear track and the bot.-
tom surface of a coated optical flat with a t 0.000001 in. accuracy in flat-
ness. The illumination was provided by a high-intensity sodium vapor lamp;
thus, one fringe spacing is equivalent to approximately 12 pin. The parallel
fringe pattern in the top photograph of Fig. 4 has 16 fringes which indicates
that a foreign particle, approximately 0.0002 in. thick, was between the two
surfaces at one edge to form a wedge-shaped space between them. The top group
of three photographs is the fringe pattern of the ends of the three pellets
mounted in the pellet holder as they support the optical flat. Thus, the three
surfaces deviate from a common plane no more than 2-1/2 to 3 fringes or 30 to
36 pin . The middle group of photographs are the test surfaces of the pellets
and wear track (at the same magnification) without the optical flat. The bot-
tom group of photographs are the test surfaces after the dynamic tests. These
show the type of scoring which took place between the surfaces of the wear
track and the pellets. The close-up photographs were maede with a camera at-
tached to one side of a 40-power binocular microscope while the sodium lamp
was placed over the other side.

- 16 -




3 .

4 - Photographs of Test Surfaces of ES52100 Wear Track and Beryllium-
Copper Pellets: Top set shows surface flatness with an optical
flat; middle sei surfaces without opticul fla¢; and bo“tom
set ~ surfaces after dynamic tests
(pellet diamever 0,06.5 in.)
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Fig. S - Photographs of Test Surfaces of Beryllium-Copper Wear Track
and Titanium Pellets: Top set shows surface flatness with
an optical flat; middle set - surfaces without optical
flat; and bottcm set - surfaces after dynamic tests
(pellet diameter 0.0625 in.)
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Fig. 6 - Photographs of Test Surfaces of SS321 Wear Track and Silver Pellets:
Top set shows surface flatness with an optical flat; middle set -
surfaces without optical flat; and bottom set - surfaces after
dynamic tests (pellet diameter 0.0625 in.)
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Fig., 7 -

Photographs of Test Surfaces of ES52100 Wear Track and René 41 Pellets:
Top set shows surface flatness with an optical flat; middle set -
surfaces without optical flat; and bottom set - surfaces arfter
dynamic tests (pellet diameter 0.0625 in.)
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Fig. 8 - Photographs of Test Surfaces of Beryllium-Copper Wear Track
and Copper Pellets: Top set shows surface flatness with
an optical flat; middle set - surfaces without optical
flat; and bottom set - surfaces after dynamic tests
(pellet diametler 0,0625 in.)
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Fig. 9 - Photographs of Test Surfaces of Beryllium-Copper Wear Track and
Beryllium-Copper Pellets: Top set shows surface flatness with
an optical flat; middle set - surfaces without optical flat;
and bottom set ~ surfaces after dynamic tests
(pellet diameter 0.0625 in,)
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The photographs of Fig. 4 show the results of rubbing beryllium-
copper pellets on an E52100 steel wear track. The pellets were R, 38-43 while
the track was Rg 90-97. Examination of the entire wear track showed moderate
wear with some transfer of the pellets to the wear track. The dynamic coef-
ficient of friction had a maximum value of 1.2 but stabilized later within the
range of 0.4 to 0.6.

Visual results of rubbing Ti-6A1-4V titanium pellets on a beryllium-
copper wear track are shown in Fig. 5. The pellets were R, 34 while the track
was Ry 43. Moderate wear occurred with some pellet metal being transferred to
the track; the coefficient of dynamic friction had a maximum value cof 1.2 but
stabilized later within the 0.4 to 1.1 range.

The results of rubbing silver pellets on 321 stainless steel can be
seen in Fig. 6. Difficulty in polishing the surfaces to obtain a minimum amount
of pits was encountered as indinated in the photograph of the pellets. The
pellets were Rp 62, the track Rg 83. Moderate wear occurred with the transfer
of the silver to the wear track; the coefficient reached a maximum of 1.7 but
stabilized within the range of 0.2 to 1.3.

The wear of René 41 pellets (R. 39) on ES2100 steel (Rp 83) is indi-
cated in Fig. 7. This combination had excessive wear with metal transfer from
the wear track to the pellet surfaces. The coefficient increased steadily to
4.9 in 1.4 hr.

Figure 8 indicates the wear of copper pellets on beryllium-copper;
hardness values are Rg 25 and R, 43, respectively. The pellets appear as if
they might have been welded to the wear track, but they were not bonded to it
when the set was removed from the apparatus. The coefficient increased stead-
ily to the 4.9 limit in 1.2 hr. of rotation.

Views are shown in Fig. 9 of beryllium-copper pellets after rubhing
on the beryllium-copper wear track. This metal has a hardness of R, 38. The
combination had a slight amount of wear while it continually increased in fric-
tion; the 4.9 limit was reached in 28 hr.

Typical dynamic coefficients of friction (driving torque) records

are shown in Figs. 10, 11 and 12. These records give the behavior of the
friction for three types of friction observed in the program.
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DYNAMIC COEFFICIENTS OF FRICTION
BERYLLIUM-COPPER ON BERYLLIUM-COPPER
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The first type of dynamic friction was the sliding friction with
nearly a constant coefficient which existed for varying lengths of time de-
pending on the metal combination. Soon the sliding action changed to a mixture
of partial sliding and stick-slipping. Finally the action was all stick-slip
with large excursions between the minimum and maximum values; the raxLmum
values eventually exceeded 4.9 which turned off the apparatus. The second type
of dynamic friction observed in the tests was a stick-slip action with wide
excursions from the beginning of rotation. Generally within a few hours, the
friction became excessive and stopped the test. The third type had a moder-
ately high coefficient at the beginning of the test but generally stabilized
after a half-hour or so at low and relatively constant valuses.

Two recorders were simultaneously used. One recorded the general
trend over a long time since it had a chart speed of 1 in/hr; the other pro-
duced records of the continuous friction values during 3-min. intervals about
every 1/2 hr. of the test as a chart speed of 3 in/min was used.

In Fig. 10, the records of the dynamic coefficients of friction are
shown for beryllium-copper rubbing on itself. (The recorded electrical signal
is from the torque measuring sensor, but it is directly converted in terms of
the coefficient of friction.) For about the first 4 min., the sliding action
occurred with a coefficient of 0.5 to 0.6; slight stick-slipping action began
and then gradually increased until the coefficients were varying from 0.4 to
1.9 at the end of 5 hr. ard up to 4.9 at the end of 28 hr.

In Fig. 11 the records are given of the second type of friction in
which Rend 41 was rubbing on itself. This combination had the stick-slip
action from the beginning of rotation and increased until it had excessive
friction (in 15 hr.).

In Fig. 12, the records are for cobalt rubbing on beryllium-copper;
the tehavior of this combination is an excellent example of the third type of
friction. Initially, the coefficient had a maximum value of 1.3 but within
1/2 hr. it became stabilized within a range of 0.2 to 0.5 and remained approx-
imately within this range the remainder of the test.

III. DISCUSSION OF RESULTS

The paraneters investizated during the program represent conditions
for applications in space envirouments which have metal-to-metal contacts with
moderately high contact forces for a long period of time under static condi-
tions and then followed by dynamic conditions. The dzta obtained in the program
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COEFFICIENT OF FRICTION

DYNAMIC COEFFICIENTS OF FRICTION
COBALT ON BERYLLIUM - COPPER
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Fig. 12 - Dynamic Coefficients of Friction of Cobalt Rubbing
on Beryllium-Copper
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can be of value in sucb applications as well as in dynamic systems of low rela-
tive velocities as a guide in the selection of materials. However, the data
should not be used as the basis of the final material selection because the
data are from a single test. The reliability of the data is more certain if
it is confirmed by duplicate tests or substantiated by other investigators.

One task of the program was to survey the literature tc determire if other
investigators had studied the same material combinations in a manner which can
be correlated with the MRI data. The results of the survey are presented
below.

A. Correlation of Published Data and MRI Data

A comprehensive survey was made of the various resea.ch programws
which have been or are currently studying cold molecular welding in ultra-high
vacuum. Detailed results of the survey are given in the Appendix. The survey
disclosed that only three groups of investigators have studied any of the metal
combinations of the MRI program in vacuum with relative motion between the con-
tacting surfaces so that coefficients of friction could be the defining term
cf cold welding. Hansen, Jones and Stephensonl investigated a number of metal
combinations at rcom temperatures in a reciprocating motion with specimens
machine-finished to 8 to 16 pin. yms finish. Their chamber pressure was in
the 10°% torr range and their load was approximately 3 or 6 psi. The highest
coefficient of friction was 2.00 for a copper-copper combinetion at the end
of 1 hr. of rubbing. Since the work was done in an environment of at least
three orders of magnitude higher pressure than the MRI work and at a contact
pressure of at least two orders less, correlation of results was not practical.
However, copper was the only material in our tests which were stuck together
at the end of the test.

The dynamic coefficient of friction of E52100 steel on itself and
Rene” 41 on itself were measured by Buckley, Swikert and Johnson?/ with a 3/16
in. spherical radjius rider rubbing on a 2-1/2 in. dia. disk specimen at a sur-
face speed of 390 ft/min (78 in/sec). A 1,000-gm. weight loeled the rider
against the disk. Interpretations based on wear track widths of 0.030 to 0.075
in. as seen from their disk specimens, their final contact pressures at the end
of 1 hr. were calculated to be within the range of 500 to 3,100 psi. The
initial contact pressures were considerably higher as they began the tests with
the 3/16 in. spherical radius. Specimen temperatures were not measured; the
tests originally started at room temperatures. Their experiments were con-
ducted at various pressures down to 2 X 107 torr which was created by liquid
helium cryopumping. Oxygen was condensed on the cryopanels so no oxides would
be formed on the ES52100 steel test surfaces. Based on the probable amount of
oxygen in their enviromment, their oxide producing atmosphere was possibly
somewhat equivalent to our environment of 10-9 to 10-10 torr. They found a low
initial coefficient (0.2) but it gradually increasea to approximately 0.7 in 28
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or 29 min. Apparently considerable s-oring and galling then tock place at
that time as the coefficient jumped *+~ between 4 and 5, and they called it
mass welding of ihe specimens. OC.r data Jor this metal consisted of a static
breakaway value of 1.2 and the fiiction becoming greater than 4.9 in approxi-
mately two revolutions (less than 1/2 min.). Buckley's data suggest that they
had not broken through the oxide layer on the steel surfaces until about the
30th minute; whereupcn the surfares had atomic contact with the same resuv is
as we obtained.

Buckley, Swikert and Johnson also inrsestigated a Ni-Cr alloy which
had nearly the same composition an. hardnens as our Rene 41 material. At
pressures in the 5 x 10-7 to 2 x 10-6 torr and under the same dynamic condi-
tions as for the E52100 steel, their coefficiert of friction wes approximate.y
0.36 for the I hr. of rubbing. Our René 41-René 41 specimens had a frictiun
range of 0.9 to 1.8 initially and increased to the range of 1.6 to 2.5 by the
end of 0.5 hr. Then the friction stabilized within the range of 1.2 to 3.1
until it increased toc 4.9 at the end of 15 hr. Apparently, thLe much higher
coefficient of friction of our materials is because of the ibsence of an oxide

arer; microscopic cold welding occurred at the interface and was either broken
Or sheared, ciusing the high values of fricticen.

Iater, Buckley and Johnsoné/ conducted tests with a commercial
nickel-chromium-aluminan alloy with their apparatus in ultra-high vacuur (10-9
torr). Their alloy was agein very similar to René 41 with the exceptioi. of
Fe, 5.0 per cent for %heir alloy, 1.35 per cent for our René 41. Their aver-

age coefficient is given as approximately 0.88, still considerably lower than
our data.

In a study of cobalt rubbing on cobalt, Buckley and Joknson4/ re-
ported coefficients of friction of 0.45 and 0.55 in 102 torr vacuum when rider
temperatures were :bout 200°C with a 1,CO0-gm. load. The coefficients were
lower, about 0.3 for a second set of data, when the only apparent difference
in their parameters was higher pressure (10-8 to 10-7 torr). The MRI data for
cobalt on cobalt show a static breakaway coefficient of 0.47 and dynamic coef-
ficients from 0.4 to 0.5 during the first 0.5 hr. Throughout the remainder of
the 100 hr. of rubbing, the coefficient varied withir 0.1 to 0.6. Thus, our
data agree with those by Buckley and Johnson. During their investigations,
they worked with coprer on itself at 10-9 torr with a sliding velocity of 4.5
fpm or 0.9 in/sec. Our velocity was 0.4 in/sec, They had complete welding,
presumably a coefficient of friction greater than 5.0, with a 1,000-gm. lcad;
with a S00-gm. load, their average coefficient was 2.32 for 1 hr. of rubbing.
The MRI date for copper on copper gave a static coefficient of 1.9 and during
initial rubbing a coefficient of 1.5; within 7 min , the friction inc reaseu to
greater than 4.9 and welding occurred. As in the case with cobalt-cobalt, our
date are in general agreement with Buckley's and Johnson's data.

The only other data found in the literature with which our data can
be compared is that of K.ellogg.5
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In his work, Ti-6Al1-4V was rubbed back and forth on itself at room
temperature in a vacuum of 17"8 to 10-9 torr. The follower was moved in a
1/4-in. stroke with a constant velocity of approximately 5 in/min (0.08 in/sec)
and a dwell time of about two to three times the moving time. An apparent
contact pressure of 40 psi was used. The ccafficient of friction measured was
the static breakaway following each dwell cycle. Since the friction behavior
of our specimens was usually a stick-slip action, our dynamic tes:s could be
thought of as a series of rapidly repeating static tests. If this concept is
acceptable, our maximum dynamic coefficients could be compared to Kellogg's
data. ifis initial breakaway coefficieunt was 0.4 and continually increased to
greater than 1.0 in seven cycles. Our static breakaway was C.47 and the maxi-
mum values varied up to 0.8 within the first 0.5 hr. of rotation. During the
remainder of the 100 hr. of rotstion, the maximum increased gradually to 1.3.
Although Xellogg's contact pressure was 1/25 of our contact pressure, the two
sets of data have reascnable agreesment.

As a result of these comparisons of an extremely limited number of
like metal combinations, there is some substantiation of the MRI data.

B. Observations on MRI Data

The MRI data were studied from a number of aspects to determine if
any trend could be found to permit prediction of the likelihood of cold weld-
ing of other metal combinations. Sikorski6 lists 10 properties of metals
which influence their adhesion (and friction as well). These are (1) surface
contamination, (2) crystal structure, (3) work hardening coefficient, (4) pur-
ity, (5) bardness, (6) elastic modulus, (7) melting point, (8) recrystalliza-
tion temperature, (9) atomic radius, and (I0) surface energy. Because of the
overlapping effects of these properties, no correlation of our data has been
possible with any one property with the one exception of cobalt; it has a
hexagonal close-packed structure and has low friction which was reported by
Ernst and Merchant in 1940.7/ The low coefficients of friction for hexagonal
close~-packed materials, including cobalt, were confirmed in ultra-high vacuum
by the recent work of Bucklzy and Johnso 4/ which has already been discussed.
Thus, no guide has been set up to permit the prediction of the magnitude of
cold welding of the metals of the MRI tests with other metals.

Some general trends have been found, however. The metal combinations

tend to have lower static coefficients than the maximum dynamic coefficients
in the short-time dynamic tests (as seen in Fig. 2). A strong correlation is
also noted in Fig. 2 that for metal combinations with coefficients of 1.3 or
less for the short-time dynamic tests, the coefficients become stablized with-
in 0.5 hr. at lower values. For coefficients above 1.3 the friction does not
stabilize but continues to increase, and eventually exceeds 4.9 in many com-
binations.

The four tests in air provide data to make a comparison of operation
in air v=rsus ultra-high vacuum. The coefficient of friction records for the
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metal combinations are given in Fig. 13 for both air and vacuum. These rec-
ords show that Al1-321 SS, Co-321 SS, and Ti-321 SS combinations have somewhat
similar records and they all had moderate initial dynamic coefficients and then
stabilized at lower values. The 321 SS - 321 SS combination had this same sta-
bilizing behavior in air but not in vacuum where it developed excessive fric-
tion in 0.3 hr. The static breakaway coefficients were more than 50 per cent
higher in vacuum than in air for all except Al-321 SS which had the opposite
behavior. The cleansing action of ultra-high vacuum is probably the reason

for the higher static breakaway coefficients except for the aluminum (2014-T6)
surfaces where the durable oxide layer was a factor,

The comparison of the Al-321 3S combination in UHV to air tests is
limited because the aluminum pellets in UHV had been heated (before testing) to
265°C for baking cut of the chamber. They were softened to R 47 from this ex-
posure; their shear strength was greatly reduced with a result of greater vwear
during the tests. However, even with the softer pellets, the wear of the alum-
inum was slight to moderate against cobalt, René 41, Ti-6Al1-4V, znd E52100
steel wear tracks. The air tests were conducted with the pellets _=2ing heated
only to 200°C. They were slightly softened, from the original Ry 85 to within
the range of Rg 75 to 8C. Their wear was considerably less than for the UHV
tests, test duration in air was 5.5 hr., in UHV 5.4 hr.

In relaticn to wear of the surfaces during the ultra-high vacuum, an
obvious correlation (Table III) is that when the pellets are softer than the
wear traclk, metal is transferred from the pellets to the track, particulariy
for metal combinations which show slight and moderate wear. For metal combina-
tions showing excessive wear, this correlation was not found.

One of the controlled parameters of the tests was the surface condi-
tions of the pellets and the wear track. The pellet surfaces were lapped and
polished to provide a flatness to within three sodium light fringes (approxi-
mately 36 uin.) and to have a maximum of 10 per cent pit area. The ends of
the pellets generally had a slight radius of curvature; the minimum radius
was approximately 26 in. when three fringes occurred on the end of the pel-
lets. The wear tracks were polished so thal no more than three fringes occur-
red in any one radius.

The maximum Hertzian contact stress was calculated for a spherical
rider on a flat plate and was 5,900 psi for the steel combination and 26 in.
radius; other metal combinations would have different contact stresses because
of different Young's modulus and Poisson's ratio. (These stresses can be con-
sidered only for the static tests.) Since the pellets generally had a flat-
ness of less than three fringes, their radii of curvature were longer and
thus the Herzian stresses would be generally less than the 5,900 psi value.
The real stresses were considerably higher than the Hertzian stresses becausc
the Hertzian calculations assume the unrealistic condition of perfectly smooth
surfaces. Thus, the contact pressure of 1,000 psi based on projected area was

- 31 -

M



COEFFICIENT OF FRICTION

321 STAINLESS STEEL ON 321 STAINLESS STEEL

IN AIR

Saidua I ; — T T
o : e i i S SR SR A
4.0— P ST DUUI S 3. H i PO
B B
P S - i+ i
. TEC - N : T
- 3. 4 —— _ = S SO T S |
20_ I N e T L
S S S R - S T S R e L
A B e susa .
g i 3 4= = = 4

HEEREEE=S =S = 3
! A8 R e s =

IN VACUUM

2014-T6 ALUMINUM ON 321 STAINLESS STEEL

=E ]
=

Iy

|
"

P L o B L, =

IN VACUUM

Fig. 13 - Comparison of Coefficien

321 SS, 2014-T6 Aluminum, Cobalt,

on 321 S8

- 32 -

===z ==
== S =
— e e e =
o L e o e By o 3 == == =
V- g - — T - = -
feema sme.— . o
ERAS N PSS i 1 i — B e Rl aaa " ]

ts of Friction in Air and Vacuum for
and Ti-6A1-4V Pellets



COEFFICIENT OF FRICTION

COBALT ON 321 STAINLESS STEEL
IN AIR

T wwimad 7 T T : : T ' . T TITTrY T

D A SR O M

: I P . . i . L. i B
. H . . . H H 1 : . 3 N
: [ S T H PN H : TR I G 4
20_ . i L P
Mo [ B L. . SIS SN S S S S i
: co b I !
s e - . . . [ S 4 !
i § : ] '
! : i RS S N U S
[T B :
R S T . ) !
Ny, R N S S .ol . .. H
B I . e - — g p— ——
O-L [P S-S - o —— - - . = e - . PR SR ST {

IN VACUUM

L TRRRRTTTTTT PTUTTITT T s e T T
. I e b L I O e B e e I I
40 S U S N S S T
L .. S S SR R S L
- R A = 5 A
: PR ST A O A N
20. . 1 L. y AU 3
RO o i S Rt i A IBRERR
O‘.- T T T T —*——;??:" - i - f_" - » ﬁi% -
g ——— - — ——— A— Ll -l ..
l—1HR~]

S5IHRS

Ti-6A1-4V ON 321 STAINLESS STEEL

IN AIR

Fig. 13 (Concluded)

- 33 -



T

only a design parameter; the real contact pressures may have been and prob-
ably were in some cases that of the yield stresses of the particular metal
combination.

The cdynamic (ests were conducted at one velocity, 0.4 in/sec. This
velocity was so low that frictional heat did not influence the specimen tem
eratures. muckley and Johnsoné/ showed for cobalt on itself the coefficient . ¢
friction was constant until sliding velocity exceeded 250 in/sec and specimen
temperatures exceeded 315°C. Subsequent tests showed that the specimen temp-
erature and not the velocity caused a rise of friction.

IV. EXPERIMENTAL PROGRAM

The experimental program consisted of the design, fabrication, and
checkout of the equipment, the development of a procedure for preparing the
specimens and installing them in the apparatus, and the test program for the
45 metal combinations. The test program and its results have been discussed
with the results in Section II, ®xperimental Results.

A. Equipment

The equipment used in this program consists of the nine ultra-high
vacuum test stations and their control console as shown in Fig. 14. The test
stations are mounted on insulation-covered tables so that a bake-out oven can
be placed over the top of a station onto the table for baking out the station.

1. Test station description: The design of the test station is
given in cross section in Fig. 15. The test chamber is basically a stainless
steel 4-in. cross with two 4-in. flanges at top and bottom, one 5-in. flange
and one l-l/2-in. flange on opposite sides. Rotating motion is introduced
into the top of the test chamber through a magnetic coupling which can trans-
mit a maximum of 52 in-1lb of torque.* The rotor is annealed low carbon steel
and is supported by two stainless ball bearings, burnished with MoS,. Torque
measurements of the nine magnetic courlings by themselves with the chambers
evacuated to 1072 torr were approximately 0.2 in-1b although one had 0.5 in-1b.
Since the maximum friction torque was no more than 1 per cent of the maximum
torque capability and its eftect is overshadowed by variations of specimen
surface conditions, no corrections in the data were made. The drive system
was a "Slo-Syn" synchronous moter with a planetary gear reduction to provide
a 3.3 rpm output with a torque rating of 125 in-1b.

Tha drive shaft from the rotor of the magnetic coupliag rotates the
pellet holder through a yoke and pin connection as seen in Fig. 16. The flex-
ible coupling restrains the radial travel of the pellet holder to within

* The meximum torque is limited by a microswitch, calibrated at 52.0 ¥1.5
in-1ib. "
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+1/16-in. variations but allows the pellets to rotate on the traclk without re-
striction even though the holder may deviate several degrees from right angles
with the drive shaft. The weight of the rotor and drive shaft has no effect
on the specimen load.

The pellets are press-fitted into the pellet holder and are located
at a 1.15 in. radius (120 degrees apart) to give a 0.4 in/sec linear velocity.
A groove is machined into the underneath side of the pellet holder so that the
holder surrounds a temperature sensor on three sides. Steady-state tempera-
tures of the pellet holder can be estimated from the sensor's signals. The
sensor is a single-crystal SiC thermistor encapsulated in a 0.050 in. dia.
ceramic bead (commercially available from Carborundum Company). The pellet
holder has a lip on its perimeter which is heated by radiation from the heat
shroud of the wear track clamp. The shroud has a highly polished outer surface
to minimize outward radiative heat loss. The pellet holder supports a weight
of stainless steel, also with a polished surface to minimize heat losses. The
rellet holder and the weight weighs 9.2 1b.; with three 1/16 in. dia pellets,
an apparent contact pressure of 1,000 psi is obtained.

The wear track is clamped to a base with a two-piece clamp; the track
is heated to the test temperature by three cartridge base heaters, inserted
intc the wear traclk base through tubes welded to the base at their top and at
their bottom into the bottom 4-in. flange of the test chamber. Ambient pres-
sure exists inside the tubes so that the cartridges operate in air. The wear
track base is maintained at the desired temperature with the heaters being
controlled by a second thermistor and a solid-state controller to within ¥5°C.

The pellet holder and the pellets are held above the wear track dur-
ing bake-out and uutil testing pressure and temperatures are attained by the
end of the linear actuator rod brought into the vacuum chamber through bellows
in the bottom 4-in. flange. The rod is then lowered and locked into a de-~
pressed position during the static and dynamic tests by the actuator lock, see
Fig. 15. At the base of the linear actuator, an electrical feedthrough is
used for connecting to the leads of the pellet holder temperature sensor.

2. Vacuum system: The vacuum system consisted of a combination ion
and sublimation pump (Ultek Model 10-402 Boostivac Pump rated at 500 iiters/sec
at the 5-in. port) attached to the test chamber at the 5-in. flange. The test
surfaces are well shielded from evaporated titanium of the sublimation pump.

As shown in Figs. 14 and 15, a vacuum gauge (hot-filament ionization gauge, Var-
ian Model UHV-12-KF) is positioned on a tee next to the test assembly. The
test station is roughed out by an absorptior pump and pumped during bake~-out by
a boostivac ion and sublimation pump. A 3/4-in. copper tube between the test
chamber and roughing system is pinched off to seal the chamber after bake-out.

3. Instrument console: The nine test stations have their controls
and measuring instruments in the console at the left of Fig. 14. At the top
(not seen) are three high voltage power supplies for the ion pumps. The nine
wear~-track base-heater controllers and drive-motor controls can be seen at the
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top of the photograph (Fig. 14). The next instrument from the top is Varian's
Model 971-0CC3 vacuum gauge controller. The next panel below it contains the
specimen temperature meter (for the SiC thermistors) and the vacuum gauge fila-
ment sustainers. The master power switch, vacuum gauge selector switch and
sublimator pump rilament selector switch are located in the next panel. The
high-current power supplies with automatic cycling controls for the sublimation
pumps are located in the bottom panel, the corner of which is visible in Fig.
14. An automatic emergency 110-v. AC power supply was connected to the system

s0 that power failure would not disrupt the tests, particularly the dynamic
tests.

4, Torque measurements: The torque measuring system is shown in
Figs. 17 and 18. Initially, the pellets are held stationary to the wear track
for the 300-hr. static tests. They are held from movement by the magnetic
coupling shown to the left of Fig. 17. A restraining bar is clamped to the
motor stop throughout the 300 hr. At the end of this period, a lever is placed
on top of the clamped magnet and pulled with a hand-held force gauge (0 to
10-1b. range) after i‘he clamp has been removed. This gbsolute torque measure-
ment gives the coefficient of friction for static breakaway.

After the static breakaway torque is measured, the magnet with the
clamping bar is replaced by the motorized magnet unit shown at the right of
Fig. 17. A close-up view of the unit is shown in Fig. 18. The torque sensor
consists of an IVDT (linear variable differential transformer) for measuring
the displacements of a cantilevered flat spring. The spring is bolted to the
base of the motor and restrains the motor at all times. The core for the LVDT
is mounted at the end of the spring with a stiff coil spring to eliminate align-
ment problems. The fulcrum against which the flat spring is clamped is designed
to allow angular movement of the spring. The entire system is calibrated with
the force gauge and has an accuracy within X3 per cent ard a coefficient of
friction sensitivity of 10.1S.

A microswitch is positioned in the system so that the power to the
motor is cut when the frictional torque reaches 52 in-1lb. If this switch were
not used, the magnetic coupling would slip when the friction of the pellets
became excessive. The motor is stopped to prevent chatter of the megnetic
coupling and any subsequent damage to the test specimens.

B. Specimen Preparation

The specimens were prepared for the study by machining and grinding
them to the proper dimensions. The pellets were press-f.tted into the pellet
holder and washers of the same material were glued down around them.
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Fig. 17 - Two Types of Magnetic Coupling Units for Static and Dynamic Tests
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Fig. 18 - Deta..

. mwtorized Magnetic Coupling with Torque Measuring Sensor
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The wear surfaces of both the wear track and pellets were lapped flat and to a
surface finish of 5 pin. rms. Then they were polished until pits and scratches
wvere reduced to about 5 per cent or less and the surfaces were flat to within
plus or minus three fringes of sodium light. (The wear track was not to have
more than three fringes across any radius.) The washers were removed from
around the pellets; all surfaces were then washed in methanol and air-dried.
The specimens weie next photographed and then cleaned in warm detergent solu-
tion in an ulirssonic cleaner, riised with deionized distilled water and thea
stored under anhydrous methanol until ready for installation in the test cham-
ber. They were then dried in an oven at 75°C for 30 min. and placed in the
station with clean forceps; the chamber was then sealed, ready for bake-out.

V. CONCLUSIONS

The following conclusions have been drawn from the results of this
cold mclecular welding study.

1. Very little correlation was found between the coefficients of
friction (or tendency to cold-weld) and properties of the materials investi-
gated. In one case however, our data confirm the observations of others,
that a iow coefficient of friction correlates with a hexagonal close-packed
structure (cobalt).

2. OFf the 45 tests, 42 metal combinacicns had greater maximum dy-
namic coefficients of friction than their static breakaway values; thus,
greater force would be required for crntinual motion than for initial motion.

3. It was found ir the resulits that 21 of the 45 metal combinations
had max’ :um short-time dynamic coefficients of friction ¢l greater than 1.3 and
all of { =se combinations had ircreasing friction with time; 15 of the 21 ex-
ce-ded 4.9. Of the remsining 24, 16 combinations had coefficients which be-
‘ame stable within the first half-hour and were below their initial values
throughout the remainder of the dynamic tests.

4. For metal combinations with slight wear, metal was generally
transferred from the pellets to the wear track when the pellets were softer
than the wear track; when theyv were harder, metal transfer did not follow any
varticular pattern.

S. Comparative data for four metal combinations in ultra-high vacuum
and air showed that static breakaway coefficients of friction in vacuum were
more than SO per cent higher than in air for three of the four combinations;



all combinations had moderate initial dynamic coefficients and then stabilized
at lower values in air as did three of the four in vacuum, the fourth developed
excessive friction within 0.3 hr.

6. Comparison of the MRI data with the appropriate data of like
metal combinations from other investigators shows that good agreement was found
for four metal combinations but poor agreement with two others.

VI. RECOMMENDATIONS

Some recommendations can be made as a result of the program.

1. Metal combinations not investigated in this program but used in
the Apollo mission should be studied; these incluce such combinations as
Inconel on Inconel, Inconel on Ti-6Al-4V, 4340 steel on Ti-6A1-4V and stainless

steel on Inconel.

2. Different wear procedures should be studied, such as short-time
dynamic tests followed by static tests and then followed by additional dynamic
tests.

3. Duplicate or triplicate tests should be conducted to determine
the reliability of the data from the tests of the current program and future
programs.

4, Additional studies should be conducted to develop theories for
predicting the cold-welding tendencies of space-oriented alloys in space en-
vironment and to obtain experimental verification of the theories.
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APPENDIX

CuD MOLECULAR WELDING IN A VACUUM -
A SURVEY OF THE LITERATURE

I. INTRODUCTION

A literature search was conducted as part of the research effort
under Contract No. NAS9-3623 to assess the current state of the art concerning
cold molecular welding. The purpose of this search was to provide a knowledge
of previous investigations and to incorporate this knowledge into the experi-
mental studies conducted at MRI for NASA-Manned Spacecraft Center under Con-
tract No. NAS9-3623.

The first problem encountered in a discussion of cold mo}ecular weld-
ing is the proper definition of the term "cold welding." Kimzeyég * has de-
fined it as the degree of "electrical fcrces which bind together the individual
molecules when a vacuum or another process has cleaned a materizl adequately to
give true molecular contact...” Most investigators avoid a direct definition
of the term but it appears o be generally accepted that "cold welding" refers
0 the adhesion or cohesion of materials at temperatures significantly below
the melting temperatures of the materials.

II. RESULTS OF '™E LITERATURE SURVEY

The literature search to assess the current state of the art concern-
ing cold molecular welding has resulted in a project library of the most per-
tinent publiications and a comprehensive abstract file of over 200 references.
The relevant publications in the project library have been reviewed in detail.

The literature clearly indicates that a study of cold welding under
eimulated space conditions requires:

1. A suitable environment of controlled temperature, load, and pres-
sure (vacuum), and

2. A nmethod of eliminating, controlling, and/or investigating sur-
face contamination.

* References refer to the Bibliography, p. 71.
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The literature also indicated the lack of data concerning cold
molecular welding under dynamic conditions, i.e., relative motion batwcen the
contacting surfaces. Only a few investigations, notably those of Buckley,
Swikert, and thnson,E/ Buckley and Jcﬁnson}gil Winslow and McIntyre,éé/
Bryant, Gosselin, and Longley8:24 and Kellogg394l/ were found which dealt
with wear and friction or cold welding phenomena in ultra-high vacuum under
dynamic conditions. Thus, the MRI program provides data under conditions for
which only limited information exists in the literature. In addition to the
above investigations, a limited amount of dynamic work was done by Hansen,
Jenes, and Stephenson29/ at a moderate vacuum (lO‘6 torr). The more severe
vacuum conditions of the current program represent an area where data are re-
quired. Some notable adhesion and cohesion studies in ultra-high vacuum have
been conducted by Ham,g""e8 Kellerr§£:§z and WEIISEE but these investiga-
tions cannot be directly correlated to the dynamic studies as they were make-
and-break-contact studies.

The investigations of interest to the MRI program are generally con-
cerned with the determination of the conditions of temperature, load, and time
under which adhesion or cohesion occurs between various metal surfaces in a
vacuum. The results are usually listings of metal pairs which do or do not
adhere or cohere under the specified conditions. The environmental corditions
form only one of the two important criteria which appear to govern the occur-
rence of cold molecular welding. The second is the cleanliness of the corntact-
ing surfaces. Ham2/ states that "intermetallic cohesion or adhesion can occur
easily only between clean, oxide-free metals." If the cold welding of metals
in space is of interest, oxides and nitrides formed on the surface prior to
launch are the principal sources of surface contamination. Such surfaces are
self-cleaning in a perfect vacuum by one of several temperature-dependent
processes. For most of the commonly used metals and alloys, however, a com-
bination of elevated temperstures and long exposure times are required to re-
move oxide films. These times and temperatures can be estimated analytically.
For exgmple, one year in a perfect vacuum at over 100°C is required to remmove
a 100 A thick oxide layer from 1018 steel, 4140 steel, and 52100 steel.@l/

The corresponding temperature for removing a similar film from molybdenum is
1050°C. Under real conditions in space the required times and/or temperatures
are even greater. Thus, Ham2?/ concludes that "most metal surfaces exposed

to the space environment are not likely to become clean in any reasonable
pericd of time unless energetic electromagnetic irradiation accelerates the
rate of removal of surface films." Of course, when relative motion exists
between contacting surfaces, the oxide films can be mechanically ruptured re-
vealing clean areas. If this occurs in a vacuum environment, the re-formation
of the film would take place very slowly.
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The cited investigations are summarized in the following paragraphs
and tabulazi? in Tables A-I - A-XI. The investigations of Buckley, Swikert,
and Johnson?/ at NASA-Lewis Research Center are concerned with the wear wnd
friction characteristics of a number of materials, with and without lubrica-
tion, in a vacuum. Their publications of the early 1960's report experimental
data concerning the friction, wear, and evaporation rates of several metals
and lubricants under vacuum conditions of 10~7 mm. Hg. Although these parti-
cular investigations dealt largely with the effects of various lubrication
methods on wear and friction in a vacuum, some data were collected for unlubri-
cated metals. Treir test parameters and metal combinations are summarized in
Table A-I. Buckley and his colleagues concluded that a different wear mechan-
ism prevailed in vacuum than was exhibited in air. In general, the wear in a
vacuum was characterized by mass metal transfer. Some alloys demonstrated
higher friztion coefficients in vacuum (Ni-Cr alloy and Ni-bonded TiC-CbC)
while others (notably 52100 steel) had lower friction coefficients in moderate
vacuum. When liquid helium cryopumping wzs applied to eliminate Cp, the 52100
steel ccld-welded in 33 min. Extensive evaporation rate data were generated
in these studies to aid in the evaluation of lubricants for vacuum service.

The investigations of Buckley and..Johnsoné&ywere extended, in 1964,
to include the lubricating effects of the addition of sulfur to 52100, 440C
stainless, and M-2 tool steels and the addition of aluminum to nickel-aluminum
binary alloys. These experiments, which are summarized in Table A-II, were
conducted in vacuum to lO"9 mm. Hg. It was found that the addition of 0.4 to
0.5 per cent sulfur to the steels appreciably reduced the welding tendency of
the materials in vacuum. It was also found that 16.4 per cent aluminum in
nickel resulted in an allcy exhibiting favorable vacuum wear and friction
characteristics.

Buckley and JohnsoﬁEy have also recently reported on friction and
wear studies for 14 hexagonal metals in vacuum at temperatures to 850°F and
sliding speeds to 2,000 fpm. The objective of these studies was to determine
the effect of crystal transformation, slip systems, and lattice parameter on
friction charscteristics. The effect of alloy elements was also investigated.
A summary of the experimeatal paremeters is given in Table A-1IT. It was
found that those metals with the largest interbasal planar spaci.g exhibited
the lower coefficients of friction and a correlation between fricticn and
lattice ratio was established for the hexagonal metals. Studies with single
crystals of cobalt demonstrated that the cry-tal structure s*/nificently in-
fluenced the fricvion, wear, and metal ‘transfer characteristics in vacuum.
Cobalt in the hexagonal form exhibited low friction and wear properties,
whereas increased wear and complete welding were obtained at 900°F with crys-
tal transformation to the face-centered cubic form. The hexagonal metals -
titanium, zirconium, and hafnium - demonstrated higher wear and fricticn
characteristics than cobalt. and beryllium showed relatively low friction
properties. These observations were explained by the investigators in terms of
the slip behavici of the various metals.

- 47 -



TABLE A-1

SUMMARY OF INVESTIGATIONS BY BUCKLEY, SWIKERT, AND JOHNSONE/

Materials (in order tested) 52100 steel-52100 steel
440C-44CC
Cobalt-base alloy-Cobalt-base alloy
Ni-Cr alloy-Ni-Cr allcy
Ni-bonded TiC and CbC-Ni-bonded TiC
and CbC
(+ with lubricants + non-metals and

coatings)
(order not specified)

Vact m range 10-6 to 10-7 torr + tests in air
Tempersture range 75 to 1000°F
Load range 1,000 gm. (dead weight on lever) on

3/16 in. spherical radius rider
Sliding speed range 390 fpm

Adhered or cohered pairs 52100 steel-52100 steel with liquid helium
cryopumping - 33 min. to selzure

Jonadhered or noncohered pairs All others listed above (all times were
1 hr.)
Comments Evaporation rates and wear and friction

data presented. Specimens finish-ground
and polished.
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TABLE A-II

SUMMARY OF INVESTIGATIONS BY BUCKLEY AND JOHNSONLQ/

Materials (in order tested)

Vacuum range
Temperature range

Load range

Sliding speed range

Adhered or cohered pairs

Nonadhered or noncohered pairs

Comments

52100 steel-52100 steel

440C-440C

M-2 tool steel-M-2 tool steel

Sulfur modified 52100-sulfur modified 52100
Sulfur modified 440C-sulfur modified 440C
Sulfur modified M-2-sulfur modified M-2
440C-sulfur modified 440C

Eiectrolytic nickel~-electrolytic nickel
5.5% aluminum-nickel-5.5% aluminum-nickeZ
13.3% aluminum nickel-13.3% aluminum-nickel
16.4% aluminum-nickel-16.4% aluminum-nickel
27.1% aluminum-nickel-27.1% aluminum-nickel
1079 torr

24°C (75°F)

1,000 gm. (dead weight on lever) on
3/16 in. sphericsl radius rider

75 to 1,960 fpm (most tests at 390 fpm)

52100 steel-52100 steel
Electrolytic nickel-electrolytic nickel

A1l others listed sbove (all times were
1 hr.)

Wear and coefficient of friction presented;
specimen finish ground
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TABLE A-III

SUMMARY OF INVESTIGATIONS BY BUCKLEY AND JOHNSONli/

Materials (in order listed) Cobalt-cobalt

25% moly-cobalt-25% moly-cobalt

2% moly-cobalt-2% moly-cobalt
Titanium-titanium

Titanium-tin alloys-titanium-tin alloy:
10% oxygen-titanium-440C stainless
copper-copper

Nickel-nickel

Zirconium-zirconium

Zirccnium-440C stainless
Beryllium-beryllium

Beryllium-440C stainless

Various rare earcth metals on themselves

Various rare earth metals on 440C stainless

Vacuum ral.e 1079 to 10710 torr

Temperature range 75 to 850°F

Load rauge 250 to 1,000 gm. (desd weight on lever) on
3/16 in. spherical radius rider

Sliding speed range 4.5 to 2,000 fpm

Adhered or cohered pairs Copper-copper at 1,000 gm., 1 hr.

Nickel-nickel at 1,000 gm., 1 hr.

Nonadhered or noncohered pairs All others listed above
Comments Wear and friction correlated with lattice
structure
- 50 -
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The investigations of Buckley and Johnson are of particular interest
because they are among the few studies that have been concerned with wear and
friction, and hence cold molecular welding, under dynamic conditions in a vac-
uum. They provide data for direct correlation with the MRI data, although they
are also directly concerned with vacuum lubrication materials and techniques.

Investigations were conducte? in conjunction with the develcpment of
the SNAP in-flight reactor by Giles, Dewart, and Kellog 25/ and KelloggéngL
to evaluate bearing material compatibility in space. Various sliding couples
using metals, carbon, ceramics, and lubricated specimens were studied in a vac-
wum of 1079 torr. Sixty-seven material pairs were investigated by sliding
square block specimens in ¢ mtact in a vacuum chamber at temperatures to 1000°F
and times to 3,000 hr. The results demonstrated the high friction, plowing, and
seizure characteristics typical of sliding peirs in ultra-high vacuum. Contami-
nant films were found to reduce the coeffi~ient of friction for metallic pairs.
The scope of the experimental tests is outlined in Table A-IV.

The initial investigations of HamQZ/ were intended to proauce co-
hesion and adhesion data which would enable the designer of space hardware to
select suitable metal combinations to either prohibit or enhance metallic ad-
hesion depending upon the application. To eliminate surface cleaning problems,
it was decided to repeatedly fracture and rejoin the specimens in a vacuum.
This rendered the study applicable only to similer metal pairs. Data were ob-
tained for OFHC copper, 1018 steel, and 52100 steel at various temperatures,
times, joining stresses (loads), and degrees of contamination as outlined in
Table A-V. Ham prescnts most of the data as 'per cent cohes’on" versus the prod-
uct of time apart and environmental pressure while apart summed for all previ-
ous breaks (L Pt). Per cent cohesion is defined as the ratio of the average
true cohesive stress to the average trus virgin fracture stress. The product
(Pt) is a measure of the contamination to which the fractured surfaces are ex-
posed. As would be expected, the per cent cohesion of those metal pairs which
did exhibit cohesion (copper-copper and 1018 steel-1018 steel) decreased with
increased exposure. The cohesive stress values were also presented as a func-
tion of time with particular emphasis on the envelope forr..d4 by the maximum
values. The latter showed an incr.ase of per cent cohesion with temperature.
Most of the stress data lie considerably below the maximum curve. Ham states
that such points are caused by low compressive stress, short contact “ime,
and/or high contamination.

Other general conclusions arrived at by Ham on the basis of this
work were: loed time is important only at higher temperatures; type 1018 and
52100 steels are self-cleaning at S00°C when exposed .0 a vacuum of 2 to
3 x 107 torr; work hardening as well as contamination contributes to the de-
crease 1 cohesion with repeated fracturing and rejoining.
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TABLE A-IV

SUMMARY OF INVESTIGATICNS BY KELLOGG%Q/

Materials (in order tested)

Vacuum range
Temperature range
Load range
Sliding speea

Adhered or cohered pairs

Nonadnered or noncohered pairs

Comments

!

23 metal-metal combinations + other mairs
involving non-metals; Ti-BA1-4V alloy
against itself only combination on MRI
program

1079 torr

75 to 1300°F

10 1b. on 0.25 sq. in.

Average of 5 in/min (oscillatory)

Ti{-6A1-4V alloy-Ti-5A1-4V alloy in 7 min.

(75°F); coefficient increased to 1.0
(1imit of apparatus)

A1l others
Specimens separated during bakeout and

until ultra-high vacuum was attained,
slowly brought together
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SUMMARY OF INVESTIGATIONS BY HAMSY

TABLE A-V
/

Materials (in order tested)

Vacuum range
Temperature range

Load range

Adhered or cohered pairs

Nonadhered or noncohered pairs

Comments

OFHC cupper-OFHC copper
1018 steel-1018 stz.1l
52100 steel-52100 steel
1078 to 1072 torr

25 to 500°C

0-90,000 psi (copper)
0-180,000 psi (1018 steel)
0-336,000 psi (5210 steel)

Copper-copper
(65% max. at 25°C)

1018 steel-1018 steel
(19% max. at 25°C)

52100 steel-52100 steel)
(> 400°C)

52.00 steel-52100 steel
(<400°C)

Data plotted as per ~ent cohesion
vs. 2 P: and maximum observad cohesive
stress vs. tcmperatvre. Fracture-
rejoin method used.
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The above investigations by Ham were followed by additional work; the
purpose of the follow-on‘uorkgg/ was tc obtain information corcerning the ad-
hesion of dissimilar metal pzairs as well as cohesion of similar metal pairs.
This necessitated extensive mcdification of the existing NRC facilities to per-
mit cleaning of the specimens in a vacuum. This had not been dore in the
fracture-rejoin technigue used previously. The cleaning method selected was
wire brushing of the specimens ir a vacuum by means of a small two-sided stain-
less sieel brush activated by a rod through a flexible bellows. ~ T

A summary of the experiments conducted in this program is given in
Table A-VI. The tests were all run at room temperature. They illustrate the
effect of surface cleanliness since, in general, far less cohesion was cbserved
in these tests than in the fracture-rejoin tests. The wire brush cleaning
method was far from satisfactory. Several metal combinations were tested,
some brushed in a vacuum and some merely exposed to 106 torr at 250°C, but
cohesion occurred only for brushed soft copper pairs wnen slightly deformed.
No adhesion or cohesion was observed for other conditions even when the sur-
faces were severély deformed by compression. '

The investigations of Keller and assooiateséizél/ have been concerned
with studies more fundamental and broader in scope than those of Han. Keller
begins with an attempt to describe the effect of surface composition and struc-
ture on the attractive forces present in adhesioniél/ He adopts the Bowden
mechanism which requires that atomically clean surfaces must be contacted be-
fore adhesion cen occur. He then assumes that the atomic model for surface
energy is correct, i.e., that surface tension is due to the energy unbszlance
caused by an insufficient number of nearest neighbors for a surface atom. If
two atomically clean surfaces of the same material were contacted with crystal-
lographic orientations identical with respect to a continuous phase, an inter-
face would be formed which would have a strength equal to that of the bulk
materials. If such orientation did not exist, an interface similar to a grain
boundary would be formed. Such adhesion would have a strength dependent upon
the surface energy changes during formation.

Keller's initial experiments are outlined in Table A-VII. The speci-
mens of pure metals were cleaned by argon ion bombardment. ILoading was kept
at only touch contact and adhesion was observed by physical sticking and micro-
scopic examination. Adhesion was observed in the case of the aluminum-iron
couple. This pair was selected because, at high temperatures, aluminum is
capablc of forming a solid solution with iron.
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TABLE A-VI

7
SUMMARY CF INVESTIGATIONS BY Hﬁkggl o

Materials (in order tested) Soft copper-soft copper
Soft 1018 steel-soft 1018 steel

Soft 1018 steeli-soft copper -

<4 Aéf\f‘ P o B T = ]
v T v QUCCLTOVIV LUV ye.l.

Soft 41400 steel-soft copper
Soft Cu-Be alloy-soft copper
Soft titanium-scft copper

Soft titanium-soft titanium

Vacuum range - 1078 to 1072 torr
Temperature range 25°C e
Load range - 20-40,000 psi range T
Adhered or cohered pairs Soft copper-soft copper : —
Nonadhered or noncchered pairs All other pzirs listed above under

Materials _
Corments Specimens wire brushed in a vacuum.

It was stated that, except for
copper, only a small fraction of
the surface was effectively cleaned
by this method. Material hardness
was a parameter in these tests.
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TABLE A-VII

SUMMARY OF TNVESTIGATTONS BY KELLERSY

Materials (in order tested)

Vacuum range

Temperature range

Load range

Adhered or cohered psirs

" Nonadhered or noncohered péirs

Comments

Iron-germanium-iron
Aluminum-iron
Copper-molybdenum

< 1078 torr

Room temperature -
Very small

Aluminum-iron
Iron-germanium-iron
Co'pper-nrlolybdernum

Specimens cleaned by vacuum exposure
and ion bombardment.
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These studies were followed by an extension of the experimental pro-
gram to inciude other metal pairs and to provide a means of measuring adhesive
force.§g The results are outlined in Tszble A-VIII. Keller states that they '
suggest an adhesion mechanism which depends upcn the surface physical chemistry
rather than the mechanical nature cf th: contact area since ail of the couples’
vhich exhibited adhesion form some type of intermediate rhase. This denotes a
negative free cuergy of bcrd formaticn which enables .adhesion to occur.

The investigations conducted by Winslow and associates§24§§/ at Hughes
deal with the largest number of material couples. The objective of the program
was the same as that of the NRC work, i.e., to produce dava concerning the time
and temperature conditions under which adhesion or cohesion of metals occurs in
a vacuum. The data thus obta.ned are intended- to provide information to facil-
itate the design of spacecraft.

The Hughes studies consist of both static and dynamic tests. The
static tests were conducted in a vacuum of 5 x 1072 torr for 6 hr. with the
specimens separated, and the specimens were then placed in contact and -loaded.
Tests were conducted at 25°, 150°, 300° and 500°C for periods of 10, 100,
1,000, 10,000 and 70,000 sec.; and the strength of the r1esulting static bond,
if any, was measured. The results are outlined in Table A-IX.

The dynamic tests were conducted in the same fashion except that the
load was smaller at first and increased for subsequent testing p:riods and, .
also, the upper member of the ccuple was oscillated t 2° at a rate of three
cycles per second. Hence, this manner of dynamic testing is somewhat differ-
ent than that of Buckley and Johnson, Hansen, or the MRI method since it does
not allow for the measurement of the coefficient of friction. It does, how-
ever, simulate the conditions existing at the interface between two surfaces
with relative metinn. The results, summarized in Table X, indicate that the
motion enhanced cohesion and adhesion. All metal couples tested were found
to bond under these more severe conditions.

A number of trends were noted in Winslow's and McIntyre's work. As
was expected, the copper-copper pair was the easiest to cohere in both ststic
and dynamic tests. In general, similar metal couples bonded more easily than
dissimilar metals. In some cases couples bonded at low loads but not at high
loads. This was attributed to rupture of the bond during elastic relaxation . K
after the load had been removed, the forces available for such rupture being '
greater for hiéher loads. It was also observed that, whereas the 2014 alumi-
num alloy couples with itself and other metals were easily bonded (relative to
other pairs) under static conditions, they were not so readily bonded under
dynamic conditions. Winslow and McIntyre postulate that this may be caused by
the aluminum oxide films which are more resistant to dynamic abrasion thaa the .
films of other metals and act as a barrier to dynamic bonding.
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TABLE A-VIII

SUMMARY OF INVESTIGATIONS BY KELLERég/

Materials (in order tested) Zron-aluminum
- Silver-copper
Nickel-copper
Nickel-molybdenum
Copper-molybdenum
Silver-molybdenum
Silver-iron
Silver-nickel

Cermanium-germanium
(order not specified)

Vacuum range 2 x 1071 torr
Temperature range Room temperature
Load range Very small
Adhered or cohered pairs - Iron-aluminum

Silver-copper
Nickel-copper
Nickel-molybdenum

Nonadhered or noncohered pairs Copper-molybdenum

Silver-molybdenum
Silver-iron
Silver-nickel
Germauium~germanium
Comments Specimens cleaned by vacuum exposure

and argon ion bombardment. Numer-
ical data not given.
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TABLE A-IX

SUMMARY OF INVESTIGATIONS BY WINSLOW, HORWITZ, AND MCINTYREgg/

Materials
(in order
tested)

Vacuum range

Temperature
range

Load range

Adhered or
cohered pairs

Nonadhered or
noncohered
pairs

Comments

(Static Tests)

Ccpper-copper

2014-T6 Al-2014-T6 Al
2014-T6 Al-304 Steel
2014-T6 Al-A286 Steel
2014-T6 Al-Rene’ 41
2014-T6 Al-Ti-6A1-4V
304 Steel-304 Steel
304 Steel-A286 Steel

5 x 1079 torr

25 - 500°C

0-100,000 psi

Copper-copper (500°C)

Ti-6A1-4V~-304 Steel
304 Steel-Rend 41
Ti-6A1-4V-Ti-6A1-4V
Ren€ 41-Ti-6Al-4V
A286 Steel-A286 Steel
René'4l-René 41

A286 Steel-Ren€ 41

17-4PH Steel-17-4PH Steel

Copper-coppar (300°C after 70,000 sec.)

2014-T6 A1-2014-T6 Al (300°C after 70,000 cec.)
2014-T6 Al-304 Steel (300°C after 70,000 sec.)
2014-T6-304 Steel (400°C after 500 sec.)
2014-T6-A286 (300°C after 10,000 sec.)

2014-T6 Al-René 41 (300°C after 70,000 sec.)
2C14-T6 Al-Ti-6 Al-4V (300°C after 70,000 sec.)

All others listed above at temperatures to 500°C,
times to 70,000 sec., and various loads.

Specimens were cleaned by exposure at the test temperature
vacuum of 5 x 10~9 torr for at least

(25°C to 500°C) to a

6 hr. Most severe tests were conducted first.
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TABLE A-X

SUMMARY OF INVESTIGATIONS BY WINSLOW AND MCINTYRESS/

Materials
(in order
tested)

Vacuum range

Temperature
range

Load range

Adhered or
cohered paiurs

Nonadhered or
noncohered
pairs

Comments

(Dynamic Tests)

A286 Steel-A286

steel

304 Steel-304 steel

2014-16-2014-T6
Rend 41-Rene 41

Ti-6A1-4V-Ti-6A1-4V

5 x 1079 torr

25 to Z00°C

Variable

304 Steel-2014-T6
304 Steel-Rend 41
2014-T6-Rene 41

2014-T6-2286 steel
201116 -Ti ~6AL-4V

All of the pairs listed above at temperatures of 300°C
or below and losd times of 10 sec. with the exception
of Ti-6A1-4V vs. Ti-6A1-4V which bonded at 25°C with
a dynamic test of 300 sec. which included a static

load.

None

Data presented compares bond strength with load.

Cleaning

procedure same as static tests.
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Conversely, the ease with which they btond under static conditions might be due
to diffusion-of the oxide into the metal thus rz woving the surface film. The

Hughes data were used to develop recommended criteria foc¢ selecting materials

which are to be in contact in space.

A study of surface frictioan and wear under vacuum conditions was con-
ducted in 1958 by Hansen, Jones, and Stephensongg at litton Industries and is
summarized in Table A-XI. These investigations were begun with a study of the
nature of an individual frictional contact. A copper point sliding on a copper
plare was used to determine the friction coefficient under conditions where the
applied load pressure was equal to the yield point of the material. These
tests indicated the existence of two distinct modes of sliding; first a mode
characterized by an extremely low coefficient of friction and an almost total
absence of wear and distortion of the plane surface; and, second, a mode char-
acterized by a very high friction coefficient and rapid destruction of both the
plane and the point. The latter mode was found to be the only one occurring
when the sliding surfuces are clean »f contaminants. The first mode required
the presence of at least a monomeclecular film of lubricant. Based wpon this
concept, of two distinct types of contact, a reiation between the gross fric-
tion coefficient and the relative areas engaged in the two typec of contact
vas developed and found to agree with observation.

The friction characteristics of numerous material pairs were inves-
tigated in air and in "immediate" vscuum, i.e., conditions where the specimens
were 2o, subjected to long periods of outgessing. The measurements were made
under various conditions of load, time, and degree of vacuum; the lowest pres-
sure was 10~6 torr. The spacimens were cleaned to remove soluble contaminants
but not bonded contaminants or oxides. The tests were condu~ted by measuring
the tangential force developed between two blocks which are pressed together
by a contact pressure of either 7.7 or 14.7 1b. per 2.6 sq. in. of projected
surface and slowly reciprocated with a 1/4-in. stroke. A limited number of
tests were also cor: .cted on specimens subjected to longer periods of outgass-
ing. The resulting data would be of particular interest for correlating with
the MRI data if the work had been done in ultra-high vacuum or with apparent
contact pressures of approximately 1,000 psi.

No evidence of fundamental relationships was observed in the Litton
studies. However, several trends were noted. It was found that, in general,
when dissimilar metals were being tested the softer material transferred to
the harder material, thus masking the effects of the tests on the harder mate-
rial. Hence, tests on similar couples would be more valuable in establishing’
fundamental relationships. It was also observed that, under good vacuum con-
ditions, the wear products consisted of particles torn from the surfaces.
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TABLE A-XI

SUMMARY T ThveSTIGATIONS BY HANSEN, JONES AND STEPHENSONgg/

Materials 99% Al1-99% Al Brass-304 steel
(in order 2024-T4 Al-2024-T4 Al Brass-beryllium copper
tested) Beryllium cu-beryllium cu Copp.r-52100 steel
Brass-brass Caémium plate~-cadmium plate
Copper-copper ' Chrome plate-chrome plate
304 Steel-304 steel Nickel plate-nickel plate
52100 Steel-52100 steel Silver plste-silver plate
304 Steel-2024-T4 Al
Vacuum range 1072 to 1076 torr
Temperature 25°C
range
Load range 7.7 and 14.7 1lb. on 2.6 sa. in. contact surface
Sliding speed 1/4 in. reciprocal stroke
range
Adhered or None

cohered pairs

Nonadhered or All pairs tested (durations to 60 min.)
nonconered
pairs
Comuents Coefficient of Zriction data generated in air and
vacuum.
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Due to work hardening, these particles were harder than the base
materials. In such cases the friction would be expected to increase as these
particles arc dragged through portions of the surface. The tests conducted
on 5210C steel-52100 steel were found to suggest a speculative explanation
for the trends of the friction coefficients under the three test conditions,
i.e., sir, "immediate" vacuum, and long-term outgassing. The Litton studies
indicale that in air it appears that the friction forces are most stiongly af-
fected by abundant formation of oxides which apparently minimize actual metal-
to-metal contacts. Under immediate vacuum the quantity of oxides is reduced
and a certain amount cf metal-to-metal contact occurs, but the outgassing of
the surfaces now tends to cause the friction to remein relatively low. Under
conditions of more thorough outgeassing the metal-to-metal contact is enhanced
and the frictior forces increase.

The experimental phases of the North-op studies by Wells8l 61/ have not
been reported. The only information presently available concerns the develop-
ment of the experimental apparatus. The program was initiated o study adhe-
sion and cohesion in much the same manner as the work discussed atove but wiih
special emphasis on possible applications of cold welding to metal joining.
The Northrop studies will involve static contact only and are expected to be
conducted at 10710 torr with the aid of liquid nitrogen cooling.

Cold welding studies under vacuum conditions have a :0 been studied
by Bryant, Cosselin, and Longley at MRI. 8,24 / They found that when molecularly
smooth cleaved crystals are permitted to reheal, cold welding occurs due to the
lorge contact area which is reformed at normal atomic laitice spacings. They
further conclude that when structural metals with polished or original surfaces
make touch contact after exposure to simulated space environments, cold welding
does not occur. However, when structural materials are contacted and vibrated
under a 250 psi normal load, cold welding occurs under vacuum to a greacer ex-
tent than at atmospheric pressure. The metals used in these studies were
2020-T6 aluminam, titanium (6 Al-4V) and 301 stainless steel.

A subcommittee of the ASTM has been recently formed to collect and
correlate significant data produced by various investigators in the field of
adhesion and cohesion under vacuum conditions. Trie group, headed by D. V. \
Keller, Jr., of the Syracuse University Research Institute, is the Subcommittee
6 of the Materials Section VI, ASTM Committee E2),and is concerned with the .
subject "Adhesion of Materials in the Space Environment.'@g. Their activities
should be of particular interest to future programs in this area.

The studies outlined above demonstrate the importance of surface

conditions and surface contamination in achieving cold welding between two
metal surfaces. It is extremely difficult to ottain and maintain a clean e
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oxide-free surface. Some invecstigators argue, however, that such surfaces wo
not represent the actual metal surfaces in space. Vhen a vehicle is launched,
the components usuzlly have an oxide layer. It is known that removal of this
layer in a space vacuum requires long times and elevated temperatures unless
some mechanical means exists for rupturing the oxide. I the latter occurs,
the low partial pressures of space will greatly decelerate the rate at which
a new oiide or contaminant layer forms on the clean metal surfaces. Thus, a
clean metal surface in space will most likely exist where mechanical friction
and relatlive motion petween contacting pairs occurs. The MRI data generated
vnder Contract No. NASS-3623 represent a sigrnificant contribution to the pres-
ent state of the art concerning the phenomena of cold molecular welding since
it simviates conditions of relative motion between contacting metal surfaces
in space. As mentioned gbove, only a limited amount of data had been previ-
ously generated in this area.

III. GENERAL LITERATURE CONCERNINC SURFACE PHENOMENA
ELATED TO COLD WELDING

The information obtained from the other references reviewed in the
literature search generally pe .llels that of the publications referred to in
Section II. These additional references describe studies conducted in areas
related to cold molecular welding in a vacuum, e.g., adhesion and cohesion in
air, friction, wear, and other phenomena all of which depend upon the condi-
tions at an .nterface. The literature which was reviewed in detail as part
of the literature search is listed in the Biblicgraphy.

As has already been point=zd out, surtace contamination has a great
effect on cold welding. The friction of clean surfaces was studied by Bowden
and Hughes in 1939§/ at pressures below 10-6 torr; the adsorbed Iilm of oxygen
and other contaminarits were removed from the test surfaces by ion bombardment.
Immediately upon cooling, the coefficients of friction for nickel on tungsten
and copper on copper were between 4.5 and 6. Vhen a trace of oxygen was ad-
mitted, the coefficient dropped to 1 or less -hile pure hydrogen or pure nitrc-
gen had little effect on the friction of clean metal surfaces. Bowden and
Youngl/ subsequently conducted the same experiment but with improvements so
that the slider could ve dragged along the fixed surface and with higher loads,
about 15 gm. instead of less than 1 gm. Degassing and surface cleaning was
accomplished by heating in vacuum to 1000°C by inductfon heating. Their results
confirmed the earlier work. These results support the view that surface oxides
and other contaminants prevent the formation of metallic junctions at the inter-
face which would occur vwith clean surfaces to cause cold welding. Bowden and
Rowe®/ in the same general type of investigations measured adhesive forces in
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addition to frictional forces. They were concerned with the adhesion between
hard metal surfaces cleaned by .eating at pressures of 10-6 torr and later
108 torr. The hard metals had low adhesive values even for clean surfaces;
the low values were attributed to the elastic recovery of the surfaces upon
removal of the locad as had been earlier reported by McFarlane and Tabor.él;é@/
Contamination was found not to be an important factor in adhesion for pure
normal lcading. However, adhesion was increased significantly if a tangential
load was applied to cause a growth of real contact area; contamination Lecame a
large factor in this Jatter case. When the metals were i 2ated in vacuum to
temperatures high enough to anneal the asperities of the surfaces, very large
adhesions were recorded for pure normal loading.

Theoretical and experimental studies on mechanism of metallic fric-
tion, friction and surface damage of sliding metals, area of contact between
solids, effects of contaminant films on friction of clean surfaces and other
related topics prior to 1953 were descrived by Bowden and Taoor;gé/ a continua-
tion of various investigations to 1963 was given in their subsejuent volume.§§/

Much of their discussion is pertinent to cold welding studies.

The work of Andersonl:é/ was largely intended to experimentally test
the adhesion theory of friction proposed by Bowden and Rowe§7pand to develop
nethods for thermocompression bonding of wire leads to brittle nonmetals.

They showed the effects of shear strains on the structure of metal surfaces

and substrates after adhesion. These shear strains are generally necessary

for adhesion as they are very eifective in removing surfoce oxides; they
roughen the surface, increase the amount c¢f atomic contact, and nroduce a worlk-
hardened zone near the ccmmon interface, all cof which increases the adhesion
strength of the joint.

The investigations of Burton, Russell and Kulg/ were concerned with
static and dynamic coefficients of friction of metal surfaces cleaned by hydro-
gen bake-out and other means at temperatures -250° to 25°C. A spherical radius
was rubbed on internal surfaces of a cylinder in a helium atmosphere. The co-
efficients had virtually no change throughout the temperature raunge. Later
Burton, Russell, end K 13/ studied friction of lead-plated tool steels and
effects of oxide coatings on copper under the same conditions. Burton, Brown,
and Kulézlé/ conducted friction and wear characteristics of oscillating, plain
journal, and s2lf-aligning bearings over the range -90 to 1750°F at pressures
ranging from 10-6 to 10~3 torr. They studied cermets and high temperature
metal alloys with the test surfaces subjected to rotating motion under normal
loading from 1,500 to 15,000 psi and at temperatures up to 2000°F. The ten-
dency toward adhesion, fross seizure, and severe surface roughening was much
less for the cermets than for the metal alloys.
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An experimental study of the role of oxidation in inhibiting metal-
lic interaction between metal surfaces sliding at high speeds (up to 260 in/sec)
was conducted by Cocks.ll/ At light loads, the metal surfaccs were severely
torn; but at higher loads, tne tearing became lesc severe. Above a certain
load which depended on the speed, tearing was almost eliminated 1rom at least
one cof the surfaces. Surface protection was attributed to surface oxidation
from the generated heat of friction. Friction and wear were alsc studied.
Cocksi8/ 1later investigated the effects of wedge-shaped wear particles on fric-
tion and sliding action of flat plates.

The influence of surface activity on friction and surface damage was
studied by Feng.gg;géf Included in his investigaticns were the effects of
gases and liquids in the lubricating fiuids on lubrication and surface damage.
The nature of surface damage that occurs at the surfaces of solids in sliding
contact is highly dependent on the interaction between the surfaces and the
environment.

A series of metals were tested in air by Goodzel 26/ to determine
metal combinations which would make good bearing metals immune to strong welded
junctions during operation. The work resulted in the establishment of a method
for predicting metal combination performance; however, the work was generally
limited to pure metals and did not include alloys.

Kellen§§;§§/ presented a broad definition of adhesion between solid
metals and discussed it in order to permit a better understanding of the vast
amount of metallic adhesion data being published currently. An interesting
result of this definition is that there appears to be a real relationship be-
tween adhesion phenomena and the processes of friction, cold welding, sinter-
ing, grain boundaries, strength and fatigue. A number of experimental tech-
niques were discussed and analyzed with respect to the increasing knowledge cf
adhesion phenomena.

Ir. addition to Keller's earlier work, he presented an examination
of the classical statistical theories of surfaces with particular emphasis on
the metallic state.§§7 The statistical, or thermodynamic approach was then
compared to a simple atomic model which was developed on the basis of some of
the more recent experimental data. The atomic model was studied for consis-
tency with such well established phenomena as surface ecergy and its variation
with crystallographic orientation, adsorption, grain boundary formation and
certain diffusion bonding systems. The statistical view of surfaces estab-
lishes the exact total energy function for various surface reactions which
include only the initial and final states of the equilibrium system, while the
atomic model permits a mechanistic picture of the nonequilibrium interface.
Although the latter is consistent vwith the more formal approach, Keller points
out that the intermediate energy values which are evident from the atomic model
nay be more difficult to attain. -
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A theoretical and experimeatal investigaiion of adhesion was made
by Lingﬁé/ in which he showed that the coefficient of adhesion is related to
two important parameters: activation energy of the process and a time expo-
nent. beth of which orc Qependent vu vie degree 01 cieanliness of the test
surfaces. Later, he postulated a rechanism of metal adhesionﬁﬁ/ and conducted
experiments to confirm the velidity of his theory. One of hLis earlier experi-
ments showed that adhesion could oceur without shear strains.33/

Viork in 1948 by Moore22/ was concerned with the deformation of metals
in static and in sliding contact. VWhen a groove was made by sliding a hemi-
spherical slider over a copper surface, there was sufficient surface damage to
obliterate completely the surface irregularities. 1In the presence of a lubri-
cant, similar effects were obtserved, though on a reduced scale. The tops of
the asperities were wiped away, shcwing that there was considerable interaction
between the metal surfaces througn the lubricant film. A detailed examination
of the surface damage produced dvring sliding showed that metallic Jjunctions
were formed and sheared during the sliding process. These junctions were
formed even when the slidirng speeds were so small that the tenperature rise
due to frictional heating was negligible. Moore suggested that the junctions
vere produced by cold welding of the surfaces as a result of the high localized
pressures developed at th2 points of real contact. These juictions were often
strong enough to rupture the stronger of the two sliding metals. Although a
lubricant reduces the amount of intimate metallic contact, the investigations
showed thet metallic junctions were formed through the lubricant film by an
essentielly similar mechanism. These observations provided graphic evidence
for the view that the frictional force for both clean and lubricated surfaces
are due mainly to the shearing of metallic junctions formed by cold welding at
the points of intimate contact.

The influence of surface energy on friction and wear phenomena was
studied by Rebinowicz.2925%/ He found qualitatively that high friction coeffi-
cients were found for sliding materials with high surface energy/hardness
ratios and conversely. This relationship could not be tested quantitatively
because the derived expression contained parameters which could not be inde-
pendently controlled. However, in the wear field, it was possible to derive
an expression for the size of loose wear particles which could be readily
tested; namely, that the average size of loose wear particles is proportional
to the surface energy/haerdness ratio, the dimensional constant of proportion-
ality being 60,000. Experiments with 15 different materials showed the valid-
ity of this expression. Another phenomencn, adhesion, which also seems to be
governed by the surface energy considerations, was discussed in qualitative
terms.
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Later Rabinowicz and Imxiél/ measured the coefficients of friction
as a function of temperature using surfaces covered with metals having low
melting peints. The temperature 2ffect on the cnefficients with wetting metals
vas shown to be significant but essentially insignificant for the nonwetting
metals.

Sikorski§§/ conpared tie coefficients of adhesiun as obtained by a
tvwist-comp: ession bonding method with the follcwing properties of metals:
crystal structure, hardress, surface energy, elastic modulus, work-hardening
properties, recrystallization temperature, purity, and atomic volume. Con-
clusions were reached regarding the desirable characteristics of metals or
combinations of metals, for antifriction applicetions. Sikorskigl/ subse-
quently made a study of adhesior and friction coefficients with the same gen-
eral method. His results showec¢ that high friction between metals is usually
accompanied by large adhesion, thus fully supporting the adhesion theory of
friction. Two aspects of adhesion were considered in the discussion of factors
that influence it, namely mechanical and physicochemical. The mechanical as-
pect was related to vhe properties of metals and their oxides which affect the
size and cleanliness o the real areas of contact between two metal specimens
subjected to the action of normal and tangential forces. The physicochemical
aspect of adhesion, in turn, involved properties that determine whether ad-
hesion will or will not take place under given experimental conditiors. In a
study of the adhesicn of rare earth metals, Sikorski and Courtney-Prattégf
proposed to apply an atomic "size factor" criterion to th2 prediction of ad-
hesion properties of dissimilar metals and provided an illustration in terms
of adhecion of iron to tne rare earth metals.

Semenov§é;§§/ reported on a cold welding technigne for studying
seizure. e described sliding friction experiments of various types and
experiments in which the amount of defofmation required to cold weld two metal
specimens was measured. He indicated such methods have been used to study the
effect on seizure processes of the experimental corditions and of many factors
in the constitution of the specimens and their surface layers. The nature of
seizure and the related phenomena of interatomic force, recrystallization,
diffusion and plasticity were also described gqualitatively. He advanced the
hypothesis that surface atoms must in general overcome an energy barrier be-
fore seizure can proceed.

Chapters of several books on adhesion§§:§§/ have appropriate dis-
cussions on the surface phenomena related to cold welding. Fley anf;?aborzl
present the fundamentals of adhesive joints in general while Tabor59 reviews
friction and adhesion between metals and other solids.
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Debyegg/ gave an outstanding theoretical paper on the interatomic
and intermolecular forces in adhesion and cohesion at the General Motors
Symposium on Adhesion and Cohesion in 1961. An understanding of these forces
can give insight into the mechanism of adhesion and friction.

IV. TECHNIQUES OF THE LITERATURE SEARCH

The literature search to assess the state of knowledge concerning
cold molecular welding phenomena commenced with the preparation of a list cf
pertinent subject headings. This list was used in a search of related tech-
nical journals, and various abstracts and indexes.

The subject headings were:

Allesion

Cohesion

Cold Welding

Diffusion Bonding/Velding
Friction Bonding,/Welding
Friction

Fusion Bonding

Pressure Bonding/Welding
Seizure

Solid-State Bonding
Vear

Velding

The sources were:

Applied Science and Technology Index, 1958 to date.

British Technical Index, Vol. 3, No. 6, 1964.

Chemical Abstracts, 1960 to date.

Consolidated Translatinn Survey, 1963-1964.

Engineering Index, 1958 to date.

Science Abstracts (Sec. A, Physics), 1961-1963.

Rattelle Technical Review, abstracts, 1960-1964. h8
Vear, abstracts, 1957 to date.

Current Contents, 1964 to date.

Referrals to recent current work, 1964-1965.

Also, a literature search was conducted through the Technical Abstract Bulletin

(ASTIA) and a listing of research projects in the area of cold welding was ob- -
tained from the Science Information Exchange.
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In addition to the searcn of direct literature sources, over 20 in-
dividuals, firms, and institutions vwho were, or are currently, engaged in re-
lated investigetions were contacted.

These sources provided information from which a comprehensive list-
ing of publications was obtained. Some of these were regarded as not appli-
cable to the subject investigation and were elimina”ed. Abstracts were ob-
tained or written for others. Ccpies of the publications which appeared to S
be of sufficient interest were obtained.
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