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ABSTRACT 

Investigations were carried out on the effect of pcilyslip on strain 

hardening in fcc single crystals. It is shown that the rate of strain hard-

ening increases for those orientations wherein attractive dislocation inter-

sections occur and that those orientations which produce the greater 

number of such intersections exhibit the greater strain hardening. It is 

found that the barrier reactions considered by Hirth are not responsible. 

for any strengthening. 

Special experiments on specimens with a [ill] tensile axis re-

vealed that the pre-exponential coefficient of the intersection equation is 

not constant as was previously assumed but varies by several orders of 

magnitude. Furthermore, at temperatures above the critical temperature. 

the deformation mechanism is thermally activated. 
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I. INTRODUCTION 

The rate of strain hardening in fcc single crystals increases as 

the orientation approaches that for duplex slip. 1 Higher rates of strain 

hardening are attained by crystals oriented respectively for the simul

taneous operation of two, four, six, and eight slip systems. 2 No detailed 

investigations have yet been carried out to rationalize these observations 

in terms of current theories of dislocation mechanisms. 
I 

Previous investigations on the plastic behavior of single crystals 

of aluminum. oriented for single slip and polycrystalline aluminum by 

Mitra and Dorn3 revealed that the low-temperature thermally activated 

mechanism of deformation is that for intersection of forest dislocations 

by the glissle dislocations as ·formulated by Seeger. 4 Hence the Seeger 

equation 

applies where 

'Y = NAbve- U /kT 

.Y = the shear strain rate 

N = the number of points per unit volume 
where intersection can occur 

A = the area swept out per successful 
inter section 

b = the Burgers v~ctor of the dislocation 

v = the Debye frequency 

U = the activation energy for intersection 

k = Boltzmanns constant 

T = the absolute temperature. 

(1) 

The above quantities are assumed to represent suitable smeared 

average values. In the crude approximation the activation energy for 

intersection may be written as 



where 
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U
0 

= the activation energy for intersection 
at absolute zero temperature 

GIG = the ratio of the shear modu1us of 
0 elasticity at the test temperature to 

that at absolute zero 

T = the applied stress 

. . 

'T~ = the internal back stresses at absolute 
zeroD and 

L = the average spacing of the forest 
dislocations. 

(2) 

The source of the internal back stresses is the subject of con-

siderable debate. The purpose of this investigation is to determine the 

effect of the simultaneous operation of multiple slip systems on the rat:e 

of strain hardening in aluminum single crystals and the influence of 

orientation on the buildup of back stresses during deformation. 

II. EXPERIMENTAL TECHNIQUE 

Single crystal specimens of high purity Al (99. 995 atomic percent) 

were produced in the following manner: 

(1) Single crystal spheres of approximately 1 in. diam. were 

grown in graphite crucibles under argon by the modified 

Bridgman technique. 

(2) The orientation of the spheres was determined by the Laue 

back -reflection technique. 

(3) The spheres were so oriented in graphite crucibles con

taining~ 3/8-in. cliam cylindrical cavity above the spherical 

~eceptical to give. respectively, [001], [011]. [ill], and 

[il2l directions along the cylinder axis. Another sphere 

,a, 
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was so oriented as to give an angle of 45° between the < 111 > 

and the cylinder axis as well as 45° between the <110> and 

the cylinder axis. Oriented cylindrical single crystals were 

produced by placing a polycrystalline rod above the spherical 

seed, melting partially into the sphere under argon, and 

growing an oriented rod from the spherical seed. 

(4) Finally, oriented single crystal rods approximately 4-1/2 in. 

" in length were grown using sections of the above described 

rod as seeds. 

(5) A reduced gage section approximately 2 in. in length and 0. 225 

in. in diameter was produced by spark machining. The spark 

damaged layer was removed by etching away 0. 002 in. from 

the diameter. 

(6) The specimens were annealed at about 823°K in a salt bath for 

approximately 1/2 h prior to testing. 

Tension experiments were carried out in an Instron tensile testing 

machine over the temperature range 4. 2° to 370°K. 

ill. EXPERIMENTAL PROCEDURE AND RESUL'tS 

In order to determine the effect of the orientation on the rate of. 

strain hardening, experiments were carried out at 77°K in an Instron 

tensile testing machine for variously oriented single crystals at a cross

head speed of 0. 02 in. /min. Table I summarizes the orientations tested 

and the number of slip systems operative in each case. The diagram of 

critical resolved shear stress vs shear strain is shown in Fig. 1. The 

method of calculating the resolved shear strain is given in the Appendixo 

In order to obtain data for calculating the apparent activation volume4) 
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which is defined v ~ Lb2 in the Seeger model, values of f3 defined by 

(3) 

were obtained by means of a quick gear shift change which reduced the 
.. ',<. - ' 

crosshead sp~~~~:!.-by a factor of ten. These results are shown in Fig. 2 • 
. . - ··:' 

Figure 1 reve'als that the rate of strain hardening increases as the number 

of participating slip systems increase except in the case of the [012] 

orientation which exhibits the lowest rate of strain harden1ng. Figure 2 

shows that the apparent activation volume at a. given strain decreases as 

the number of participating slip systems increase. 

In order to determine the nature of the variation of back stresses 

these additional experiments were conducted. Specimens with the tensile 

axis along the [111] direction were selected for these experiments since 

they exhibited a high rate of strain hardening.but did not exhibit the in

stability which was observed for some specimens oriented with the tensile 

axis along the [001] axis. Since a strain hardened state of a material 

may be defined by the flow stress T at a particular strain rate and tem
p 

perature. states a~ b, c .. and d defined by the flow stress r at 370°K . p 

and a strain rate of L 0 x 10 -S sec -l were selected. Specimens described 

above were first prestrained to the lowest state., a, and subsequently de

formed at a selected strain rate and temperature, returned to 370°K, pre

strained to state b, and again deformed at the selected tempei:'ature and 

strain rate, etc. The deformation at the selected temperature and strain 

rate was always small so as to minimize the changes in the structure that 

col1ld result due to the different experimental conditions. The results of 

a series of experiments conducted at strain rates of.l. 0 x 10~ 3 sec -l and 

M5 -1 · .· • 
1 .. 0 x 10 sec over the temperature range 4o 2° to 390°K are recorded 
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in Fig. 3. These results indicate that the flow stress decreases linearly 

with increasing temperature at constant strain rate over Region I and de-
I 

creases less rapidly with increasing temperature over Region TI. 

IV. ANALYSIS OF RESULTS AND DISCUSSION 

The intersection theory assumes that the strain hardened state is 

described in terms of the variables T~, L, and NA. Previous analyses 

of the intersection mechanism have assumed that NA does not vary 

materially during strain hardening. However, until recently no experi-

mental results were available which would allow onel to make judgment on 

the validity of this assumption. The experimental results represented in 

Fig. 3g however, allow a calculation of NA to be made. 

Over Region I the results can be analyzed in terms of the Seeger 

equation for intersection, namely 

0 
'Y = NAbve 

U
0

G/G
0

- (T - T~ G/G
0 

)Lb2 

kT 

when T < T • Rewriting Eq. 4 in the form c 

(4) 

(5) 

when T < Tc. reveals that TG
0

/G decreases linearly with TG
0

/G at 

constant strain rate since for a given strain hardened state U
0

, L, T~, 

and NA are constant. The excellent agreement of the experimental 

results with the dictates of Eq. 6 is shown in Figs. 3 and 4. For a given 

strain hardened state at a constant strain rate the slope of the curve is 

(6) 

hence the ratio of the slopes for two different strain rates gives 
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(7) 

Solvjng for NAbv one obtams 

(8) 

The vari~ti6n of .tnNabv for various states characterized by the 

stress T p at 370°K and a strain rate of 1. 0 x 10-5 sec - 1 is given in Fig. 

5. Table II gives the values of NA for various strain-hardened states. 

This table reveals that, contrary to the assumptions which. have 'been made 

in the past, NA is not constant but varies by several orders of magnitude. 

It should be pointed out, however, that NA can -scatter quite widely about 

the reported values for the following reason: The effect of strain rate on 

the flow stress is small, therefore, the slopes of the two lines for a given 

state at two different strain rates are not vastly different even though the 

strain rates differ by a factor of 100. Examination of Eq. 9 reveals that 

a small error in the ratio B.t. /By , which has a value near 1, can cause 
. ft 2 . 

a considerable change in the value of NA. Nevertheless it is difficult to 

believe that the trend shown in Fig. 5 can be explained away by experimental 

scatter. Using the same experimental technique, Rosen, Nunes, and 

Dorn5 have found similar trends in polycrystalline aluminum. The reason 

for such a dramatic change in NA is not clear. However. one possibility 

which admits such variation may be as follows. Although a one to one 

correspondence between the observations of electron microscopy and the l: 

dictates of intersection theory cannot be expected since the quantities NA 

and L represent smeared average values the following results seem to 

be pertinent. It has been observed that during the deformation of aluminum 6 
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and other fcc metals 7' 8 that a cell structure is formed wherein the cell 

walls are composed of dense dislocation tangles while the cell interior is 

relatively dis location free. The density of dislocations in heavily deformed 

aluminum has been reported as 1010 em - 2 (9) and for copper the disloca

tion density in the tangles at the end of stage II has been found to be as 

high as 5 x 1011 em - 2, (lO) furthermore during deformation the cell size 

decreases to approximately one-half its original diameter. 11 If, as in the 

case of the simple theory, N is associated with the cube of the dislocation 

density, but A is associated with some average area which depends on the 

cell area it is clearly seen that while A decreases only by a small factor 

the density of dislocations in the entanglements increases by several 

orders of magnitude, hence a great increase in the product NA is 

possible. 

Having. established the values of .lnNAbv one can calculate the 

activation volume for the various strain hardened states from the relation 

v = Lb2 = k/B.y .tnNAbv 
1 

(9) 

These results are shown in Fig. 6. The activation volume can be obtained 

from the data of Fig. 2 since differentiation of Eq. 4 with respect to the 

stress gives 

hence 

2 {3kT -::! Lb = v 

(10) 

(11) 

The activation volumes obtained by the. change in strain rate technique are 

. plotted for comparative purposes. The activation volumes obtained by 

the two techniques are in reasonable agreement. The differences that 
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exist m,ay be due to a different structure being developed when straining 

takes place exclusively at 370°K. This is in harmony with the electron 

microscope observation 7 that a smaller cell size is developed when de

formation is executed at lower temperatures. 

Values of the activation volume for polycrystalline aluminum3 at 

90°K are also recorded. ; ':fhe close agreement of these values with those· 

obtained at 77°K for a si~~~~ ·crystal with a [ill] tensile axis attests to 

the validity of the suggesfion by Kochs 2 that the appropriate single crystal 

str~ss-strain curve to predict polycrystalline behavior is that for which 

polyslip occurs. 

Figure 3 indicates that at the lowest ·strain hardened state over 

Region II there i~ only a slight decrease of ,-G
0

/G;with increasingtem

perature. Examination of Eq. 5 reveals that thermal fluctuation assists 

only in overcoming U
0

• Hence; this equation applies only when 

U
0 

> kTG
0

/G1n(NAbv/.Y). For te~peratures where U
0 

< kTG
0

/G.tn(NAbv/.Y) 

successful thermal fluctuations are immediate. and in this range 

(12) 

when T > T c· Above about 200°K for state (a) the corrected flow stress~ 

-rG
0

/G is almost c~nstant with increasing temperatureg therefore, Eq. 12 

appliesb and the value of 'T~ for state (a) is established. Having deter

mined the value of · 'T~ for state (a) and observing that for T = 0 

2 * 
'T 

0
G

0
/G = U

0
/Lb + r 

0 
(13) 

one can calculate U
0 

and obtain U
0 

= 4_. 400 cal/ mole. This value for the 
' 

activation energy is in reasonable agreement with that of 4 700 cal/mole 

obtained by Rosen. NuneS1 and Dorn5 for polycrystalline Al. 

I 
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Knowing the value of U
0 

one can now calculate the values of ,.* 
' 0 

for states (b), (c), and (d). The results are shown in Fig. 7 with the 

results of Rosen, Nunes, and Dorn. 5 As in the case of the activation 

volume the variation of ,. >:c for single crystals with a [ i 11] tensile axis 
. 0 . 

·and polycrystals is in good agreement. At the higher strain hardened 

states at temperatures above T (in Region IT) there is a significant dec 

crease in flow stress with increasing temperature. Hence the mechanism 

of deformation in Region IT is thermally activated and may be controlled 

by a dynamic recovery process. 

The results of Fig. 1 clearly show the effect of the orientation on 

work-hardening in aluminum. Except for the [012} orientation which has 

two operative slip systems, the rate of work hardening increases as the 

number of operative slip systems increases. The reason for the low rates 

of work hardening for the [ 012] orientation will be discussed later. In 

harmony with. the observed increase of work hardening the activation volume 

decreases more rapidly with strain as the number of operative slip systems 

increases as shown in Fig. 8. Equation 5 reveals that a decrease in the 

activation volume can partially account for the work hardening that is ob-

served. However, since as discussed previously NAbv is not constant, 

these results cannot be used to determine the variation of the back stress 

with deformation by the techniques previously employed. 3 Nevertheless; 

some comparisons can be made. 

There are 24 different Burgers vectors of the type a/2 < 110 > 

in the fcc lattice if one considers both positive and negative directions. 

Hirth12 considers the possible reactions of the primary dislocations in 

the fcc lattice with secondary dislocations and concludes that there are 

three important barriers of the type considered by Cottren13 and Lomer. 14 

The three barrier dislocation reactions are 
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a/6 [2if} + a/6 [121] + a/6 [121] + al6 [il2] -> 

a/6 [i21] + a/6 [121] + a/6 [101] 

·:_f~~w'l:tich is the original Cottrell- Lomer reaction and will be referred to 
·:··.\ ';·,7' ..::., ~ . 

~4 . . ' 
::.'f:herein as a Cottrell- Lomer barrier.; 
~- .·~-~~·'::> 
. ~::··:.<;~~:;~-~. 

-· ··· •. · a/6 [2ll] + a/6 [12i] + a/6 [121] + a/6 [21i] -> 

a/6 [2li] + a/6 [21ll + a/6 [ 202] 

referred to herein as a Hirth I barrier; and 

a/6 [2ii] + a/6 (121] + a/6 [211] + a/6 [i2i] .-> 

a/6 [121] + a/6 [ i2i] + a/6 [020] 

(14) 

(15) 

(16) 

referred to herein as a Hirth II barrier, where a is the lattice parameter. 

By consideration of second order, short range interactions· Hirth concludes 

that the reactions given by Eqs. 15 and 16 represent stronger barriers to 

glide than the barrier represented by Eq. 14. In addition, there are certain 

other reactions which are not favorable silice the resultant dislocations 

have a greater energy than the su:in of the energies of the reacting disloca

tions and therefore repei each other, still other reactions cause aiinihila

tion and some produce new glide dislocations. 

The only difference in the specimens. whose stress-strain curves 

are recorded in Fig. 1, is the orientation and therefore the number of 

operative slip systems. Hence, it is reasonable to assume that the only 

important dislocation interactions or reactions contributing 1;o the buildup 

of back stresses occurs between the moving dislocations and the dislocations 

originally present play only a minor role. Assuming that the reactions im

portant to hardening occur only by the combi:p.ation of gliding dislocations, 

one can determine the number of various kinds of reactions or interactions 

for pairs of dislocations for the various orienta:t:l.ons. Table ill lists the 

/ 

' '" 
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slip systems which have equal maximum shear stresses for each orienta

tion. Table IV summarizes the number of various kinds of reactions for 

each orientation ru;,d Table V gives an example of each type of reaction. 

Only reactions between pairs of dislocations lying in different glide planes 

are considered since no important barrier forming reactions occur be-

tween dislocations lying in the same glide plane. 

Table IV clearly reveals that the Hirth I barrier and Hirth II bar-

rier are not responsible for hardening since they are the only barriers 

formed for the [012] orientation and this represents the orientation for 

which the rate of strain hardening is the lowest, the extent of "easy glide" 

being greater than that for single slip. Qualitatively the formation of 

Cottrell- Lomer barriers is in harmony with the experimental observations. 

However, no evidence of the existence of these barriers has been observed 

in aluminum. 8 On the contrary, as discussed previously, a cell structure 

is formed bounded by dense dislocation tangles. Hence Cottrell- Lomer 

barriers as the source hardening remains questionable. As will be shown 

subsequently, the results are in complete harmony with the conclusions 

of Saada15 that hardening occurs becaus~ of the attractive junctions of 

intersecting dislocations. It is suggested here, however, that the major 

sou!'ce of these junctions is due to intersections of moving dislocations 

with other'moving dislocations. Hirsch16 pointed out that intersecting 

dislocations in structures such as fcc interact with one another when their 

slip planes are not mutually perpendicular. The problem is made more 

complicated by the fact that the dislocations can attract or repel depending 

on the mutual orientation of the dislocations and their Burgers vectors. 

This problem has been studied in considerable detail by Saada. 
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Saada17 considered two dislocations A and B and as they come 

into contact they form an unstable quadruple node. If the scalar product 

of the Burgers vectors of the dislocations A and B is negative the quad

ruple node can decompose into athird dislocation C (Fig. 9) with Burgers 

vector b3 but if fh,:e scalar product is positive the junction is repulsive. 

The decomposition of the quadruple node in the attractive case stabilizes 

the structUre hence it is more difficult for dislocations to cross at attrac

tive junctions than at repulsive ones. Indeed Sa ada shows that the hardening 

due to attractive junctions predominates that due to repulsive ones. The 

stresses necessary to cause dislocations to cross at attractive junctions 

are practically temperature independent whereas the repulsive junctions 

cause a temperature dependent hardening since such crossings can be 

thermally activated. 

Table VI summarizes the number of attractive junctions formed 

by dislocation intersection for the various tension axis orientations. Due 

to the nature of the intersecting dislocations certain of these nodes will 

form parallel to the {001} planes whereas others will form parallel to 

the {111} planes, hence this distinction has been made in the table. 

Table VI clearly reveals that hardening due to the formation of at-

tractive nodes is in harmony with experimental results recorded in Fig. 1. 

Furthermore, for the [ill] and [001] orientations segments should 

form parallel to the {001} and {111} planes hence this may account 

for the electron microscopy observations that the dislocations tangles 

,., 
( 

v 

,•, 

forming the cell wall in deformed aluminum tend to lie parallel to the ,, 

{001} and {111} planes. 8 Systematic study of the deformed structure 

as a function of orientation via electron microscopy should prove very 

enlightening. One additional orientation that should be included in future 
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studies is that for the simultaneous operation of two slip systems having 

the same glide plane. Such an orientation should also reveal a very low 

rate of work hardening because no important barrier reactions occur in 

this case. 

V. CONCLUSIONS 

It is conCluded that: 

(1} The pre-exponential coefficient of the Seeger equation for 

intersection is not constant during deformation as has previously been 

assumed but changes by several orders of magnitude. 

(2} · Deformation in the region above the critical temperature 

defined by the Seeger equati9n is also thermally activated. 

(3} The activation volume decreases more rapidly with deforma

tion as the number operative slip systems increase. 

(4} The rate of hardening is in harmony with the formation ,of 

stable nodes at attractive dislocation intersections. 

(5} The barriers considered by Hirth to form strong obstacles 

to slip are shown to be irieffective. 
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Table I. Orientation and number ofoperative slip systems. 

Orientation of Number of operative 
tensile axis slip systems 

45° to [ lOi} 1 and (111) 

[ 012] 2 

[ i 12] 2 

[ 011] 4 

[ill] 6 

[ 001] 8 

Table IT. Variation of NAbv with state. 

State -7 2 
T G /Gx 10 dynes/em p 0 

-1 NAbv sec 

a 

b 

c 

d 

4.81 

7.82 

10~69 

13.89 

2.0x103 

2. 3 X 105 

5.8xl07 

7.6xl08 
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Table III. Operative slip systems for various orientations. 

Orientation of 
tensile axis . 

45° to '(111) 
and [ i'Ol] 

. [ 012] 

l i12l 

[ 011] 

[ill] 

[ 001] 

Slip systems . 

'(111) [ iOl] 

'(111) [ 10i1. (111) ('lOll. (ill) [ 1011. (ill) [foil 

(111) [ lOiL (111) [ iOlL (lli) [ OllL (lll) [ oii] 

(!11) [ llO], (!11) [ !!O], (!11) [lOll" (!11) [ !O!J 
(111) [ 110] II (111) [ 110] I (111) [ 101] D (111) [ 101] 

(111) [ ilO], (111) [ llO], (111) '[ lOi] ~ (111) [ iOl] 
(lll) [ lOl], (lll) .[ lOi}" (lil) [ OllJ, (lll) [Oil] 
(lli) [ llO], (lli) [ i10], (lli) [ OllL (lli) (Oii] 

(lll)[lOi], (111) [iOi], (111) [Oli], (lll)[Oil] 
(Ill) [ 101], (ill) [ iOi], (ill) [ Oli], (ill) [Oil] 
(lil) [ lOi], (lil) [ lOl], (lll) [ 011], (lil) [ Oii] 
(lli) [101], (lli) [iOi], (lli) [Oll]a (lli) [Oli] 
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Table IV. Summary of the number of various dislocation 
reactions for the indicated orientations • . , 

Re~mltant 
Orientation of tensile axis 

l\) 

dislocation 45° to [101) [i12] [ill] and (111) [ 012] [110] [001] 

Cottrell- Lomer 
0 0 2 4 6 8 barrier 

Hirth I barrier 0 2 0 4 0 16 

Hirth II barrier 0 2 0 4 0 16 

No reaction. i.e. • 0 0 2 4 24 32 "repulsion" 

Annihilation 0 0 0 0 6 8 

Glide dislocation 0 0 0 0 12 16 



Resultant 
dislocation 

Cottrell- Lomer 
barrier 

Hirth I barrier 

Hirth II barrier 

No reaction 

Annihilation 

Glide dislocation 

.. -,, -, . 

Table V. Typical reactions for each of the resultant dislocations. · 

Burgers vector Line of inter.., 
Reacting dislocations of resultant , section of .· ·. 

dislocations glide plane · 

[10ll(111) [011](11l) a/2 [ 110] [ 1 lO] 

[10l](111) [ 1 01] (11 l) a/2 [ 200] [ 1 io] 

[10l}(111) [l0l](11l) a/2 [ 002] [ 1l0] 

[10ll(111 ) [Oll](1 ll} a/2 [ 112] --

[l01](111} [10l](1l1) a/2 [ 000] 

(i01](111) [01l](l11) a/2 [ l10] [ 01lJ · 

Glide plane , · 
of resultant 
dislocation 

(001) 

(001} 

(110) 
I ..... -- 00 

(111) 

f..._, -. 
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;..! 
Table VI. Attractive junctions formed for 

the various orientations. 

45° to {111} 
[012] [112] [011] [111] [001] 

and <110 > 

Segments parallel 0 0 2 4 6 8 to (001) 

Segments parallel · 
0 0 0 0 12 16 to (111) 
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This report was prepared as an account of Government 
sponsored work. Neither the Urtited States, nor the Com~ 
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the acc~racy, completeness, 
or usefulness of the info~.m~t,ion contained .in this 
report, or that the use of ary information, appa
ratus, method, or process disclosed in this report 
may not infringe private~)' owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method~ or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




