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ABSTRACT 

Investigations were carr ied out on the effect of polyslip on s t ra in  

hardening in fcc single crystals.  It is shown that the ra te  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  s t ra in  hardening. It is 

found that the bar r ie r  reactions considered by Hirth a r e  not responsible.. 

for  any strengthening. 

Special experiments on specimens with a [ I 1  f ] tensile axis re -  

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

not constant as  was previously assumed but var ies  by several  o rde r s  of 

magnitude. Furthermore, at temperatures above the cr i t ica l  temperature,, 

the deformation mechanism is thermally activated. 



I. INTRODUCTION 

The rate of strain hardening in fcc single crystals increases a s  

the orientation approaches that for dupiex slip. Higher rates of strain 

hardening are  attained by crystals oriented' respectively for the simul- 

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

investigations have yet been carried out to rationalize these observations 

in terms of current theories of dislocation mechanisms. 

Previous investigations on the plastic behavior of single crystals 

of aluminum, oriented for single slip and polycrystalline aluminum by 

. 3  Mitra and Dorn revealed that the low-temperature thermally activated 

mechanism of deformation is that for intersection of forest dislocations 

by the glissle dislocations as  formulated by seegerO4 Hence the Seeger 

equation 

j = NAbve -U/kT 

applies wh'ere +' = the shear strain rate 

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

A = the area swept out per successful 
intersection 

b = the Burgers vector of the dislocation 

v = the Debye frequency 

U = the activation energy for intersection 

k = Boltzmanns constant 

T = the absolute temperature, 

The above quantities a re  assumed to represent suitable smeared 

average values. In the crude approximation the activation energy for 

intersection may be written as  



where U, = the activation energy for intersection 
at absolute zero temperature 

GIGo = the ratio of the shear modulun of 
elasticity at the test temperature to 
that at absolute zero 

r = the applied s t r e s s  

* = the internal back s t resses  at absolute 
zero, and 

L = .the average spacing of the forest 
dislocations. 

The source of the internal back s t resses  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 sate 

of strain hardening in aluminum single crystals and the influence of 

orientation on the buildup of back s t resses  during deformation. 

11. EXPERIMENTAL TECHNIQUE 

Single crystal specimens of high purity A1 (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 
4 

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 a 3 18 -in. diam cylindrical cavity above the spherical 

receptical to give, respectively, [001], [Otl], [ill], and 

[i12] directions along the cylinder axis. Another sphere 



was so oriented as to give an angle of 45O between the < 11 1 > 

4 
and the cylinder axis as  well a s  45" between the < 110 > and 

the cylinder axis. Oriented cylindrical single crystals were 

w 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. 
- . - .  , . . . .. .. . . . . . . , . . . . . . . .  . -. . . . . 

.... . . . ., .,. II in length *.. -. were . I$ . grown . ,,!.. using . . sections of'the above described 
. :T i  Y' ,,, -a ' .  .' 

: 8 

rod as  seeds. 

(5) A reduced'gagesection 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 823OK in a salt bath for  

approximately 112 h prior to testing. 

Tension experiments were carried out in an Instron tensile testing 

machine over the temperature range 4.2O to 370°K 

111. EXPERIMENTAL PROCEDURE AND RESULTS 

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

strain hardening, experiments were carried out at. 77OK in an Instron 

tensile testing machine for variously oriented single crystals at  a cross-  

&ad speed of 0.02 in. Imin. Table I summarizes the orientations tested 

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

critical resolved shear s t ress  vs shear strain is shown in Fig. 1. The 

@ method of calculating the resolved shear strain is given in the Appendix. 

, In order to obtain data for calculating the apparent activation vo1ume, 



which is defined v = ~b~ in the Seeger model, values of /3 defined by - 

were obtained by means of a quick gear shift change which reduced the 
w 

crosshead speed by a factor of ten. These results are  shown in Fig. 2. 

Figure 1 reveals 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 hardening. Figure 2 

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

the number of participating slip systems increase, 

In order to determine the nature of the variation of back s t resses  

these additional experiments were conducted. Specimens with the tensile 

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

they exhibited a high rate of strain hardeningsbut did not exhibit the in- 

stability which was observed for some specimens oriented with the tensile 

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

may be defined by the flow s t ress  7 at a particular strain rate and tem- 
P 

perature, states a, b, c,  and d defined by the flow s t r e s s  T at 370°K 
P 

and a strain rate of 1.0 x sec-' 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 temperature 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 

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

a ser ies  of experiments conducted at strain rates  of 1.0 x sec-I and 

1.0 x log5 sec-' over the temperature range 4.2. to 390% are recorded 



in Fig. 3. These results indicate that the flow s t ress  decreases linearly 

with increasing temperature at constant strain rate over Region 1 and de- 

creases less rapidly with increasing temperature over Region 11. 

IV. ANALYSIS OF RESULTS AND DISCUSSION 

The intersection theory assumes that the strain hardened state is 

described in terms of the variables 7:, 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 one) to make judgment on 

the validity of this assumption. The experimen1,al results represented in 

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

Over Region I the results can be analyzed in te rms of the Seeger 

equation for intersection, namely 

when T < Tc. Rewriting Eq. 4 in the form 

when T < Tc . reveals that rGo IG decreases linearly with TGo/G at 

* constant strain rate since for a given strain hardened state Uo, L, T~ , 

and NA a re  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 

hence the ratio o:f the slopes for  two different strain rates gives 



. Solvjng for  NAbv one obtains 

The variation of lnNabv for various states characterized by the 

. s t r e s s  T at 370°K and a strain rate of 1.0 x l o d 5  sec-' is given in Fig. 
P 

5. Tab1.e II gives the values of NA fo r  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 scat ter  quite widely 'about 

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

the flow s t ress  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  e r r o r  in the ratio BLI /Bf2, which has a value near 1 ,  can cause 

a considerable change in the value of NA.  everth he less 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 

5 .  Dorn. have found similar trends in polycrystalline aluriiinum. 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 

dictates of intersection theory cannot be expected since the quantities NA 

and L represent smeared average values the following results seem to 

be pertinent. Xt has been observed that during the deformation of aluminum 
6 



and other fcc metals7' that a cell structure is formed wherein the cell 

walls a re  composed of dense dislocation tangles while the cell interior is 

relatively dis location free. The density of dislocations i n  heavily deformed 

aluminum ha& been reported as  10'' cm -2  (') and for copper ihe disloca- 

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

- 2  (10) high as  5 x 10" cm , furthermore during deformation the cell size 

decreases to approximately one-half i ts  original diameter. l1 Zf, 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 $ 

i 
the density of dislocations in the entanglements increases by several I 

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

possible. 

Having established the values of PnNAbv one can c'alculate the 

activation'volurne for the various strain hardened states from the relation . '  

These results a re  .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 

s t ress  gives 

hence 

The ,activation volumes obtained by the change in strain rate technique. a re  

plotted for comparative purposes. . The activation volumes obtained by 

the two techniques a re  in reasonable agreement. ' The differences that I 
I 



exist may be due to a different structure being developed when straining 

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

microscope observation7 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 a re  also recorded. The close agreement of these values with those 

obtained at 77OK for a single crystal with a [I 111 tensile axis attests to 

the validity of the suggestion by ~ o c h s "  that the appropriate single crystal 

stress-strain curve to predict polycrystalline behavior is that for which 

polyslip occurs. 

Figure 3 indicates that at the lowest strain hardened state over 

Region I1 there is only a slight decrease of rGo/G:with increasing tem- 

perature. Examination of Eq. 5 reveals that thermal fluctuation assis ts  

only in overcoming Uo. Hence. this equation applies only when 

Uo > k ~ ~ ~ / ~ l n ( N A b v / $ ' ) .  Fof temperatures where Uo < k , T ~ ~ / ~ l n ( ~ A b v / ' ? )  

successful thermal fluctuations a re  immediate and in this range 

t 
7G0/G = 7, (1 2) 

when T > Tc. Above about 200°K for state (a) the corrected flow stress,  

7G0/G is almost constant with increasing temperature. therefore, Eq. 12  

hk applies, and the value of r0 for state (a) is established. Having deter- 

mined the value of '7: for state (a) and observing that for T = 0 

one can calculate Uo and obtain Uo = 4,400 callmole. This value for the 

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

5 obtained by Ftosen, Nunes, and Dorn for polycrystalline Al. 



Knowing the value of Uo one can now calculate the values of 7; 

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

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

volume the variation of r: for single crystals with a [ i l l ]  tensile axis 

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

states at temperatures above Tc (in Region 11) there is a significant de- 

crease in flow s t ress  with increasing temperature. Hence the mechanism 

of deformation in Region I1 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 a s  the 

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

of work hardening for the [ 01 21 orientation will be discussed later. In 

harmony with the observed increase of work hardening the activation volume 

decreases more rapidly with strain a s  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 determinTthe variation of the back s t r e s s  

with deformation by the techniques previously employed. 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. 

q ~ i r t h l ~  considers the possible reactions of the primary dislocations in 

the fcc lattice with secondary dislocations and concludes that there a re  

three important barr iers  of the type considered by cottrell13 and Lomer. 14 

The three barr ier  dislocation reactions a re  



a16 [2 i i ]  + a16 [ l i l ]  + al6 [I211 + a16 [i1.2] -> 
, 8 .  . . .  , . .  

, at6 [i2'1] + a16 [121] + a / 6  [ lo l l  
I .  . .  

which is the original ~ o t t r e l l - L o k e r  'reaction and will be referred to  
. . . , 

herein as a ~ o t t r e l l - l a m e r  barrier;'' 

referred to herein a s  a Hirth I barrier;  and 
. . 

referred to herein a s  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 bar r ie rs  to 

glide than the bar r ie r  represented by Eq. 14. : In addition, ' there a re  certain 

other reactions which are  not favorable since the resultant dislocations 

have a greater energy than the surh of the energies of the reacting disloca- 

tions and therefore repel each other, st i l l  other reactions cause annihila- 

tion and some produc'e new glide dislocations. 

T.he only difference in the specimens, whose stress-strain curves 

a re  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 o r  reactions contributing to the buildup 

of back s t resses  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 combinat ion of gliding dislocations, 

one can determine the number of various kinds of reactions o r  interactions 

for pairs of dislocations for the various orientations. Table III lists the 



1 
slip systems which have equal maximum shear  s t resses  for each orienta- 

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

each orientation and Table V gives an example of each type of reaction. 

Only reactions between pairs  of dislocations lying in different glide planes 

a r e  considered since no important ba r r i e r  forming reactions occur be- 

tween dislocations lying in the same glide plane. 

Table IV clearly reveals that the Hirth I ba r r i e r  and Hirth I1 bar-  

r i e r  a r e  not responsible fo r  hardening since they a re  the only ba r r i e r s  

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

which the rate of strain hardening is the lowest, the extent of "easy glide1',, 

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

Cottrell-liomer ba r r i e r s  is in harmony with the experimental observations. 

However, no evidence of the existence of these ba r r i e r s  has been observed 

8 in aluminum. On the contrary, a s  discussed previously, a cel l  s tructure 

is formed bounded by dense dislocation tangles. Hence C o t t r e l l - b m e r  

ba r r i e r s  a s  the source hardening remains questionable. As will be shown 

subsequently, the results  a r e  in complete harmony with the conclusions 

of saada15 that hardening occurs because of the attractive junctions of 

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

source of these junctions is due to intersections of moving dislocations 

with other moving dislocations. ~ i r s c h l ~  pointed out that intersecting 

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

slip planes a r e  not mutually perpendicular. The problem is made more 

complicated by the fact that the dislocations can attract o r  repel  depending 

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

This problem has been studied in considerable detail by Saada. 



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 a third dislocation C (Fig. 9) with Burgers 

vector bg &but if the 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, Saada shows that the hardening 

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

s t resses  necessary to cause dislocations to cross  at attractive junctions 

a re  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, hencethisdis t inct ionhasbeenmadeinthetable .  , 

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

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

~ u r t h e r r n o r k  for .  the [I 111 and [001] orientations segments should 

form parallel to the (001) and {ill) planes hence this may account 

for  the electron microscopy observations that the dislocations tangles 

forming the cell wall in deformkd aluminum tend to lie parallel to the 

(001) and (1,ll) planes.8 systematic study of the deformed structure 

a s  a function of orientation via electron microscopy should prove very 

enlightening. One additional orientation that should be included in future 



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 workhardening because no important barr ier  reactions dccur in , , '  

this case. 

V. CONCLUSIONS 

It is concluded that: 

(1) The pre-exponential codfficient 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 equation 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 barr iers  considered by Hirth to form strong obstacles 

to slip a re  shown to b e  ineffective. 
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Table I. Orientation and number of ,operative slip systemsp 

Orientation of Number of operative 
tensile axis . slip systems 

450 to [ i o i ]  
and (111) 

[ i l l ]  

Table II. Variation of NAbu with state. 

State T G 1 ~ ~ 1 0 ' ~ d ~ n e s / c m  2 
P O  

N A ~ V  sec-' 



Table III. Operative slip systems for various orientations. 

Orient at ion of 
tensile. axis Slip systems 

4 5 O  to (111) 
and [ 1011 

1 )  I 1 )  [ 0 1  , ( 1 )  [ 0 1  , (111) [ 1011 
(111) [ 1101 (111) [ i i o ]  , ( i l l )  [ l o l l  ( i l l )  i o i ]  

(111) [ l o i ] ,  (111) [ i o l ] ,  (111) [ o i i ] ,  (111) [ o i l ]  

[ 0011 
( i l l )  [ 1011 ( i l l )  [ i o i ] ,  ( i l l )  [ 0111 (111) [ o i l ]  
(111) [ ~ o i ]  (111) [ i o i ]  , (1x1) [ 0111 , ( l i l )  [ o i i ]  
1 [ 1 0  , I )  [ O , ( 1 )  [ 0 1  , ( n i )  j o i i ]  



Table N. Summary of the number of various dislocation 
.reactions f o r  the indicated orientations. 

. . 

Orientation of tensile axis 
Resultant 

dislocation 45O to [loll [oiz] [iiz] [II.O] [ill] [ooil . .  and (111) 

Cottrell- Lomer 
bar r ie r  

0 Hirth I bar r ie r  2 0 4 . ' 0  16 

Hirth II bar r ie r  0 2 0 4 0 16 

No reaction, i. e . ,  
t 1 0 0 2 4 24 32 repulsiont' 

Annihilation 0 0 0 0 6 8 

Glide dislocation 



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

Burgers vector Line of inter - 
Resultant 

Glide plane 
Reacting dislocations of result ant section of of resultant 

dislocation dislocations glide plane dislocation 

Cottrell- Lomer 
ba r r i e r  

Hirth I bar r ie r  [ l o i l ( ~ ~ ~ )  [ l o 1 1 ( i ~ i )  a / 2  [ 2001 

Mirth I1 barr ier  

No r e  action 

Annihilation [ i o l l ( l l l )  [ l o i l ( l i l )  a / 2  [ 0001 - - - - 
. . 

Glide dislocation [ i o l l ( ~ l l )  C O ~ ~ I ( ~ ~ ~ )  . 



Table VI. Attractive junctions formed for 
the various orientations. 

45O to (111) 
and <1 1 0 >  10121 [112j [oil] [ill] [ooij 

Segments parallel 
to (001) 

Segments paral lel  ' . 

to (111) 
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FIG.  I. STRESS STRAIN CURVES F O R  V A R I O U S  ORIENTATIONS 





FIG. 3. EFFECT OF TEMPERATURE- ON T H E  
FLOW STRESS. 10 



FIG. 4. EFFECT OF TEMPERATURE O N  THE FLOW STRESS. 
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FIG. 5: V A R I A T I O N  .. . OF In N A  b v  WITH PRESTRESS. 
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FIG. 6 .  CHANGE OF ACTIVATION VOLUME 

WITH STRAIN HARDENING. 
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S H E A R  STRAIN,  Y 

FIG. 8. ACT IVATIOM VOLUME vs. SHEAR STRAIN.  



( 0 )  BEFORE INTERSECTION.  

(b) CONFIGURATIQN~ AFTER INTERSECTION. 

F I  G. 9. l N T E R S E C T I O N  ,OF ATTRACTIVE 
D I S L O C A T I O N S .  
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s p o n s o r e d  work .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  any  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commission:  

A .  Makes . any  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  . t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  any  i n f o r m a t i o n ,  appa -  
r a t u s ,  method,  o r  p r o c e s s .  d i s c10 , sed  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e ' p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes any 1  i a b i l  i t i e s  w i t h  - r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages r e s u l t i n g  from t h e  u s e  o f  any  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u s e d  i n  t h e  a b o v e ,  "pe r son  a c t i n g  on b e h a l f  o f  t h e  
Commission" i n c l u d e s  any employee  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  employee o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  employee  o r  c o n t r a c t o r  o f  t h e  Commission,  o r  employee 
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  t h e  Commission,  o r  h i s  employment w i t h  s u c h  c o n t r a c t o r , .  




