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ABSTRACT 

Field ion micrographs have been obtained from tungsten 

and tungsten carbon a l loys  which have been subjected t o  a 

var i e ty  of heat treatments. It has been found that carbon 

i n  tungsten s t a b i l i z e s  the forination of stacking f au l t s .  

A n  estimate has been obtained for the binding energy of 

carbon t o  stacking f a u l t s  In tungsten which i s  

1 + - 0.25 e.v. 

lng out the stacking f a u l t s  (3000°C). 

have a much higher binding energy for carbon based on the 

observation that stacking f a u l t s  i n  t ips  of about 10°6cm 

diameter can be annealed out a t  much lower temperatures. 

The t rue  lattice solid so lub i l i t y  of carbon i n  tungsten i s  

probably much smaller than previously reported. The field 

evaporation po ten t i a l  f o r  carbon exceeds t h a t  f o r  tungsten. 

based on the minimum temperature f o r  anneal- 

Surfaoes In tungsten 

It 

of 

is or ien ta t ion  sens i t ive  and greatest i n  the v i c i n i t y  

the (100) poles a t  the surface. 
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INTRODUCTION 

The field ion microscope can be used to reveal the 

atomic structure of refractory metals. (l) 

sible interesting problems allied with refractory metals 

is that of unravelling the effect of interstitial elements 

on the mechanical properties of body-centered cubic re- 

fractory metals such as tungsten. These interstitial ele- 

ments, which are present in small concentrations, are be- 

lieved to deleteriously affect the impact strength of 

tungsten but the precise mechanism is unknown. 

even the limit of solid solubility of carbon in tungsten 

is open to question. Thus, it is desirable to know where 

the carbon atom that enter the tungsten lattice reside; 

what is the limit of solid solubility of carbon in tung- 

sten; and what is the interaction between carbon atoms 

and dislocations in tungsten. These questions are a sam- 
pling of the many that can be asked and which one mag 

hope to answer through intelligent use of the field ion 

microscope. No previous field ion microscope investlga- 

tion of carbon in tungsten has been reported. It is be- 

lieved therefore that this investigation is the first of 

its kind. 

One of the pos- 

Indeed, 

The first problem one may seek to solve is the 

identification of the carbon atoms in the field ion 

micrographs. An obvious method is to vary the carbon 
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content of the specimens and then t o  observe whether any 

corresponding var ia t ion  occurs i n  the  f i e l d  ion micro- 

graphs. I n  brief, this was the modus operandi of the 

present  invest igat ion.  
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EXPERlI+E%TAL PROCEDURE 

A. Construction of Field Ion Microscope 

For the purpose of t h i s  research a f i e l d  ion micro- 

scope was b u i l t  (Fig. l), w i t h  a detachable horizontal  

screen, sealed t o  the main microscope chamber through 

0"-rings. A tungsten loop, which holds the specimen, is I1 

held i n  place by two copper cap i l l a ry  tubes sealed t o  a 

cold finger. 

is used t o  take photographs of the ion pat tern.  

A n  f-0.95 lens camera with a close-up lens  

B. Detailed Procedure of Tip Formation 

The specimen t i p s  were prepared by e l e c t r o l y t i c  

etchlng of the specimen wires, i n  a thin layer  of IN. po- 

tassium hydroxide solut ion f loa t ing  over carbon tetra- 

chloride. The t i p  was always etched 1 m.m. o r  so  beyond 

the point  where it fractured during etching. This was 

done t o  dissolve away that  p a r t  of the  t i p  where it 

su f fe r s  mechanical deformation due t o  f racture .  

C. Examination of Tip Structure 

The t i p  I s  mounted i n  the f i e l d  ion microscope, 
-8 which then is evacuated t o  lom7 - 10 

is then f i l l ed  t o  approximately 2 t o r r  with helium gas, 

t o r r .  The system 

which is leaked i n t o  the system through a heated vycor 

tube. The t i p  i s  cooled by pouring l i q u i d  nitrogen i n t o  



the cent ra l  cold f inger ,  

i s  slowly applied t o  the 

on the phosphor screen 

subsequently 

t i p ,  u n t i l  a 

-6- 

a pos i t ive  po ten t i a l  

pa t t e rn  is  obtained 

A t  t h i s  po in t ,  the system is  opened t o  the d i f fus ion  

pump, t o  clean out the impurity gases which come off from 

the t i p  surface as a r e s u l t  of appl icat ion of pos i t ive  

po ten t i a l  t o  the t i p  surface. 

the system through the vycor d i f fusor  tube u n t i l  a good 

image is  again obtained on the screen. 

H e l i u m  is again leaked i n t o  

Detailed examination of the t i p  s t ruc tu re  is under- 

taken by f i e l d  evaporating layers  of atoms from the t i p  

surface, lowering the voltage and taking photographs of 

the pa t t e rn  on AG-103 spectroscopic f i l m .  



SPECIMEN PREPARATION 

Two starting grades of tungsten were used in this 

investigation: 1) Commercially pure grade (reportedly 

99.97+.02$) obtained as 2 mil diameter annealed wire from 

General Electric Company and called C.P. Tungsten here- 

after. 2) Zone-refined tungsten (reputed to have a re- 

sistivity ratio at 78°K of 70,000 : 1) obtained as 10 m i l  

diameter cold-drawn wire from Westinghouse Lamp Division, 

Bloomfield, N.J. 3 )  Carburized commercial purity grade 

tungsten obtained as about 10 mil diameter wire from 

Westinghouse Lamp Division, Bloonfield, N. J .  The car- 

burization is believed to have been carried out in 

graphite, induction heated. 

The C.P. tungsten obtained from General Electric was 

also carburized at our laboratory by evaporating graphite 

The tungsten wire onto a heated tungsten w i r e  in vacuo. 

was held at 1750 2 50°C for 30 minutes. 
Heat treatments were carried out on both wires and 

tips. The wire heat-treatments were carried out in an 

external furnace. 

out insitu in the microscope. 

The tip heat treatments were carried 



RESULTS 

1) Commercially Pure Tungsten (G.E.) 

Figure 2 is  a typ ica l  f i e l d  ion micrograph of a t i p  

produced from C.P. annealed tungsten wire. 

pole emanates from the center of the photograph and the 

t i p  radius  i s  about 3 x loo6 cm. 

2)  Zone-refined Tungsten (Westinghouse) 

The (011) 

Figure 3 i s  a typ ica l  f i e l d  ion micrograph of a t i p  

produced from cold drawn zone ref ined tungsten wire which 

was annealed inside the microscope by flash heating t o  

about 1400-1600'~ f o r  about 2 seconds. A rather large 

s o l i d  angle is encompassed in  t h i s  picture .  The (011) 

pole emnates from the center and four  other 110 poles  

( (101), (101), (110) and (110) ) i n t e r sec t  the v i s i b l e  

t i p  surface. The t i p  radius i s  much l a rge r  than f o r  

Fig. 2 and is  here about 6.5~10-~ cm. Many excess b r i g h t  

spots  can also be seen centered about the (001) and (010) 

poles  located a t  1 2  and 6 o'clock respectively.  As w i l l  

be discussed later these extra  br ight  spots are impurity 

atoms. 

3)  Carburized C.P. (Westinghouse) Tungsten 

a )  

duced from the as-received carburized w i r e .  The 

streaks shown there  l i e  along (112) planes and do not 

disappear but remain as the surface atoms are removed 

by f i e l d  ionization. The thickness of the streaks 

Figure k is  a typical  micrograph of a t i p  pro- 
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varies from 1 t o  10 atom layers.  Note also that there 

is  an  absence of randomly spaced br ight  spots  i n  the 

regions that do not contain the streaks and that the 

resolut ion is  good i n  those  regions. Further note that 

the topography of the surface is not  spherical  but sad- 

d l e  shaped w i t h  the symmetry plane of the saddle par- 

a l le l  t o  (112). 

b )  

annealing f o r  2-4 seconds i n  the approximate range 

1400-16OO0C and f i e l d  evaporating off a f e w  layers t o  

obtain a regular  surface, 

and the large agglomeration of random bright spots  

about the (001) pole  located i n  this pa t t e rn  a t  about 

10 o'clock, Also note the presence of lesser numbers 

of random bright spots elsewhere. 

spots  are believed t o  be carbon atoms on the surface. 

c )  

i n  the form of wire i n  the range 2600-2800°c f o r  

35 seconds i n  a vacuum of loo5 t o r r ,  then quenched by 

turning off the current and t ips  formed, ion micro- 

graphs appear as shown i n  Figures 3 and 5b. 

the streaks l i e  parallel t o  the (112) planes w i t h  

some p a r a l l e l  t o  the (123) planes. There are many 

more streaks than i n  the s t a r t i n g  carburized C.P. tung- 

sten. 

Figure 4b shows the same t i p  as In  Figure 4a a f t e r  

Note the absence of streaks 

These random bright  

If the same material as In  Figure 4a i s  annealed 

Most of 
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Figure 6a shows the same materials as i n  Figure 4a, d )  

after t i p s  a r e  formed from th i s  carburized C.P. Nesting- 

house) tungsten which have been heated t o  about 

2600-2800°c f o r  15 seconds i n  nitrogen and then 

quenched. 

as found after a similar treatment as above w i t h  the 

exception of a nitrogen atmosphere i n  place of vacuum, 

Upon s u f f i c i e n t  f i e l d  evaporation, it is found that 

some of the s t reaks  i n  Figure 6a disappear and a r e  re- 

placed by a uniform d i s t r ibu t ion  of br ight  spots as 

shown i n  Figure 6b. With fu r the r  f i e l d  evaporation, 

the number of br ight  spots  increases u n t i l  a sudden 

flash is observed, a f t e r  which there  are many fewer 

bright spots as shown i n  Figure 6c. 

e )  If the carburized C.P. (Westinghouse) tungsten 

wire i s  heated t o  J u s t  b e l o w  the melting point  i n  a 

nitrogen atmosphere, quenched and t i p s  formed, then 

the ion micrographs appear as i n  Figure 7. 

complete absence of streaks and the large number of 

random w h i t e  spots. The spots * s e e m  to be denser 

abuut the (100) planes and t o  l e s s e r  extent on the 

(112) p a n e s .  

f )  

and slowly cooled from t h i s  temperature the r e s u l t  

shown i n  Figure 8 is obiained. 

have condensed into "precipates. 

N o t  as many addi t ional  streaks a r e  present 

_ _  

Note the 

If the carburized C.P. wire is heated t o  1800"~ 

The s t reaks  seem t o  
I1 
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4)  Carburized C.P. Tungsten (G.E.) which has been carburized 

by evaporation of graphite onto the heated w i r e  held a t  about 

1700-1800°C f o r  30 minutes and quenched by turning off the 

current appears after a t i p  i s  formed as shown i n  f igure  9a. 

Note the presence of streaks, as w e l l  as some d i s t o r t i o n  i n  

their v ic in i ty .  The streaks are parallel t o  the (021) zone 

axis .  The surface topography is again dis tor ted i n  the d i -  

r ec t ion  of the streaks. 

Upon annealing the t i p  i n s i t u  a t  about 1400-16OO"C f o r  

a few seconds and observation it is  found that  the streaks 

have disappeared as shown i n  Figure gb. However, there are 

random b r i g h t  spots centered about the (010) pole. 

5) Zone Refined Tungsten (Westinghouse) 

a )  

is heated t o  about 2700-280Ooc f o r  about 30 seconds i n  

a vacuum of loo5 t o r r  and quenched appear as shown i n  

Figure 10. An enormous so l id  angle is  apparent i n  t h i s  

micrograph. Note the absence of streaks. Although the 

pa t t e rn  is f a i r l y  w e l l  resolved there  a r e  random br ight  

spots. 

T ips  formed from zone-refined tungsten w i r e  which 

b) 

w a s  treated t o  2700-2800°c i n  a nitrogen atmosphere 

f o r  about 1 minute, then quenched reveal  pa t t e rns  as 

shown i n  Figure 11. Note the presence of only a s ingle  

streak as compared t o  the large number found i n  car-  

burized C.P. tungsten s imilar ly  treated. Compare Figure 6a 

Tips formed from zone-refined tungsten w i r e  which 
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versus FQure  11. 

single streak shown in Figure 11. Also, there are 

random bright spots w i t h  good atomic resolution along 

the intervening surface. 

There appears to  be a s tep  at the 
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DISCUSSION OF RESULTS 

There is l i t t l e  doubt t h a t  the ex t r a  b r igh t  spots  that 

appear i n  the carburized specimens or ig ina te  a t  carbon 

atoms. The evidence f o r  this  statement is as follows: 

a )  These spots  are r e l a t ive ly  absent i n  the C.P. grade 

tungsten. 

b) 

t i o n  increase the number of such spots. 

c )  

solut ion (p rec ip i t a t e  the  carbon) decrease the  number 

of such spots. 

d )  

sorbed gaseous impurities a t  and above imaging poten- 

tials and a l l  the micrographs are of surfaces which 

have been subjected t o  the high fields associated with 

f i e l d  ionization. The only surface adsorbed species 

that can remain after such a treatment is carbon. 

Ehrl ich(2)  has found tha t  nitrogen desorbs under simi- 

lar  circumstances and it, next t o  carbon, has the 

highest binding energy to  the underlying tungsten. 

Heat treatments which a c t  t o  place carbon in solu- 

Heat treatments which a c t  t o  take carbon out of 

The helium microscope a c t s  to remove surface ad- 

The br ight  streaks that appear i n  the carburized mater- 

i a l  are believed t o  be stacking f a u l t s .  

based on the observation that  the s t r eak  appears unchanged 

as atomic layers  are removed one a t  a time and that no 

other possible in te rpre ta t ion  appears t o  be able t o  account 

This belief i s  
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f o r  t h i s  observation. 

f o r  the in te rpre ta t ion  o f  such streaks. Further, a 

crystal lographic  analysis  shows these streaks t o  be p a r a l l e l  

t o  the (112) planes. Stacking f a u l t s  should p re fe ren t i a l ly  

occur on t h i s  plane according t o  Hirsch(') and have been 

Ralph(3) has given similar arguments 

observed on these planes by Nakayama e t  al .  ( 5 )  

With the assumptions t h a t  the bright spots  or ig ina te  

a t  or  i n  the v i c in i ty  of carbon atoms and the bright streaks 

are stacking f a u l t s  then the  following deductions may be 

made : 

1. 

surface, somewhat less f o r  a s tacking f a u l t  and least f o r  

the avai lable  sites i n  a perfect  l a t t i c e  i n  tungsten. I n  

somewhat d i f f e ren t  language, the binding s t rength f o r  carbon 

is greatest f o r  a free surface, less f o r  a stacking f a u l t  

and least f o r  a s i te  i n  a perfect  l a t t i c e .  This s i tua t ion  

is  schematically i l l u s t r a t e d  i n  an energy l eve l  diagram 

given i n  Figure 12. 

The trap strength f o r  carbon is greatest f o r  a free 

This deduction is  based on the observations tha t  the 

stacking f a u l t s  i n  carburized C.P. tungsten - t i p s  disappear 

on annealing i n  the range 1400-1600~~ w i t h  a concomitant in-  

crease i n  the number of  individual carbon atoms on the sur- 

face of the t i p  (the carbon atoms adsorbed along the stack- 

ing f a u l t s  r e a d i l y  migrate t o  the  surface over short  d i f -  

fusion dis tances . )  I n  the case of t ips ,  where there is  a 
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large surface to volume ratio the equilibration between 

surface and volume acts to remove most of the carbon in the 

interior. The same effect would be much smaller in larger 

diameter specimens and, in fact, the stacking faults in 

carburized wires cannot be made to disappear by similar heat 

treatments. If all the atoms on the surface of a tip were 

carbon atoms, this would correspcnd to a concentration in 

the tip of about 1 percent. 

fectively remove all the carbon in the tip interior for a 

sufficient binding energy decrement. 

Thus, the surface could ef- 

The stacking faults in the carburized wires can Only 

be made to disappear upon heating to near the melting 

point, which is likely to be above 3000°C in these wires. 

Thus, carbon can only be placed into solution at the ex- 

pense of the stacking faults above about 3000°C. 

solid solubility of carbon in the tungsten lattice is there- 

fore likely to be much smaller than reported(6) because of 

the likely presence of stacking fault 

That is, the measured total "solid solubility" of carbon in 

tungsten should depend upon the number of stacking fault 

sinks that may form under the influence of the carburizing 

atmosphere and the dislocation network insitu. 

tive conclusion however, has not been subject to experi- 

mental verification in this present study. It is suffi- 

ciently probable nevertheless to place in doubt the quanti- 

tative walues for the solid solubility of carbon in tungsten 

The true 

sinks in the tungsten. 

This tenta- 
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previously reported(6).  

absence of a Snoek in te rna l  f r i c t i o n  peak i n  carburized 

tungs ten. 

It is  a l s o  i n  good accord w i t h  the  

An estimate can be made of' the binding energy of 

carbon t o  stacking f a u l t s  and t h i s  estimate is made i n  

Appendix 1. The r e s u l t  is on the order of 1 e v, which is 

an appreciable binding energy. It cer ta in ly  is a strong 

p o s s i b i l i t y  that  the b r i t t l e  behavior of tungsten can be 

due t o  the s t rong interact ion between i n t e r s t i t i a l  impuri- 

ties, such as carbon and dislocations.  

2. The stacking f a u l t s  are s t ab i l i zed  by the adsorption 

of carbon and are probably produced by the dissociat ion 

of dis locat ions.  This tentat ive deduction is based on the 

following observations: There are many streaks of l i m i t e d  

length that  appear much b r i g h t e r  than the primary streak 

along which these super b r i g h t  streaks l ie .  These streaks 

are v i s i b l e  a t  lower voltages than that  a t  which the whole 

pa t t e rn  is  imaged. These secondary s t reaks  are believed 

t o  be the sites of carbon atoms along the  stacking f a u l t s .  

Also, it was observed that  many addi t iona l  streaks could 

be produced i n  a carburized w i r e  quenched i n  a vacuum from 

about 270OoC and many fewer streaks i n  a similar w i r e  

quenched i n  nitrogen. It i s  believed t h a t  t h i s  observation 

can be interpreted as indicat ing tha t  there  w a s  more time 

avai lable  f o r  the carbon t o  adsorb during the vacuum quench 

i n  nitrogen. The poss ib i l i t y  that the stacking f a u l t s  are 
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produced by quenching alone is  eliminated by the observations 

that  no stacking f a u l t s  a r e  produced on quenching a carbur- 

ized w i r e  from above 3OoO"C o r  non carburized wires from 

27OOOC. On the other hand, the closeness of the streaks 

suggests either that the dis locat ion 8ources must be very 

close together as i n  a boundary or that the s tacking f a u l t s  

catalyze the  formation of addi t ional  stacking f a u l t s .  

view of the limited time for  a 

it seems more l i k e l y  that  the  "parallel" process of de- 

composition of a boundary t o  form such stacking f a u l t s  i s  

the operating mechanism. It should be possible  t o  detect  

t h i s  process w i t h  the f i e l d  ion microscope. 

3. The field evaporation potent ia l  f o r  carbon is greater 

than that for tungsten i n  t h e  v i c in i ty  of the (100) poles  

a t  the surface.  T h i s  inescapable conclusion is based on 

I n  
I1 series" process t o  operate 

. .  
the results of this investigation. 
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~ 

SUMMARY 

In answer to the questions raised in the Introduction, 

it cen be said that the carbon atoms in solid tungsten at 

room temperature are most likely to reside in stacking 

faults and precipitates. Very few carbon atoms are likely 

to rcmin in sol-td solution. Further, the interaction be- 

tween carbon &oms and dislocations in tungsten is exception- 

ally st-ong with 811 estimated binding energy of about 1 e.v. 

Xorc quantitative information can be obtained from selec- 

tively designed field ion microscope investigations. 
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APPENDIX I 

In the absence of carbon it appears that a stacking 

fault is unstable -- it disappears or is not present in 
C.P. tungsten. For a stacking fault to be stable it is 

necessary that the stacking fault energy be on the order 

of 10 ergs/cm . 
carbon the stacking fault energy is between 30 and 

100 ergs/cm2. 

2 Let us suppose that in the absence of 

Thus, by Gibbs Adsorbtion 

dy = XSF n.k.T 
dx X - -  

+v/kT and by statistical Mechanics XSF ~5 e 
where y 

X 
XSF 
V 
n 

Hence 

stacking fault energy 
concentration of carbon in lattice 
concentration of carbon in stacking fault 
binding energy of carbon to stacking fault 
number of atomdunit area of stacking fault 

dx 

or  V = +kT In f(dy/dX)? 

Substituting numbers 
L #I 

2 30-10 (100-10) ergs/cm 
3. dx 3. 

15/cm2 

kT = 1.~8~10'~~x~~OO" ergs 

and therefore V:rr=.l + -25 e.v. - 
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Fig. 2 - Commercially Pure Tungsten (Annealed state) 



F i g .  3. Zone r e f i n e d  tungsten ( c o l d  drawn and a n n e a l e d ) .  



F i g .  4a. Carburized C . P .  tungsten ( a s  ca rbur i zed  a t  1800~~). 
Note s t ack ing  f a u l t s  a long  (112)  planes. 



F i g .  4b. Same t i p  a s  i n  Fig.  4a a f t e r  annea l ing  between 
1400-16OO0C f o r  3 seconds i n s i d e  t h e  microscope. 
Br ight  streaks have disappeared .  



F i g .  5a.  Carburized C.P. t ungs t en  annealed as  w i r e  between 
2600°-28000~ i n  t o r r  p r e s s u r e  for 35 seconds 
and quenched. 



Fig. Carburized C .  P .  tungsten annealed as w i r e  between 
2600°-28000c i n  t o r r  p re s su re  f o r  35 seconds 
and quenched. 



F i g .  6a. Carburized C . P .  tungs ten  annealed as w i r e  between 
260O0-28OO0C f o r  15 seconds i n  a n i t rogen  atmosphere 
and quenched. 



F i g .  6b. Same t i p  as i n  Fig. 6a a f t e r  p a r t i a l  f i e l d  evapora- 
t i o n .  S t r eaks  have disappeared and a l a r g e  number 
of b r i g h t  spo t s  appear.  



Fig .  6c. Same t i p  a s  i n  F ig .  6b, a f t e r  a sudden flash d i s -  
charge.  A l a rge  number of b r i g h t  spots a r e  removed. 



F i g .  7. Carburized C . P .  tungsten heated as w i r e  below the 
mel t ing  p o i n t  i n  a n i t rogen  atmosphere and quenched. 



F i g .  8. Carburized C.P tungsten,  slowly cooled  from 18OOGC, 
showing a precipitate.  



F i g .  9a.  Commercially pure tungs ten ,  carbur ized  by evapora t ing  
g raph i t e  onto a heated tungs ten  w i r e  he ld  a t  about  
1700°-18000c and quenched i n  a vacuum. 





F i g .  10. Zone r e f ined  tungsten hea ted  t o  approximately 2700'- 
280ooc f o r  about 31 seconds i n  vacuum and quenched. 



Fig. 11 Zone r e f i n e d  t u n g s t e n  h e a t e d  t o  a b o u t  2 7 0 0 ° - 2 8 ~ ~ 0 ~  
f o r  a b o u t  60 seconds  i n  n i t r o g e n  a tmosphe re  and  
quenched .  
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Fig. 12 - Energy l e v e l  o f  carbon in tungsten 


