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Previous measurements of stacking fault probabilities (SFP) and root mean square strains (RMSS) were used now to evaluate the stacking fault energies (SFE) in metastable cobalt powder at different external pressures up to 660 MPa. SFE in HCP cobalt increase with growing pressure, while in FCC cobalt there exists a maximum at about 100 MPa, and at higher pressures SFE decrease. 
1. Introduct£on

Stacking faults are an important microstructural component in terms of room­te:mperature mechanical behaviour of materials, because they may contribute to strengthening and may be structural precursors of twins 1 >. Systems which exhibit a very low stracking fault energy, i. e. the energy per unit area necessary to produce a stacking fault, are widely used in biomedical applications, because stacking fault intersections and twins are the main contributors to work hardening behaviour2>. In addition the SFE affect susceptibility to stress corrosion cracking and electrical resistivity3>. In this work we discuss the dependence of SFE on pressure at room tempe­rature in FCC and HCP metastable cobalt green compacts, obtained by compaction 
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o f  reduc ed cobal t o xide powder. Previo usl y, the SFP an d RMSS in pr essed cob al t
powder wer e mea sur ed by ana l ysin g X- ra y  d iffrac tion profi l es4> , and we now
used these da ta to c alcu la te the SFE in the same sampl es.

2. Calculation of SFE 

R eed an d Sc hramm 5> showed tha t there exists a l in ear rela tionship b etween
SFE an d RMSS/SFP ra tio an d tha t the SFE for FCC cry sta l s  can be expr essed a s  

K1 1 1 ro0 Gc1 1 1 > a (e; ) 11 1
')' = '1 2:n: i· 3  a (I ) 

where y is stacking fa ul t  en ergy, Gc1 11 > is the shear mo dul us in the {11 1ffault
plane, a is the c ub ic la ttic e  consta nt:, ( e; >Hi is roo t  mean squar e stra in in the
( 1 1 1 ) dir ec tion a vera ged o ver a distanc e of 5 nm, a is stackin g  faul t  probab il ity 
for FCC cry stal s, an d K1 1 1 an d ro0 ar e con& tan ts. 

S imilarl y in hexa gona l c rysta l s, wher e the co mmon sl ip system is on the ·b�al 
plan e in the closed- packed di rection (O�� 1) ( 1 120 ), th e  SFE can be expre ssed a s  

(2) 

where c is th e  pa rameter o f  the hexagonal un it c el l ,  Gcooo t> is th e  shear mo dul us
in the (0001) faul t  plane, (e;)1/� is the roo t  mea n squar e stra in in the 1 120 direc-

1 120 
tio n a vera ged o ver a distanc e o f  5 run, an d a is the stackin g fa ul t  probab il ity for 
HCP crystal s. Eq. (1) can b e  rearran ged in the �orm 

')' _ K1 1 1  Wo (e;) 1 1 1 
Gou> a - 12n V3 a ' (3) 

an d Eq. (2) in the form: 

')' Kooot  Wi (e�)1120 
-�� = ��� 

' Gcooo0 c 24 n a (4) 

In order to deter mi ne the SFE for FCC coba l t  we used the metho d o f  ca l cu­
lat ion an d the da ta for e l emen ts Ag, Au, C u  a nd N i  given b y  R eed and Schra mm 5>.
To determin e  the constan t K000 1ro 1 in Eq. (4) we used da ta fro m the avai lab l e
l itera ture fo r  SFE, RMSS an d SFP o f  hexagona l metal s Ti, Co an d Mg. R el evan t 
da ta for these el ements ar e p rese1;1 ted in Tab l e  I .

SFE co mpl ied fro m l itera ture an d given in Tabl e 1 ,  a re plo tted ver sus (eD. a .
data in Fig. I .  The slo pe o f  the l in e  in Fig. I is K0 0 0 1ro1/ 24JI and fro m this con­
stan t, using Eq. 2, we co ul d  calcula te th e  SFE for press ed hexa gon al coba l t  powd er. 
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20 
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Fig. 1. Stacking fault energies, compiled from literature, for elements Ti, Co and Mg plotted
<el) versus the� data.a 

However, K0 0 0 1ro1 may depend on elastic anisotropies A of elements, thus Eq.(1) and Eq. (2) should be modified as formulated in (5) and (6)5 > :
_ K1 1 1  roo Gc1 1 1 > a A- o.4 5  (sD1 1 1'Y - 12 n V 3 a ' 

_ Kooo1  W1 Gcooo t > c A - 1 •9 (sD1 1 20'Y - 24 n a · 

(5) 

(6) 
K1 1 1ro0 and K0 0 0 1ro 1 were recalculated by means of the modified Eq. (5) andEq. (6). The elastic anisotropies of hexagonal elements used in this calculation are given in Table 2. In Fig. 2 the K0 0 0 1ro 1 values are plotted versus A to obtdn
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Fig. 2. Variation of Kooo1W1 with elastic anisotropy . .

a variation of K0 0 0 1ro 1 with elastic anisotropy. The slope of this curve determinedthe exponent of A in (6). Replotting the data in Fig. I ,  Table I and Table 2, usingEq. (6), K0 0 0 1ro1 computed from the slope of Fig. 3 is 236.8. Comparing Fig. Iand Fig. 3, it is evident that the data. in. Fig. 3, obtained using the elastic anisotropy correction factor A - 1 • 9, are more linear.
3. Dependence of SFE upon pressure in FCC and HCP cobalt powder

Investigating phase transformations in pressed cobalt powder Kirin et al. 4>measured RMSS averaged over ·the distance of 2 nm, as well as SFP as functions of applied external pressure in the interval from 22.1 to 661.0 MPa. From these experimental data we took the average of RMSS over the distance of 5 nm, in order to make it comparable with the data given in (5). Inserting these data of RMSS and SFP in Eq. (5) and Eq. (6), we calculated the values of SFE for cubic and hexagonal cobalt powder submitted to different pressures. The results are summarized in Tables 3a and 3b, and represented in Figs. 4a and 4b. 
4. Discussion and conclusion

Froin Figs. 4a and 4b it is evident that the measurement errors of SFE are great because both RMSS and SFP were measured with considerable errors. Ho-
FIZIKA 19 (1987) 1, 41-49 45 
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Fig. 3. Stacking fault energies plotted versus ( s}) 1 120 accounting for the effect of elastic anisotropy.a 

wever, it may be concluded that SFE in HCP cobalt increase with growing pres­sure, while in FCC cobalt there is a maximum at about 100 MPa, and at higher pressures SFE decrease. This is the consequence of increasing SFP in FCC phasefrom 0.8 x 10-2 to 5.6 x 10-2 with growing pressure, found in Ref. 4. HCPphase shows relatively high SFP at all pressures, though there is a tendency of SFP decreasing with increasing pressure. We may regard stacking faults as nuclei for the transition from one close­packed structure (FCC) to the other (HCP) and vice versa. It is obvious that low stacking fault energy means easy transition and that high one characterizes stable structUres. Thus, as transformation from the metastable FCC phase to the stable HCP phase takes place with growing pressure, it is to expect that in the HCP phase the stacking fault probability decreases and stacking fault energy increases, while the inverse expectancy appears justified for the FCC phase, this being in agreement with our results. 
46 FIZIKA 19 (1987) 1, 41-49 
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Fig. 4. Stacking fault energies in a) FCC phase of Co, and b) HCP phase of Co, as functions of 
applied pressure. 

TABLE 3.a 

P/MPa I (e})m . 103 I a ·  102 I YFcc/m.Jm- 2 

22.1 1 .9 ± 0.2 1 .3 ± 0.1 8.5 ± 2

66.2 2.3 ± 0.2 1.3 ± 0.1 12.4 ± 3

1 10,0 1 .9 ± 0.3 0.50 ± 0.05 22 ± 5

154.5 

F 
2.0 ± 0.2 8.8 ± 2

221.0 3 1 .9 ± 0.2 10.8 ± 4

331.0 3. 1 ± 0.2 3.7 ± 0.3 7.9 ± 2

440.0 2.9 ± 0.3 5.0 ± 0.5 5. 1 ± 2

552.0 2.4 ± 0.4 4.9 ± 0.5 3.6 ± 2

661 .0 3.0 ± 0.3 5.6 ± 0.2 4.9 ± 1

FIZIKA 19 (1987) 1, 41-49 47 
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TABLE 3.b

PJMPa I (eJ>:ao . 103 I a ·  102 

22.1 2.1 ± 0.2 1 .8 ± 0.1

66.2 2.3 ± 0.2 2.1 ± 0.3

1 10.0 1 .9 ± 0.3 2.2 ± 0.3

1 54. 5 2.4 ± 0.2 2.5 ± 0.2

221.0 2.6 ± 0.3 2.4 ± 0.3

331.0 3.1 ± 0.2 3.1 ± 0.3

440.0 2.9 ± 0.3 2.1 ± 0.3

552.0 2.4 ± 0.4 2.0 ± 0.5

661.0 3.0 ± 0.3 2.1 ± 0.3

I 
/mJ 

'YucP /m2

23.6 ± 6

24.3 ± 8

1 5.8 ± 7

22.2 ± 6

27.2 ± 10

29.9 ± 7

38.6 ± 14

27.8 ± 14

41.3 ± 4

Root mean square strains (RMSS), stacking fault probabilities (SFP), and stacking fault energies
(SFE) for a) FCC and b) HCP cobalt, as functions of pressure. 

Acknowledgements 

This work was partially supported by the National Bureau of Standards through 
the funds made available to the US-Yugoslav Joint Board on Scientific and Techno­
logical Cooperation. The authors wish to thank Dr R. P. Reed for valuable sugges­
tions.

References

1) K. S. Raghavan, A. S. Sastri and M. J. Marcinkovski, TMS - AIME 245 (1969) 1 569;
2) K. Rajan, Met. Trans. 13 A (1982) 1 161 ;
3) T. Ericsson, Acta Met. 14 (1966) 853; 
4) A. Kirin, A. Bonefacic and D. Duzevic, J. Phys. F :  Met. Phys. 14 (1984) 2781 ;
5) R. P. Reed and R. E. Schramm, J. Appl. Phys. 45 (1974) 4705;
6) E. S. Fischer and C. S. Renken, Phys. Rev. 135 (1964) A 482;
7) R. F. S. Hearmon, Rev. Mod. Phys. 18 (1946) 409;
8) H. J. Mc Skimin, J. Appl. Phys. 26 (1955) 406; 
9) S. K. Chatterjee and S. P. Sen Gupta, J. Mat. Sci. 10 (1975) 1093.

48 FIZIKA 19 (1987) 1, 41-49



BONEFACIC AND KIRIN: EVALUATION OF STACKING FAULT ENERGIES . . .

PROCJENA ENERGIJA POGRESAKA U SLAGANJU U PRASKU KOBAL TA U OVISNOSTI O TLAKU 
ANTON BONEFACIG 

Fizicki zavod, Prirodoslovno-matematicki fakultet, Sveucililte u Zagrebu, 41000 Zagreb 
ANKICA KIRIN 

Zavod zafiziku, Medicinski fakultet, Sveucililte u Zagrebu, 41000 Zagreb 
Ranija mjerenja vjerojatnosti pogresaka u slaganju (SFP) i relativne prosjecne de­formacije (RMSS) iskoristena su sada za procjenu energija pogresaka u slaganju (SFE) u metastabilnom prasku kobalta, pri razlicitim vanjskim tlakovima do 660 MPa. SFE u HCP kobaltu rastu s rastucim tlakom, dok se u FCC kobaltu javlja maksimum na oko I 00 MPa, a pri vecim dakovima SFE opadaju. 
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