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ABSTRACT

The influence of test environment, grain size, and heat treatment on the tensile properties

and fracture behavior of L12-ordered (Co78Fe22)3V and (Co85Fe15)3V alloys was studied at room

temperature. The tensile ductility depends strongly on test environments; the elongation decreases

in the sequence of oxygen, vacuum, air, and distilled water. The loss in elongation is accompanied

by a change in fracture mode from transgranular to intergranular. When tested in oxygen or

vacuum, (Co78Fe22)3V specimens exhibited predominantly transgranular fracture, while

(Co85Fe15)3 V specimens exhibited essentially intergranular fracture. Grain refinement of

(Co78Fe22)3V resulted in a ductility improvement in air, while such a beneficial effect of grain

refinement was not observed in (Co85Fe15)3 V. These results suggest that: (1) (Co, Fe)3V alloys

exhibit a moisture-induced hydrogen embrittlement and (2) grain boundaries are more intrinsically

brittle in (Co85Fe15)3V than in (Co78Fe22)3V. The presence of a brittle hexagonal phase is

suggested to be the reason for the observed grain-boundary brittleness in (Co85Fet5)3 V.
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1. INTRODUCTION

Some intermetallic compounds having the L12-structure are deformable at ambient

temperatures [1-9]. Recent studies have demonstrated, however, that a number of ductile L 12-type

intermetallic compounds exhibit environmental embrittlement when tested in various environments

at room temperature [10]. When electrolytically charged with hydrogen or exposed to hydrogen

gas, significant embrittlement has been reported in (Fe,Ni)3V [7,11], boron-doped Ni3AI [12],

and Ni3Fe [13]. Moreover, various intermetallic compounds such as Co3Ti [14-17], Ni3(AI,Mn)

[18], beryllium-doped Ni3AI [19], Ni3Si [20], and Ni3(Si,Ti ) [21] have been reported to be

substantially embrittled when tested in moist air instead of controlled environment such as vacuum

or dry. oxygen. In these cases, the embrittlement is considered to involve the reaction of water

vapor with reactive elements (i.e., aluminum or titanium) and generation of atomic hydrogen,

which diffuses from surface to interior and embrittles crack tips [10].

L12-ordered (Co,Fe)3V alloys have been reported to exhibit tensile ductility in air at

ambient temperatures [6-8]. As mentioned above, L12-ordered Co3Ti [14-17] alloys are

significantly embrittled when tested in air. This suggests the possibility of environmental

embrittlement in (Co, Fe)3V alloys, which is chemically similar to Co3Ti. Indeed, limited results

reported elsewhere [22,23] have indicated that the (Co,Fe)3V alloys are also prone to

environmental embrittlement.

In this paper, we have conducted a systematic study of environmental embrittlement in

L12-ordered (Co,Fe)3V alloys, including the effects of test environment, alloy composition, grain

size, and heat treatment on the mechanical prope:ties and fracture behavior. The major objective of

this study is to understand how these metallurgical variables affect environmental embrittlement in

(Co,Fe)3V. The yield and ultimate strengths and the ductility were determined by tensile tests at

room temperature and correlated with the fracture behavior of the alloys.
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"_ EXPERIMENTAL DETAILS

Two (Co,Fe)3 V alloys with the nominal composition of (Co78Fe22)3V (58.5 at. % Co-

16.5 at. % Fe-25 at. % V) and (Co85Fe15)3V (63.75% Co-I 1.25% Fe-25%V) were prepared by

arc melting and drop casting in an argon atmosphere. High-purity vanadium (total impurities less

than 700 ppm by weight) and electron-beam-purified iron and cobalt were used as charging

materials. The ingots were homogenized at 1100*C for 24 h under a vacuum of < 10.3 Pa and hot

rolled at 1100*C to a thickness of 1.5 to 2.5 mm, then cold rolled with intermediate anneals at

1100°C to a final thickness of 0.7 mm with a final reduction of 25%.

Tensile specimens with a gauge section of 12.7 x 3.2 x 0.7 mm were stamped from

rolled sheets and electropolished. Specimens with a coarse grain size (= 60 lam)* were prepared

for both alloys by an identical heat treatment involving a recrystallization at 1100*C for 40 min and

a subsequent ordering treatment of 5h at 800"C plus 17 h at 700"C. (Co78Fe22)3V specimens with

a fine grain size (= 15 lam) were prepared by a recrystallization at 900°C for 24 h followed by the

ordering treatment. (Co85Fe15)3V specimens with the fine grain size were prepared by a

recrystallization at 1000*C for 6 rain followed by the ordering treatment. In order to study the

effect of the heat treatment at 1000°C for 6 min on grain-boundary embrittlement, a (Co85Fe:5)3 V

specimen with the coarse grain size was prepared by a complex heat treatment, including the

recrystallization at 1100*C for 40 min, an intermediate treatment at 1000°C for 6 rain, and the

ordering treatment.

Tensile tests were performed using an Instron testing machine at room temperature at a

nominal strain rate of 3.3 x 10.3 s-1. The specimens were pulled to fracture in distilled water, air,

vacuum (< 4 x 10-4 Pa), or dry oxygen (6.7 x 104 Pa). The yield strength and the ultimate tensile

strength were determined from a strip chart. The elongation was measured from fractured

*The grain size here refers to the average spacing between grain boundaries (not including
twin boundaries) as seen on metallurgical sections and determined by the linear intercept method.
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specimens. The fractured surfaces were examined using a scanning electron microscope (SEM)

operated at 15 kV.

3. RESULTS

3.1 Tensile properties

Table 1 summarizes the room-temperature tensile results for specimens with a grain size of

60 lam. Each data point in this paper is the average of two tests. The tests had a good

reproducibility; relative errors in ductility for the same condition were less than 20% and within

10% in most of the cases. The yield strength was apparently insensitive to test environments. The

ultimate tensile strength was strongly correlated with tensile ductility, and it increased with

increasing ductility. Tests in vacuum (< 4 x 10-4 Pa) gave a tensile elongation of 35.8% and

18.8% for (Co78Fe22)3V and (Co85Fels)3V, respectively. When tested in air, the elongation

decreased to 20.0% and 6.3%, respectively, indicating that both alloys were embrittled in air.

(Co85Fe15)3 V was more severely embrittled, with a reduction in ductility of 66% for

(Co85Fels)3V and 44% for (Co78Fe22)3 V when tested in air instead of vacuum. To further

characterize the embrittlement, (Co78Fe22)3 V specimens were tested in distilled water and

(Co85Fels)3,V specimens were tested in dry oxygen (6.7 x 104 Pa). The water tests gave the

lowest ductility of 15.3% for (Co78Fe22)3 V, suggesting that the embrittling element in air is

moisture. T'he tests in dry oxygen gave the highest elongation of 24.2% for (Co85Fe15)3V,

indicating beneficial effect of oxygen. Apparently, a vacuum of - 4 x 10-4 Pa is insufficient to

completely eliminate the moisture-induced embrittlement in (Co,Fe)3V alloys. Figure 1 shows the

nominal stress-strain curves for specimens of (Co78Fe22)3V tested in different environments. Ali

data points perfectly fit a single curve, suggesting that water vapor has no apparent effect on work

hardening of the alloy.

The effect of grain refinement on environmental embrittlement in the (Co,Fe)3V alloys was

also studied. Table 2 summarizes the tensile properties of the (C_),Fe)3V alloys with a grain size of
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15 [am, together with the results from the coarse-grain specimens tested in the same environment.

It is shown that the grain refinement had a beneficial effect on reduction of environmental

embrittlement in (Co78Fe22)3V. Note that the grain refinement had only a little effect on the yield

strength of the alloy. Unlike (Co78Fe22)3V, the ductility of (Co85Fe15)3V in air was not improved

by the grain refinement; (Co85Fe15)3V specimens with the fine grain size (= 15 _tm) st_owed

almost identical ultimate tensile strength and elongation, although a slight increase of yield strength

was seen. The beneficial effect of an oxygen atmosphere was detected again for the fine-grain

(Co85Fe15)3 V. When the oxygen-test results are compared, however, the fine-grain (Co85Fe15)3V

specimens showed much less elongation (10.9%) than the coarse-grain specimen (24.2%). To

further investigate this unusual behavior, a (Co85Fe15)3 V specimen was given a complex heat

treatment as follows: (1) first recrystallized at 1100°C for 40 min to obtain the coarse grain size

(= 60 [am), (2) then heat treated 6 min at 1000°C, and (3) then annealed 5 h at 800 C plus 17 h at

700 C for the ordering treatment. The second heat treatment (i.e., 6 min at 1000°C) was identical

to the one used to obtain the fine grain size of 15 m in (Co85Fe15)3V, but it did not affect the

grain size established by the first recrystallization (i.e., 60 ptm). The oxygen-test of this specimen

gave a yield strength of 305 MPa, an ultimate tensile strength of 878 MPa, and an elongation of

11.8%. The elongation and ultimate tensile strength are almost identical to the results from the

fine-grain (Co85Fe15)3V specimens tested in oxygen, although the yield strength is lower (see

Table 2). The above result has demonstrated that the observed brittle nature of the fine-grain

(Co85Fe15)3V is not ascribed to the grain refinement but to the heat treatment of the specimen at

1000°C for 6 rain.

3.2 Fracture behmior

Figure 2 shows the fracture surface of the (Co78Fe22)3V specimens with grain size of

60 lam tested in various environments. When tested in vacuum, the specimens showed

transgranular fracture [Fig. 2(a)]. When tested in air or water, the specimens showed a certain

degree of intergranular fracture at edges or corners of the specimens [Figs. 2(b) and (c)]. These
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specimens showed quite a sharp transition from intergranular to transgranular fracture, and beyond

the transition region, transgranular fracture was exclusively observed. The intergranular fracture

was more prevalent in the specimen tested in water. The (Co78Fe22)3V specimen with a grain size

of 15 lam tested in air showed a similar fracture surface to the one shown in Fig. 2(b) (i. e., mainly

transgranular fracture with a small amount of intergranular fracture at a corner). The area of the

intergranular fracture was apparently smaller in the fine-grain (Co78Fe22)3V specimen than in the

coarse-grain specimen shown in Fig. 2(b).

Figures 3 and 4 show the fracture surface of the (Co85Fe15)3V specimens with a grain size

of 60 lam. As shown in Fig. 3, (Co85Fel 5)3V exhibited essentially intergranular fracture

throughout the fracture surface, even in a controlled atmosphere such as dry. oxygen. This is in

sharp contrast to (Co78Fe22)3V that exhibited predominantly transgranular fracture in a controlled

atmosphere [Fig. 2(a)]. However, with the change in test environment from air vacuum to

oxygen, the intergranular fracture became less dominant and less brittle in appearance as shown in

Fig. 4.

Figure 5 shows the fracture surfaces of the (Co_5Fel5)3V specimens with: (a) a fine grain

size of 15 lam and (b) a coarse grain size of 60 #zm,prepared by the complex heat treatment. Note

that these two specimens were given the heat treatments including 6 min at 1000°C. Both of these

specimens predominantly exhibited intergranular fracture. Compared with Fig. 4(c) [i.e., the

fracture surface of a coarse-grain specimen by the normal heat treatment (1100°C/40 min +

800°C/5h + 700"C/17h)], Fig. 5(b)clearly shows more dominantly intergranular fracture. This

indicates that the heat treatment at 1000°C for 6 rain used in the complex heat treatment made grain

boundaries of (Co85Fe15)3V more brittle, resulting in the increased intergranular fracture observed.

4. DISCUSSION

Recent studies demonstrated that a trace amount of water vapor in air significantly reduced

the room,.temperature tensile ductility of L12-type intermetallics such as Co3Ti [14-171,
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Ni3(AI,Mn) [181, beryllium-doped Ni3AI [19], Ni3Si [20], and Ni3(Si,Ti) [21]. Ll2-ordered

(Fe,Ni)3V alloys, which belong to the same group of ordered alloys based on (Fe,Co,Ni)3V and

(Co,Fe)3V, have been known to be embrittled by aggressive conditions such as hydrogen

exposure in a high-pressure autoclave or cathodic charging of hydrogen [7,11 ]. The present

study, however, has clearly demonstrated that L12-ordered (Co,Fe)3V alloys are embrittled even in

air. The mechanism for environmental embrittlement in the two alloys studied here is the same,

based on consideration of the trend of mechanical properties listed in Table 1. Our results have

also demonstrated that the embrittlement is caused by moisture-induced intergranular cracking.

The embrittlement observed here is quite similar to the ones studied in other L12-type

intermetailics. Liu and Takeyama [24] have proposed the following reaction for environmental

embrittlement in ordered intermetallics:

xM + yH20---, MxOy + 2yH, (1)

where M is a reactive element (strong oxide formers, e.g., aluminum and titanium). In (Co,Fe)3V

studied here, vanadium is considered to act as the reactive element, which releases hydrogen from

moisture. The moisture-induced hydrogen may weaken the cohesive strength of grain boundaries

of (Co,Fe)3V, thereby promoting intergranular fracture and reducing the ductility. This is

consistent with recent observations using in-situ transmission electron microscopy (TEM) in

hydrogen atmespheres of some L12-type intermetallics, such as B-doped Ni3AI [25] and Co3Ti

[15], which showed hydrogen-induced decohesion of grain boundaries.

As a mechanism of transport of hydrogen to grain boundaries, dislocation transport [26-28]

has been proposed in addition to ordinary lattice diffusion. C.amus et al. [13] observed that Ni3Fe

was embrittled more severely in the ordered state when charged with hydrogen during tensile tests,

and they ascribed it to enhanced transport of hydrogen through superlattice dislocations and planar

slips. Our recent results have shown that a disordered (Co, Fe)3V alloy does not exhibit the

environmental embrittlement [28], which appears to support the model proposed by Comus et al..

As a result of hydrogen generation and reduction of cohesion at the grain boundaries,

stress concentrations during early plastic deformation initiate cracks at grain boundaries near
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specimen surfaces. The beneficial effect of grain-size refinement observed in (Co78Fe22)3V

specimens is presumably due to reduction in stress concentrations, resulting in delayed crack

initiation and propagation along grain boundaries. Once an intergranular crack is formed at

surfaces, decomposition of water vapor will take piace again at crack tips, and the hydrogen

generated will be transported ahead of the cracks causing further intergranular crack propagation.

The environmental embrittlement observed in (Co,Fe)3V alloys is, thus, believed to be

caused by moisture-induced hydrogen that is transported to grain boundaries, probably by

superlattice dislocations, resulting in grain-boundary decohesion and increase in intergranular

fracture. A more detailed mechanism for explaining the environmental embrittlement in (Co, Fe)3V

alloys is presented elsewhere [23].

The two alloys, i.e., (Co78Fe22)3V and (Co85Fe15)3V, exhibited a different fracture

behavior. When (Co78Fe22)3V specimens were tested in a controlled environment such as

vacuum, the specimens showed predominantly transgranular fracture [Fig. 2(a)]. On the other

hand, (Co85Fe15)3V specimens showed predominantly intergranular fracture, even when tested in

dry oxygen [Fig. 4(c)]. These observations suggest that the grain boundaries are essentially

weaker in (Co85Fe15)3 V than in (Co78Fe22)3V. The study of grain refinement further indicates

that grain boundaries of (Co85Fe15)3V are embrittled by the heat treatment at 1000 C for 6 min.

In order to understand this embrittlement, let us consider the phase stability in (Co, Fe)3V alloys.

Figure 6 shows the phase relat;onship observed in the pseudobinary system Co3V-Fe3 w [7]. The

electron-to-atom ratio (e/a) in ,263V is lowered by partial substitution of iron for cobalt to give

(Co,Fe)3V. For e/a < 7.89, the Ll2-type cubic structure can be stabilized. As shown in Fig. 6,

the (Co85Fe15)3V alloy is located exactly on the boundary between the cubic region and cubic +

hexagonal region, while the (Co78Fe22)3V alloy is located well inside of the cubic region, lt is

thus possible that the (Co85Fe15)3V specimens contain a trace amount of brittle hexagonal phase at

the grain boundary, and, hence, they are more prone to brittle intergranular fracture. Our results

suggest that the heat treatment at 1000°C further enhances the formation of the hexagonal phase at

the grain boundaries, resulting in embrittlement of the (Co85Fe15)3V specimens with both fine and

- .......... _11 II Ii .... . - -



9

coarse grain sizes. TEM observations are required to characterize the grain boundary structure in

(Co85Fel 5)3V.

5. SUMMARY

L12-ordered (Co,Fe)3V alloys with compositions (Co78Fe22)3V and (Co85Fe15)3V were

found to be susceptible to environmental embrittlement at ambient temperatures. The yield and

flow stresses were insensitive to test environment, whereas the ductility and ultimate tensile

strength decreased according to the sequence of dry oxygen, vacuum, air, and distilled water. The

ductility loss was accompanied by a change in fracture mode from transgranular to intergranular.

The environmental embrittlement in the (Co,Fe)3V alloys is caused by moisture-induced hydrogen,

which is transported to grain boundaries, probably by superlattice dislocations, resulting in grain-

boundary decohesion and increase in intergranular fracture.

The grain boundaries are more intrinsically brittle in (Co85Fe15)3V than in (Co78Fe22)3V.

A possible explanation was given on the basis of phase stability, suggesting the existence of a

brittle hexagonal phase at grain boundaries in (Co85Fels)3V. This explanation is further supported

by study of the grain-size effect in this alloy.

6. ACKNOWLEDGMENTS

The authors are grateful to J. A. Horton and C. G. McKamey for reviewing the manuscript.

Thanks are also due to C. A. Carmichael, Jr., and D. H. Pierce for technical assistance and to

Shirin Badlani and Barbara Mercer for manuscript preparation. This work was sponsored by the

Division of Materials Sciences, U.S. Department of Energy, under contract DE-AC05-84OR21400

with Martin Marietta Energy Systems, Inc.



1 0

REFERENCES

1. K. Aoki and O. Izumi, Nippon Kinzoku Gakkaishi, 43 (1979) 1190.

2. C.T. Liu, C. L. White, and J. A. Horton, Acta Metall., 33 (1985) 213.

3. T. Takasugi, O. Izumi, and N. Masahashi, Acta Metall., 33 (1985) 1259.

4. T. Takasugi, N. Masahashi, and O. Izumu, Scr. Metall., 20 (1987) 1317.

5. T. Takasugi and O Izumi, Acta Metail., 33 (1985) 39.

6. C.T. Liu and H. Inouye, Metall. Trans. A, 10A (1979) 1515.

7. C.T. Liu, Int. Metals Rev., 29 (1984) 168.

8. C.T. Liu and E. M. Schulson, Metall. Trans. A, 15A (1984) 701.

9. T. Takasugi, M. Nagashima, and O. Izumi, Acta Metali., 38 (1990) 747.

10. C.T. Liu and C. G. McKamey, High Temperature Aluminides and Intermetallics, TMS,
Warrendale, 1990, p. 133.

11. A.K. Kuruvilla, S. Ashok, and N. S. Stoloff, Proc. Third Int. Cong. on Hydrogen in
Metals, Pergamon Press, Oxford 1982, p. 629.

12. A.K. Kuruvilla and N. S. Stoloff, Scr. Metali., 19 (1985) 83.

13. G.M. Camus, N. S. Stoloff, and D. J. Duquette, Acta Metall., 37 (1989) 1497

14. T. Takasugi and O. Izumi, Acta Metall., 34 (1986) 607.

15. Y. Liu, T. Takasugi, O. Izumi, and T. Yamada, Acta Metall., 37 (1989) 507.

16. Y. Liu, T. Takasugi, O. Izumi, and H. Suenaga, J. Mater. Sci., 24 (1989) 4458.

17. T. Takasugi, M. Takazawa and O. Izumi, J. M o_ter.Sci., 25 (1990) 4239.

18. N. Masahashi, T. Takasugi, and O. Izumi, Metall. Trans. A, 19A (1988) 353.

19. T. Takasugi, N. Masahashi, and O. Izumi, Scr. Metall., 20 (1986) 1317.

20. C.T. Liu and W. C. Oliver, Scr. Metall., 25 (1991) 1933.

21. T. Takasugi, H. Suenaga, and O. Izumi, J. Mater. Sci., 26 (1991) 1179.

22. C. Nishimura and C. T. Liu, Sc_'. Metall., 25 (1991) 791.

23. C. Nishimura and C. T. Liu, submitted for publication to Acta Metall.

24. C.T. Liu and M. Takeyama, Scr. Metall., 24 (1990) 1583.



11

25. G.M. Bond, I.M. Robertson, and H. K. Birnbaum, Acta Metall., 37 (1989) 1407.

26. J.K. Tien, A. W. Thompson, I. M. Bernstein, and R. J. Richards, Metal. Trans. A, 7A
(1976) 821.

27. H.H. Johnson and J. P. Hirth, Metall. Trans. A, 7A (1976) 1543.

28. J.A. Donovan, Metail. Trans. A, 7A (1976) 1677.

29. C. Nishimura and C. T. Liu, in preparation.



12

FIGURE CAPTIONS

Fig. 1. Stress-strain curves for (Co78Fe22)3V specimens tested in vacuum, air, or distilled water
at room temperature at a strain rate of 3.3 x 10.3 s"1.

Fig. 2. SEM fractographs of (Co78Fe22)3V specimens with a grain size of 60 tam tested at a
strain rate of 3.3 x 10-3 s-1 in: (a) vacuum, (b) air, and (c) distilled water.

Fig. 3. SEM fractograph of a (Co85Fels)3V specimen with a grain size of 60 tam prepared by the
normal heat treatment (1100*C/40 min + 8000C/5 h + 700*C/17 h), tested at a strain rate
of 3.3 x 10-3 s-1 in dry oxygen.

Fig. 4. SEM fractographs of (Co85Fe15)3 V specimens tested at a strain rate of 3.3 x 10-3 s-I in:
(a) air, (b) vacuum, and (c) dry oxygen.

Fig. 5. SEM fractographs of (Co85Fe15)3V specimens tested at a strain rate of 3.3 xlO-3 s-1 in
dry oxygen: (a) grain size = 15 tam and (b) grain size = 60 tam, given the complex heat
treatment (1100°C/40 rain + I000°C/6 rain + 800°C/5 h + 700°C/17 h)

Fig. 6. Phase relationship of (Co,Fe)3V alloys in terms of electron-to-atom ratio (e/a) [7].

i ............................................................ _. - -



Table 1. Effect of test environment on tensile properties of the (Co,Fe)3V alloys with a
grain size of 60 lam, tested at room temperature at a strain rate of 3.3 x 10-3 s-I

Test Strength (MPa) Elongation
environment (%)

Yield Ultimat,

(Co78Fezz)aV

Water 345 883 15.3

Air 338 1020 20 q

Vacuum 347 1382 35.8

(Co85Fel 5)3 V

Air 342 642 6.3

Vacuum 353 1233 18.8

Oxygen 366 1429 24.2



Table 2. Grain size effect on tensile properties of (Co,Fe)3V alloys
tested at room temperature at a strain rate of 3.3 x 10-3 s-1

Strength (MPa)
Test Grain size Elongation

environment (Ixm) Yield Ultimate (%)

(C 07 8F e2 2)3V

Air 15 351 1298 27.1
60 338 1020 20.0

(Co8 5Fel 5)3V

Air 15 416 658 6.2
60 342 642 6.3

Oxygen 15 404 923 10.9
60 366 1429 24.2
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Fig. 1. Stress-strain curves for (Co78Fe22)3 V specimens tested in vacuum, air, or

distilled water at room temperature at a strain rate of 3.3 x 10-3 s-1.



Fig. 2. SEM fractographs of (Co-TsFe22)3V specimens with a grain size of 60 lam tested
at a strain rate of 3.3 x 10-3 s-I in: (a) vacuum, (/3) air, and (c) distilled wa;._:"



200#m

Fig. 3. SEM fractograph of a (Cos5Fel5)3 V specimen with a grain size of 60 tam
prepared bv the normal heat treatment (1100°C/40 min + 800"C/5 h +
700°C/17 h), tested at a strain rate of 3.3 x 10-3 s-1 in dry oxygen.



Fig. 4. SE,N1fractographs _1 (Co_sFeis)3V specimenslested _t a slr;iin r;_teof
3.3 x 1[)-3s-1 in: (_) ,_ir. (/3)vacuum. _nd (_')dry oxygen.
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Fig. 5. SEM fractogr;_phs of (Cos5Fel5)3V specimens tested at a strain rate of
3.3 x10-3 s-I in dry oxygen: (a) grain size = 15 tam and (b) grain size = 601am,
given the complex heat treatment (1100"C/40 min + 10()0°C/6 rain + S(X)"C/5 h +
700°C/17 h)
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Fig. 6. Phase relationship of (Co,Fe)3V alloys in terms of electron-to-atom ratio (e/a) [7].






