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ABSTRACT 

Within the spectrum of advanced intermetallic materials, an alloy containing 44Nb-35Ti-6Al-5Cr-8V- 

1W-OSMo-0.3Hf (at. %) was investigated in the industrial-scale produced condition. The alloy was tensile 

tested in air from room temperature to 1OOO"C and in vacuum at 750 and 850°C. Results of this study have 

shown that the alloy can be commercially produced and has adequate ductility for its secondary processing even 

at an oxygen level of 1160 wppm. The alloy has room temperature ductility of 16% and superplastic elongation 

of 244% at 1000°C. This alloy shows low intermediate temperature (600-850°C) ductility when tested in air. 

Thc vacuum testing revealed that the low ductility is associated within oxygen embrittlement phenomenon. It is 

expectcd that such an embrittlcment can be taken care of by an oxidation resistant coating. The alloy also 

posscsses superior strength to similar alloys in this class. Results of this investigation suggest a strong potential 

for consideration of this alloy to exceed the useful temperature range of nickel-base superalloys. 

'Managed by the U.S. Depamnent of Energy under contract DE-AC05-960R22464 with Lockheed 

Martin Energy Research Corp. 
~ 

' The  CuDmiKed rnanuccr.;t hac noen authored by 
a conlraclcr of toe u S Government under 
contract N O  DE.ACO5-960R22464 Accordingly. 
tne U.S. Government r*tams nonexclusive. 
rovany-tree k e n r e  IO p u ~ i ~ r n  or reproduce tne 

olntrr lo do so. lor U S Cowrnmenl purposes. 
PubliLhRd form 01 1h:s COrdrlDullOfI. Of all?W 



INTRODUCTION 

The need for new non-nickel-based superalloys for hot sections of aircraft jet engines and aerospace 

vehicles has focused attention on certain alloys that exist in the Nb-Ti-Al system. Within the spectrum of 

advanced intermetallic materials, these alloys have been categorized as ductile systems [ 11. The alloys are bcc 

solid solutions, have higher melting points than nickel-based alloys, and can be tailored to vary their melting 

point and density. This has been shown by the performance of the 40Nb-40Ti-lOAl-lOCr alloy [2] as well as 

the compositional limits of Nb-Ti alloys, which provide ductile room-temperature behavior and improved 

oxidation resistance [3]. 

The Nb-Ti base can be substantially alloyed with aluminum, hafnium, chromium, and other elements to 

provide higher strength with ductility. Increased yield strength as a function of temperature has been shown [4] 

for Alloy 3899-4, which contains 4 lNb-37Ti-5A1-5Cr-5V-5Hf-O.52r-O.2Sn (at. %). This paper presents the 

introductory properties for another alloy containing 44Nb-35Ti-6Al-5Cr-8V-1 W-OSMo-0.3Hf (at. 9%) which, 

instead of being evaluated based upon small quantities derived from laboratory-scale heats, has been produced 

via industrial-scale operations. 

MATERIAL AND PROCEDURE 

Alloy preparation involved powder metallurgy technology via mixing and pressing commercially 

available materials into disks at Oremet and double-plasma-arc cold-hearth melting at Retech to produce an ingot 

mcasuring 15.3 cm diam by 61.0 cm length and weighing 73.5 kg. After surface machining, the ingot was 

cmncd in 19-mm-thick type 304 stainless steel and extruded in the Amax 5CN)o-ton press, using a soaking 

tcmpcraturc of 1 I0O"C for 2.5 h. The 5.3:l reduction produced an extrusion of 8.13 cm diam and 305 cm 

Icngth. Then. an appropriate length was reexuuded to 25.4 mm diam on the Oak Ridge National Laboratory's 

1250-ton prcss and cold swaged to 15.9 mm diarn, Other details on chemical segregation via microprobe 

analysis both before and after ingot homogenization have been presented [5]. 

This end-product, with the adhering stainless rim, was vacuum annealed at 1100°C for 1 h, resulting in a 

mrystalli7ad grain size of 22 to 25 jm (ASTM 8), and the 12.7-mm-dim specimens were machined with a 
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gauge dim of 6.35 mm and length for 30 min of 31.7 mm (overall length is 82.6 mm). Tensile tests were 

conducted at room temperatw and at 600 to 1OOO'C in air. The time to equilibrate the specimens to the test 

temperature in air was around 30 min, and the strain rate in all cases was 3 x 10-3/s. Scanning electron 

microscopy (SEM) was employed in the examination of these specimens. 

RESULTS AND DISCUSSION 

The interstitial element content of the alloy obtained at various stages of processing is given in Table 1. It 

should be recognized that these results occurred from the use of alloying materials having the lowest content of 

these elements commercially available in quantity at reasonable cost €or this production feasibility study. Under 

these circumstances, the oxygen content of 1160 wppm is signifkantly higher than has been obtained in the 

laboratory-scale heats studied to date. For example, Alloy 3899-4 contained 500 wppm oxygen, and the range 

of oxygen content in other small heats has been 400 to 600 wppm. It is well known that the deformation 

khavior of Nb-Ti alloys is sensitive to interstitial impurities such as oxygen, and this study is the first one to 

prcwnt positive results at 1160-wppm oxygen content. 

As shown in Table 2, an optimum combination of 1107 Mpa yield strength and 16% elongation (51% 

reduction of arca) was obtained at room temperature which are the highest values obtained in a comparison of the 

tcnsilc propertics with existing Kb-Ti 3110~s. The room-temperature ductility controls alloy design since it is a 

practicd considcration that cannot bc ignored in developing alloys for application in real systems. Another 

important rcsult was the highest yield strength of 280 MPa and (unexpected) elongation of 244% when testing in 

air at IOWC. Superplastic dongation and high yield strength under these conditions would enhance isothermal 

forging of integral shapes. In comparison, 0.76-mm-thick sheet of Alloy 3899-4 has 952 MPa yield strength 

and 1 2 9  elongation at room tcmpcnture and 179 MPa yield strength with 59% elongation when tested in 

vacuum at I(KK)'C [ref. 41. ' 

Thc scanning electron microscope (SEM) photographs of the tensile tested specimens at room 

temperature with 16.2% elongation and with supcrplastic elongation of 244% at 10o0"C are shown in Fig. 1. 

This figure shows the classical cup and cone ductile fracture at room temperature and a greatly elongated and a 
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small fracture cross section for the 1OOO"C tested specimen. The dramatic difference in fracture cross sections 

for the room temperature and 1OOO"C tested specimens are shown in Fig. 2. The higher magnification 

micrographs of the room temperature and 1OOO"C specimens are compared in Fig. 3. These micrographs show 

the ductile tearing fracture mode for the room temperature tested specimen. The fracture surface of the 1000°C 

specimen also shows ductile fracture but the fracture surface is oxidized from being exposed to 1000°C in the 

test furnace after fracture. The surface of specimen tested in air at 1OOO"C is also oxidized, Fig. l(b), and in the 

absence of this oxidation the specimen would have elongated even more than 244% observed here. 

As seen in Table 2, there is an intermediate temperature range of 700 to 850°C where testing in air under 

the hold time of 30 min to equilibrate the specimens to the test temperature resulted in only 2% elongation. 

Oxygen penetration embrittlement in air was the cause and attributed to the changing degree of surface protection 

provided by the alloying elements. The 2% elongation in air at 750 and 800°C would not eliminate the alloy 

from application because it would be coated (surface protected). The effect of oxygen penetration on ductility 

was evaluated by conducting tensile tests in vacuum at 750 and 800°C. The tests in vacuum (Table 2) show that 

the low ductility values in air arc related to embrittlement caused by oxygen penetration. 

The dramatic difference of oxygen related embrittlement is shown in the SEM photographs of the 

specimens tensile tested in air and vacuum at 750 and 850°C in Fig. 4. The specimen tested in air at 750°C 

shows a totally intergranular fracture as opposed to nearly 100% ductile tearing for specimen tested in vacuum at 

thc same temperature shown in Fig. 5. The specimen tested in air at 850°C also has a 100% intergranular 

fracture as shown in Fig. 6. The testing in vacuum at 850°C produces approximately 75% ductile fracture (Fig. 

6) as opposed to 100% for 750°C. This suggests that the vacuum used in our testing was not adequate to 

complctcly eliminate oxygen related embrittlement at 850°C. Photomicrographs of Figs. 4-6 suggest that oxygen 

pcncuawd across the entire specimen diameter during testing in air at 750 and 850°C and is limited to no 

penetration in vacuum at 750°C and to few grains depth for testing in vacuum at 850°C. The specimens tested in 

air at 6()O0C also showed intergranular fracture, but with scattered ductile tearing. This implies that the oxygen 

xlated embrittiement phenomenon stllncd below 60t)"C. The exact temperature for the initiation of such 

cmbrittlcment is not known becausc no tcsting was done ktwcen room temperature and 600°C. 
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The 0.2% yield and ultimate tensiIe strength properties of the alloy of this study (44Nb-35Ti-6A1-5Cr- 

8V-lW-OSMo-0.3Hf) are compared with other Nb-base alloys in Figs. 7 and 8. These figures show that the 

alloy of this study has higher tensile strength properties than other alloys for the test temperature range for which 

the data are available. The data in Table 2 shows that the alloy also has good ductility at room temperature and 

1000°C. The poor ductility in the intermediate temperature is a result of oxygen embrittlement which can be 

reduced through the use of proper coatings. 

CONCLUSIONS 

An alloy within the spectrum of advanced intermetallic materials containing 44Nb-35Ti-6Al-5Cr-8V-lW- 

05Mo-0.3Hf (at. %) was investigated in the industrial scale produced condition. The alloy was tensile tested in 

air from room temperature to 1OOO"C. It was also tested in vacuum at 750 and 850°C to illustrate that the low 

ductility in the intermediate range is caused by oxygen embrittlement in air. Tensile tested specimens were 

examined by scanning electron microscope analysis. The following conclusions are possible from this work: 

1. Thc alloy can be produced on an industrial scale. 

2.  The alloy was processable with adequate ductility at room temperature, even with an oxygen content of 

1160 wppm. 

-3. Thc alloy shows good ductility of 16% at room temperature and superplastic elongation of 244% at 1OOO"C. 

4 .  The low ductility in air tested specimens between 750 and 850°C was shown to be associated with 

intergrxiular fracture caused by oxygen embrittlement. This was confirmed by a change of fracture mode to 

ductiic dirnpll: rupture for LCSU in vacuum at the two temperatures. 

5 .  Thc alloy also shows supxior stwngth to othcr alloys in the same class. 
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CAPTIONS 

Fig. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7.  

Fig. 8. 

Scanning electron microscope (SEM) photographs of specimens tensile tested in air at (a)  room 

temperature and (b) 1000°C. 

Scanning electron microscope micrographs of fracture surfaces of specimens tested in air at (a) room 

temperature and (b) 1OOO"C. Note the significant difference in fracture cross section between the two 

specimens. 

Scanning electron microscope micrographs of fracture surfaces of specimens tested in air at (a) and (b) 

room temperature and (c) and (4 at 1OOO"C. 

Scanning electron microscope photographs of broken tensile specimens tested at 750°C in (u) air and 

(b) vacuum and at 850°C in (c) air and (6) vacuum. Note the significant improvement in ductility of 

specimens tested in vacuum. 

Scanning electron microscope micrographs of fracture surfaces of specimens tensile tested at 750°C in 

air (a) low magnification. (b) high magnification and tested in vacuum (c) low magnification and 

(d)  high magnification. Note the change from intergranular fracture in air tested to ductile dimple 

fracture in  vacuum tested specimen. 

The SEM micrographs of fracture surfaces of specimens tensile tested at 850°C in air (a) low 

magnification and (6) high magnification and tested in vacuum (c) low magnification and (6) high 

magnification. Note the changes from 100% intergranular fracture in air tested to 75% ductile dimple 

fractun: in vacuum tcstcd specimen. 

Comparison of yield su-cngth of B2 alloy, 44Nb-35Ti-6Al-5Cr-8V- 1 W-OSMo-0.3Hf with alloys in 

thc s m e  class. A = 40Nb-40Ti- 10A1-10Cr, C = Alloy 3899-4, 4lNb-37Ti-5Al-5Cr-5V-5Hf-O.SZr- 

0.2Sn. D = 45Nb-4 1Ti- 12.5A1- 1 SMo. All of the compositions are in atomic percent. 

Comparison of ultimate: tcnsilt: strength of B2 alloy, 44Nb-35Ti-6A1-5Cr-8V- 1 W-OSMo-0.3Hf with 

alloys in the same class. A = 40Nb-40Ti- 10AI- 1oCr. C = Alloy 3899-4.41Nb-37Ti-5AI-5Cr-5V-5Hf- 

0.5Zr-0.2Sn. D = 35Nh-4 ]Ti- 12.5A1- 1 SMo. All of the compositions are in atomic percent. 
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Table 1. Interstitial content of multicomponent 

2%-Ti-Al alloy 

Produc tu 
Weight percent 

C 0 N H 

Ingot 

Round A 

Round B 

0.0600 0.1450 

0.0534 0.1200 

0.0600 0.1 160 

0.010 

0.0063 

0.010 

0.003 

0.002 

0.003 

=Average value from 6-in.-diam ingot cross section, then 

individual values for extruded round A of 3 in. diam, and 

reextruded and then swaged round B of 0.5 in. diam. 
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Table 2. Tensile propertiesa of multicomponent Nb-Ti aUoyh32 

[44Nb-35Ti-6A1-5Cr-8V- 1 W-O.5Mo-0.3Hf (at%)] 

Test 

temperature 

("C) 

Yield strength Ultimate strength 

Total 

elongation 

(%) 

Reduction 

of area 

MPa ksi MPa ksi 

2 3 ,  

600 

750 

800 

850 

1 0 0  

750 

850 

1107 160.4 

668 96.9 

627 90.7 

582  84.3 

533 78.9 

280 40.6 

595 

539 

86.3 

78.2 

Conducted in air 

1117 

84 1 

669 

612 

55 1 

280 

162.0 

121.9 

96.9 

88.7 

79.9 

40.6 

Conducted in vacuum 

68 1 

542 

98.7 

78.6 

16.2 

8.4 

1.8 

2.1 

4.8 

244.3 

26.8 

36.0 

50.7 

9.8 

1 .o 
2.0 

4.3 

96.8 

59.9 

60.9 

[JTcnsilc tcsting at a suain rate of 3 x lU3/s. 

()As rccysullizcd vicuum hcat trutmcnt of OS-in.-dim bar at 1100°C for 1 h. 
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Fig. 1. Scanning electron microscope (SEM) photographs of specimens tensile tested in air at (a) room 

temperature and (b) 10oO"C. 

Fig. 2. Scanning electron microscope micrographs of fractm surfaces of specimens tested in air at (a) morn 

temperature and (b) 1ooo"C. Note the significant diffemce in fracture cross section between the two 

specimens. 
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Fi 3. Scanning electron microscope micrographs of fracture surfaces of specimens tested in air at (a) anc 

room temperature and (c) and (d) at 1OOO"C. 
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Fig. 4. Scanning electron microscope photographs of broken tensile specimens tested at 750°C in (a) air and 

(b) vacuum and at 850°C in (c) air and (d) vacuum. Note the significant improvement in ductility of 

specimens tested in vacuum. 
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Fig. 5. Scanning electron microscope micrographs of fracture surfaces of specimens tensile tested at 750°C 

in air (a) low magnification. (6) high magnification and tested in vacuum (c) low magnification and 

(6) high magnification. Note the change from intergranular fracture in air tested to ductile dimple 

fracture in vacuum testcd specimen 
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I 

Fig. Scanning electron microscope micrographs of fracture surfaces of specimens tensile tested at 850°C in  

air (a) low magnification and (6) high magnification and tested in vacuum (c) low magnification and (6) 

high magnification. Note the changes from 100% intergranular fracture in air tested to 75% ductile 

dimple fracture in vacuum tested specimen. 
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Fig. 7. Comparison of yield strength of B2 alloy, 44Nb-35Ti-6Al-5Cr-8V-lW-OSMo-0.3Hf with alloys in 

the same class. A = 40Nb-40Ti-lOAl-l0Cr, C = Alloy 3899-4, 41Nb-37Ti-5AL5Cr-5V-5Hf-OSZr- 

0.2Sn, D =45Nb-41Ti-12.5Al-1.5Mo. All of the compositions are in atomic percent. 
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