
JMEPEG (1995) 4:63-69 �9 ASM International 

Evaluation of Microstructure and Phase Relations in a 
Powder Processed Ti-44AI-12Nb Alloy 

S.G. Kumar, R.G. Reddy, ,1. Wu, and & Holthus 

Titanium aluminides based on the ordered face-centered tetragonal 3(l'iAl phase possess attractive prop- 
el'ties, such as low density, high melting point, good elevated temperature strength, modulus retention, 
and oxidation resistance, making these alloys potential high-temperature structural materials. These al- 
loys can be processed by both ingot metallurgy and powder metallurgy routes. In the present study, three 
variations of the powder metallurgy route were studied to process a Ti-44Al-12Nb (at. %) alloy: (a) cold 
pressing followed by reaction sintering (CPprocess); (b) cold pressing, vacuum hot pressing, and then sin- 
tering (HP process); and (c) arc melting, hydride-dehydride process to make the alloy powdel; cold 
isostatic pressing, and then sintering (AM process). Microstructural and phase relations were studied by 
x-ray diffraction (XRD) analysis, optical microscopy, scanning electron microscopy with an energy-dis- 
persive spectrometer (SEM-EDS), and electron probe microanalysis (EPMA). The phases identified were 
Ti3A! and TiAI; an additional Nb2Ai phase was observed in the HPsample. The microstructures of CPand 
HPprocessed samples are porous and chemically inhomogeneous whereas the AM processed sample re- 
vealed fine equiaxed microstructure. This refinement of the microstructure is attributed to the fine, ho- 
mogeneous powder produced by the hydride-dehydride process and the high compaction pressures. 
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1. Introduction 

INTERMETALLICaluminides based on nickel, iron, and tita- 
nium are fast emerging as potential alternative high-tempera- 
ture materials to nickel-based superalloys. These alloys 
possess many of the properties required to meet the ever in- 
creasing performance levels of the aerospace industry, such as 
high specific strength, high specific modulus, and high-tem- 
perature properties like strength, modulus retention, oxidation 
resistance, and creep resistance. The densities of  titanium alu- 
minides are low compared to nickel or iron aluminides (Ref 1- 
3). Among the titanium aluminides, alloys based on (x2113A1 
and ~IiA1 have received wide attention in recent years. The 
strong A-B bonding of these ordered structures favors the reten- 
tion of elastic moduli, elastic strength, creep resistance, and fa- 
tigue resistance at elevated temperatures due to the slow 
diffusion kinetics. Many of these ordered structures exhibit 
anomalous flow behavior, in which the critically resolved shear 
stress increases then decreases with increasing temperature 
(Ref4). Some of the identified applications for these alloys are 
compressor blades and turbine disks. Gamma titanium alu- 
minides may also find applications as automobile turbo charg- 
ers due to their low density of  3.8 g/cc compared to 4.6 g/cc of 
ct2qi3Al alloys (Ref 5). 

Like other intermetallic aluminides, titanium aluminides 
suffer from poor room temperature ductility. Additions of up to 
25 at.% niobium to ~2 alloys considerably improved the ductil- 
ity (Ref 6). The T alloys that have been developed so far are 
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classified as single-phase y alloys and two-phase (X 2 + ~/alloys. 
Single-phase y alloys contain ternary additions, such as Nb or 
Ta, that improve the strength and oxidation resistance. In the 
two-phase alloys, additions of V, Cr, and Mn improve ductility 
whereas additions of Nb and Ta improve the oxidation resis- 
tance (Ref 7). 

The nature of the microstructure achieved by the ther- 
momechanical process plays a significant role in controlling 
the properties. Structures that are obtained, in general, are 
either lamellar, equiaxed, or a combination of both. In single- 
phase'/alloys, the presence of approximately 10 vol% of(x 2 im- 
proves ductility, and a lamellar volume fraction of 
approximately 0.3 gives reasonable combination of strength, 
ductility, and high-temperature properties in the two-phase al- 
loys (Ref 3, 8). 

Intermetallic aluminides can be processed by both ingot 
metallurgy and powder metallurgy routes. In the ingot metal- 
lurgy route, vacuum arc melting, electron beam melting, and 
electroslag remelting are commonly used (Ref 9). Rapid solidi- 
fication, mechanical alloying, and hot isostatic pressing are the 
powder metallurgy methods. In recent years, powder metal- 
lurgy techniques, such as reactive sintering, vacuum hot press- 
ing, extrusion, dynamic compaction, and plasma spraying, 
were used to process the high-temperature intermetallic alu- 
minides (Ref 10). Powder processing, in general, improves the 
microstructural homogeneity, minimizes segregation, and per- 
mits near net shape forming approaches and processing of com- 
posite structures. 

The forming of TiAI billets by the ingot metallurgy route is 
difficult due to the brittleness of the intermetallic phase. To 
overcome this, products can be made through the powder met- 
allurgy route using either elemental powder or prealloyed pow- 
ders. In the reactive sintering process, elemental powders in 
stoichiometric proportion are blended and compacted to form 
green compacts and then sintered at the desired temperatures. 
Schafrik (Ref 11) used this blended elemental approach fol- 
lowed by extrusion to produce a bar product. Wang and Dahms 
(Ref 12) studied the influence of the extrusion ratio on the sin- 
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tering behavior of a cold-extruded powder mixture of Ti-48A1. 
The successful preparation of alloy parts from prealloyed pow- 
ders depends on the particle shape and size distribution. Gas at- 
omization and plasma rotating electrode processes are some of 
the methods used to produce prealloyed powders (Ref 10). Ti- 
tanium has a strong affinity toward hydrogen, forming brittle 
hydrides. This is the basis for thermochemical processing, 
which is essentially a hydride-dehydride process. This process 
refines the final microstructure, which may lead to signifi- 
cantly improved mechanical and fatigue properties (Ref 13). 
The authors recently presented the refined microstructures ob- 
tained through this process in an c~2Ti3AI alloy and the effect of 
processing on phase relations in a series of high-temperature 
aluminides (Ref 14-17). In the present study, a systematic in- 
vestigation was undertaken to study the effect of powder proc- 
essing on the microstructure and phase relations in a 
44TI-44Al-12Nb at.% alloy (48Ti-27AI-25Nb wt% alloy). 
Samples were processed through: (a) cold compaction of ele- 
mental powders followed by sintering (CP process); (b) hot 
vacuum pressing of cold compacted elemental powders fol- 
lowed by sintering (HPprocess); and (c) arc melting to produce 
alloy ingot, hydride-dehydride process to make prealloyed 
powders, cold isostatic pressing, then sintering (AM process). 
These samples were analyzed by XRD, optical microscopy, 
SEM-EDS, and EPMA for phase and microstructural analysis. 

2. Experimental Procedure 

The three processing methods adopted in this study are cold 
pressing (CP), hot pressing (HP), and arc melting (AM). For the 
CP and HP studies, samples in 44TI-44Al-12Nb (at.%) were 
prepared from elemental powders of-325 mesh size. Titanium 
powder (99.98% pure), aluminum powder (99.99% pure), and 
niobium powder (99.8% pure) were used. For AM studies, tita- 
nium wires (99.99% pure), aluminum rods (99.999% pure), 
and niobium chunks (99.95% pure) were used to avoid sputter- 
ing of powders. 

2.1 Sample Preparation 

Sample preparation techniques are described in detail else- 
where (Ref 14), and only a brief description is given here. In the 
CP process, the powders were weighed in stoichiometric pro- 
portions, thoroughly mixed in a V-shaped rotating mixer for 
about five hours, and then compacted into ll.2-mm-diameter 
pellets using steel die at 396 MPa for one minute. The com- 
pacted pellet was then reaction sintered at 1273 K in argon at- 
mosphere. 

In the HPprocess, a cold compacted pellet was prepared in a 
way similar to the CPprocess, and the pellet was surrounded by 
a layer of boron nitride powder on all sides in a graphite die of 
12.5-mm inner diameter. The graphite die was placed in a vac- 
uum furnace (10 -5 atm) and hot pressed at 900 K and 36 MPa 
for 10 minutes. After hot pressing, the pellet was cleaned on 
SiC paper followed by ultrasonic cleaning to remove any traces 
of the boron nitride powder. These pellets were then sintered at 
1273 K in argon atmosphere. 

In the AM process, which refers to preparation of the alloy 
from prealloyed powders, the titanium wires and niobium 
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Fig. 1 X-ray analysis of the 44Ti-44Al-12Nb alloy processed 
through (a) the AM route and (b) the HP route. * indicates Ti3A1. 
+ indicates TiA1. # indicates Nb2AI. 

chunks were melted repeatedly on a copper hearth under a flow 
of purified argon gas using tungsten electrodes. "titanium and 
niobium were melted before the additioa of aluminum rods to 
prevent the evaporation losses of ah~minum at the high tem- 
peratures and vacuum involved. Aluminum rods were also 
melted together with Ti-Nb to get a final solidified button of 2.5 
grams. Prealloyed powders o f -325  mesh size were prepared 
from this solidified button using the hydride-dehydride proc- 
ess. For this, the arc melted alloy button was crushed into 
coarse, solid pieces, which were then hydrogenated in hydro- 
gen atmosphere at 1073 K. The coarse powder then was 
crushed and ball milled for five hours usi,~g tungsten carbide 
balls in hexane solution to prevent oxidati~:~, After ball milling, 
the solution was filtered out, and the fine alloy powder obtained 
was dried overnight in open air. The dried powder was dehydro- 
genated at 1173 K and 10 -5 atm vacuum for one hour. This pow- 
der was sieved to obtain -325 mesh size, which was cold 
pressed at 612 MPa and cold isostatic pressed at 1296 MPa to 
obtain 12.5-mm-diameter pellets. The pellets were then sin- 
tered at 1273 K. 

2.2 Sintering 

The cold-pressed and hot-pressed pellets were wrapped 
with tantalum foil and sintered at 1273 K in a high-temperature 
furnace backfilled with argon gas. To avoid the melting of alu- 
minum in the pellets, the samples were heated up to 873 K, kept 
at that temperature for 18 hours, and heat treated at 1273 K for 
30 hours. For the pellet made from the arc melting route, the 
sample was directly heated up to 1273 K and maintained there 
for 18 hours. 

3, Results and Discussion 

3.1 XRD 

All three samples were characterized for phase analysis by 
XRD using a Siemens D500 diffractometer with DIFFRAC AT 
software (both registered tradenames of Siemens Industrial 
Automation, Inc., Madison, WI 53719). Also, the powder ob- 
tained after hydrogenation of the arc melted sample was ana- 
lyzed by XRD for hydride formation. The peak positions 
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Fig. 2 Microstructure of 44Ti-44Al-12Nb alloy processed 
through AM. 

]hble 1 Electron probe mieroanalysis 

Composition, at. % 
Sample Phase Ti AI Nb 

AM processed Bulk 43 45 12 
HPprocessed 1 38 49 13 

2 45 50 5 
Nb2AI 10 36 54 

samples, respectively, along with the EDS spectra. No clear mi- 
crostructural morphology is discernible in HP samples as 
shown in Fig. 3(a). The bulk composition of the sample ap- 
proximates to initial stoichiometric proportion (Fig. 3b). Some 
areas revealed the "HAl phase with lower soluble Nb (Fig. 3c) 
and some Nb-rich phases corresponding to Nb2AI (Fig. 3d). 
The equiaxed nature of the AM sample, as shown in Fig. 2, is 
manifested by the SEM micrograph shown in Fig. 4(a) and (b) 
at different magnifications. Note the hexagonal nature of some 
of the grains corresponding to the "H3AI phase. This sample, in 
general, revealed the same composition throughout the matrix 
(Fig. 4c). 

3.3 EPMA 

The pellets prepared by HP and AM routes were also ana- 
lyzed by EPMA. The elementary distributions of titanium, alu- 
minum, niobium, and oxygen in an AM sample are shown in 
Fig. 5. Alight field indicates a high content of the element con- 
sidered. The distribution of the elements is uniform. The ele- 
mental mapping of'H, AI, and Nb in both the samples is shown 
in Fig. 6(a) to (f). The concentrations in Fig. 6 are in weight per- 
cent. These elements are equally distributed throughout the ma- 
trix in the AM sample (Fig. 6d-f) while their distribution is 
nonhomogeneous in the HP sample (Fig. 6a-c) with varying 
content of 16 to 56 wt% Ti, 8 to 28 wt% A1, and 0 to 20 wt% Nb. 
The quantitative analysis of these samples is given in Table 1. 
Only c~ 2 and "{ are present in the AM sample whereas the HP 
sample has the Nb2Al phase in addition to cr 2 and 7- 

obtained for CP and HP processed samples are quite similar, 
though CP processed samples exhibited a large background. 
Figure 1 compares the XRD patterns obtained on the pellets 
processed by HP and AM processes. Notice that the phases 
identified are mostly tx2"H3AI and )rliAl, and some of the peaks 
in the HP sample correspond to the Nb2AI phase. 

3.2 Microstructural Features 

After XRD analysis, the samples were mounted and pol- 
ished to obtain a scratch-free surface using 240, 320, 400, and 
600 grit SiC paper. Final polishing was done on microcloth us- 
ing diamond slurry. The sample surface was then etched with an 
etchant prepared from 10 mLconcentrate HF, 5 mLconcentrate 
HNO3, and 85 mLH20 for 15 seconds and observed for micros- 
tructural features using an optical microscope. The mi- cros- 
tructures of CPand HPprocessed samples are porous and do not 
reveal any significant features. The porosity of the CP and HP 
processed samples is estimated to be approximately 40 to 45% 
based on the micrographs taken in unetched and etched condi- 
tions.The microstructure of an AM processed sample is shown 
in Fig. 2. The microstructure of the sample processed by the 
AM route is quite distinct and dense when compared to the 
other two samples with a porosity of approximately 4 to 6%. 
The microstructure reveals a dual-phase structure consisting of 
"H3AI islands in a matrix of fine equiaxed "HAl grains. The HP 
and AM processed samples were then coated with silver and 
analyzed by a SEM-EDS attachment. Figures 3(a) to (d) and 
4(a) to (c) show the SEM micrograph of HP and AM processed 

4. Discussion 

The "H-AI binary phase diagram indicates a wide range of 
homogeneity for ~/l'iA1 (Ref 18). Alloys with 22 to 36 at.% AI 
are single-phase'H3Al in nature. Those with 36 to 49 at.% AI are 
two-phase qi3A1 + TiAI, and those with 49 to 66 at.% A1 are sin- 
gle-phase ~l~iA1. In conventional solidification, the formation 
of Irl'iAl proceeds by a peritectic reaction between 13"H and liq- 
uid Ti at approximately 1753 K. The presence and amount of 
the "Ii3AI phase depends on the exact composition of the alloy. 
In the present AM process, one would expect the as-cast struc- 
ture to be lamellar or dendrites of 7 and ct 2 with ~/being the 
peritectic reaction product. However, the microstructure after 
final heat treatment does not show the presence of any lamellar 
structure. The microstructure is predominantly fine equiaxed 
grains of 7 and 52 phases as detected by XRD. In this context, it 
is pertinent to discuss the refining effect of hydride-dehydride 
process on the microstructure. The solubility of hydrogen in 
)ffiAl is very little while it is quite high in Ti3AI (Ref 7). The 
substantial refinement of the microstructure after final heat 
treatment and the brittleness of the alloy after hydrogenation 
indicates that a large amount of hydrogen has entered the alloy 
lattice forming brittle titanium hydrides. The presence of tita- 
nium hydrides is confirmed by XRD. This in turn confirms the 
presence of the hcp ct 2 phase in the as-cast alloy. This observa- 
tion is consistent with the results of many investigators, which 
indicated that the phase that forms from the liquid is not cubic 

but the hexagonal phase (Ref 19-21). SEM micrographs of 
the AM sample revealed the presence of hexagonal shaped 
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(a) (b) 

(c) (d) 

Fig. 3 SEM-EDS analysis of 44Ti-44AI-12Nb alloy processed by HP. (a) SEM micrograph. (b) EDS spectrum indicating bulk composi- 
tion. (c) EDS spectrum indicating Ti-rich phase. (d) EDS spectrum indicating Nb-rich phase. 

grains (Fig. 4b). The presence ofct 2 and )'is confirmed by XRD 
and is consistent with the reported phases in Ti-AI binary alloys 
(Ref 12, 19-25). EDS and EPMA data could only confirm the 
composition to be in stoichiometric proportion, and no clear 
~Ii3AI and "HAl phases are discernible based on the composi- 
tion. The elemental mapping indicated that the distribution of 
phases is uniform, which is consistent with the fine equiaxed 
microstructure of optical microscopy (Fig. 5). 

The forming of a cast "HA1 ingot/billet is difficult due to the 
brittleness of the intermetallic phase. This problem can be over- 
come by the powder metallurgy approach of cold extrusion fol- 
lowed by reactive sintering. Hot pressing in vacuum helps in 
achieving the consolidation. The XRD pattern and microstruc- 
tures obtained in the present study of CP and HP processes are 
similar. The XRD data indicated peaks corresponding to "H3AI, 
TiAI, and Nb2AI. The presence of Nb2A1 was confirmed by 
EDS and EPMAdata. In general, these samples are chemically 

inhomogeneous and porous in nature. The high porosity pres- 
ent in the samples could be due to the low compaction pressures 
used and to the Kirkendall effect. In the present study, the sam- 
ples were sintered at 873 K for nearly 18 hours before the final 
heat treatment of 1273 K for 30 hours. In other words, primary 
sintering is pure solid state interdiffusion, which leads to the 
Kirkendall effect in which creation and accumulation of vacan- 
cies takes place on the side of the diffusion couple with the 
faster diffusing constituent (Ref 26). As a result of such one- 
sided diffusion, the porosity of the previously dense sample in- 
creases. The absence of this effect in a "H3AI-Nb alloy was 
noted by the present authors recently (Ref 14). In the HP sam- 
ple, EPMA data indicated two Ti-A1 phases with a large differ- 
ence in the niobium solubility. The solubility of niobium in 
o~2Ti3AI is 12 at.% (Ref 27). Based on this, the phase with 38"15- 
49AI-13Nb is identified as "H3AI, and the phase with 45"13- 
50AI-5Nb is TiA1. 
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(a) (b) 

(c) 

Fig. 4 SEM-EDS analysis of 44Ti-44Al-12Nb alloy processed by AM: (a) and (b) SEM micrograph. (c) EDS spectrum indicating bulk com- 
position. 

solubility of oxygen in "/HAl is 1500 to 2300 ppm (Ref 11). 
Oxygen from ~rriA1 diffuses to the t~2"l'i3A1 phase during cool- 
ing. Lowering of the oxygen content of the T phase improves 
the ductility of TriAl alloys (Ref 22). The average oxygen con- 
tent as determined by EPMAis 1375 ppm, varying from 100 to 
2500 ppm in the AM sample, and 1500 ppm, varying from 900 
to 2500 ppm in the HP sample. Such a large scatter in oxygen 
values of yliAl alloys is reported in Ref 28. 

Fig. 5 EPMAmapping of the elemental distribution in the al- 
loy processed by the AM process. 

The "/15AI phase is resistant to oxidation up to 1173 to 1273 
K compared to the 923 K limit of~3A1 alloys (Ref 7). However, 
the oxidation resistance decreases with decreasing A1 content 
or increasing volume fraction of the (X 2 phase. Elements like 
niobium, tantalum, or tungsten will improve the oxidation re- 
sistance. Oxygen is an ct stabilizer, and its solubility in t~2~3Al 
is more when compared to ~IiA1. The reported value of the 

5. Conclusions 

Intermetallic alloys based on the ~fiAl phase are considered 
to be some of the potential high-temperature structural materi- 
als. Currently, research efforts are underway to improve the 
room temperature ductility of these materials through the addi- 
tions of various alloying elements. Niobium additions are 
known to improve the oxidation resistance. These alloys are 
processed by either the ingot metallurgy route of melting and 
casting or the powder metallurgy route of rapid solidification, 
hot isostatic pressing, etc. All these methods need high tem- 
peratures and pressures. The present study was undertaken to 
develop an alternative, cost-effective powder metallurgy proc- 
essing of these materials. A ~-A1-Nb intermetallic alloy with 
the composition 44-44-12, respectively, was processed by the 
powder metallurgy route of alloy preparation from elemental 
powders (CP and HP processes) and prealloyed powders (AM 

Journal of Materials Engineering and Performance Volume 4(1) February 1995---67 



17~.88 176.22 178.57 176.91 177.28 1 ~ . ~  1TL95 17'8.29 

404.06 404.O4 

403.72 403.72 

403.39 403.39 

403.06 403.00 

402.72 402.72 

402.39 402.'q2 

402.06 402.00 

401,72 401.72 

401.39 401 32 
175.86 176.22 176.57 176.91 177.26 177,~ 1~,95 178,29 

(a) (b) 

Wt. al 

175 .~  174 .~  178.57 17L91 l ~ A  177.60 177.95 S ~ 9  
404.39 �9 ~ . , . ,  ",~., " - - l ~ ,  ] - -~_~- -404.39 

t " 

403.39 N 

403.00 4~3.04 

402.72 o ~ 402.72 

402.39 402.39 

402.06 402.06 

401.72 401.72 

401.3g "'" . . . .  4Q1.39 
175.88 176.22 178.57 176.91 177,~& 177,60 17"7.95 1 7 | . ~  

(c) (d) 

Wt. Nb 

Wt. Ti 
44~9 , w o  470~ 47=7 47Jo 47.74 47.97 44z~ 4 o , ,  44~7:58. 

~71m ~ 7  - - / , ~ . ~  ~ _ ~ . ~ . ~ . ~  . . ~ , ~ ,  .... 

170,~J ~ 170.86 

17Q.~ 170.59 

I ~ , 3 2  170.32 

1 i1~.04 110.06 

1~9.79 189.79 

16~,52 18~52 

IdW.ZQ 169.28 

( N I  160.99 
l lUL '~LS6 44.60 47.03 47.27 47.~0 47.74 47.97 48,21 44,44 48.M 

Wt. Al 
44.58 44.00 47,03 47-~7 47.50 47.74 47.97 48.21 48.44 40.S8 

171.39 171.39 i i h l l i  

171.12 171.12 

I ~ 1 4  170.86 

1 ~  170.59 

17O.*U 170.32 

170.04 170.06 

lm .79  169.79 

l ira J 2  16g,52 

1EL21 169.28 

l a m ~  1M.99 
~ 6  ~ 4 7 ~  4 7 ~  4 7 ~  47.74 47,97 qL21 ~ 4 4  4 0 . ~  

~ . 5 8  

~ . O 4  

403.73 

~ . 5 8  

403.04 

402.72 

402.06 

401.72 

401.3g 

1'7~.88 17622 176.'17 178.91 1~.24  1 ~ . ~  1~.95 1715.20 

404.06 a ~) 

�9 o �9 �9 �9 
403.72 

403.39 

o 

~ , 0 6  

402.72 

4O2.O6 

�9 ~7~.8S ~76.22 176.:~7 17&.91 177.26 IT'.SO 1T~.99 178-211 

Wt. Ti 

(e) (f) 

f i t .  
4454 44JI0 47.03 47.1~ 47.~0 47.74 47.97 4E.21 4E.44 44.68 

171.39 ~ - ~ ,  . .era, 171.35 

171.12 171.12 

179JM 170.88 

1 U  170.'~9 

1~.33  170.32 

111A4 170.08 

I E L ~  169.79 

1E10,5,2 109,52 

169.28 1 U  

I ~  II . . . . . .  "IIIII l ~ . g g  
~ 47.93 47.27 4 7 ~  47,74 47.97 46,21 48.44 4 4 . ~  

Fig. 6 Quantitative elemental distribution of Ti, A], and Nb. (a)-(c) HP process. (d)-(f) AM process. 
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process). The CPprocess refers to the reactive sintering of cold 
compacted powders, and the HPprocess  is sintering of  hot vac- 
uum pressed powders. In the A M  process, the prealloyed pow- 
ders are made using the hydride-dehydride process of 
arc-melted button ingots. Phase analysis carried out by XRD, 
EDS, and EPMA indicated the presence of "li3Al and TiAI in 
both HPand AM samples and Nb2AI in the HP sample. Micros- 
tructural evaluation revealed that CPand HPprocessed samples 
are porous and chemically inhomogeneous whereas the AM 
process resulted in a dense sample with fine equiaxed grains of  
~21i3A1 and ~q]A1. This refinement of  microstructure is attrib- 
uted to the thermomechanical processing step of the hy- 
dride-dehydride process. Based on the experimental study, the 
processing of TiAI-Nb ternary alloys through the AM route 
gives better results. 
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