JOURNAL OF MATERIALS SCIENCE34(1999)3567— 3575

An investigation of the fatigue and fracture
behavior of multicomponent
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This paper presents the results of a recent study of the fracture and fatigue crack growth
behavior of a newly developed multicomponent niobium aluminide intermetallic
Nb-11AI-41Ti-1.56Mo-1.5Cr alloy (compositions quoted in at % unless stated otherwise). The
alloy is shown to have attractive combinations of room-temperature tensile ductility
(approx. 11%) and fracture toughness (approx. 83 MPa.,/m) in the as-forged condition.
However, the tensile properties and fracture toughness are degraded somewhat by direct
aging at 750°C for 25 h. The direct aged Nb-11Al-41Ti-1.5Mo-1.5Cr intermetallic is also
shown to have comparable fatigue crack growth resistance to pure Nb, IN 718 and mill
annealed Ti-6Al-4V at room- and elevated-temperature. Fatigue and fracture mechanisms
are elucidated prior to a discussion of the implications of the current results for potential
high temperature structural applications. © 7999 Kluwer Academic Publishers

1. Introduction aluminide alloys with 1.5Mo has also been shown to
Niobium aluminide-based intermetallics are beingincrease the creep rupture lives of niobium aluminide
considered as potential structural materials for applialloys. Prior work therefore suggests that an alloy with a
cations in the 700 to 80T temperature regime [1]. balance of creep and oxidation resistance may be engi-
The interest in this new class of B2orthorhombic in-  neered in niobium aluminide intermetallics by alloying
termetallics is due to their moderate densitie$(l g/  with Cr and Mo.
cm?), room-temperature fracture toughnesgt0—100 The current paper presents the results of a recent
MPa,/m) [2, 3] and fatigue resistance [2-5]. The nio- study of the fatigue and fracture behavior of a niobium
bium aluminide intermetallics also have attractive com-aluminide alloy in which 1.5Mo and 1.5Cr have been
binations of room temperature ductility (approx. 3—added for the improvement of creep and oxidation re-
30%) [1-4] and strength retention at temperature ugsistance, respectively. The alloy is shown to have attrac-
to approx. 700C. tive combinations of tensile ductility(11%), strength
However, the isothermal and cyclic oxidation resis-(~800 MPa) and fracture toughness83 MPa/m)
tance of the niobium aluminide based alloys determinen the as-forged condition. However, the tensile and
the limits to their use at elevated temperature [6, 7]fracture properties are degraded by direct aging in the
Previous work by Liet al. [6] has shown that niobium potential service temperature regime760°C). The
aluminide (NBAI-xTi) alloys have sufficient oxidation alloy is also shown to have comparable fatigue crack
resistance for use as uncoated structural materials in thgrowth resistance to mill annealed Ti-6Al-4V [8], in-
temperature regime below 750. Mixed oxides, con- connel 718 [9] and pure Nb [10] in the near-threshold
sisting of complex mixtures of Tig) Nb,Os and ALO3 regime at 25 and 75@. However, the fatigue crack
have also been observed to form during the isothermairowth rates in the intermetallic alloy are significantly
oxidation of NBAI-xTi (x = 10-40 at %) alloys. faster in the Paris regime, especially at high stress ratios
Prior work on niobium aluminide intermetallics has and elevated-temperature (750).
demonstrated that alloying with chromium canincrease The paper is divided into seven sections. The ma-
the potential service conditions by50°C from 750 terials and microstructures are described in Section 2
to ~800°C [7]. However, levels of Cx 5% also re- before discussing the fracture mechanismsin Section 3.
sulted in the complete loss of room-temperature ductil-Tensile properties and fracture toughness data are then
ity, which is one of the attractive features of this newpresented in Sections 3 and 4, respectively. Fatigue
class of alloys [7]. Furthermore, alloying of niobium crack growth rate data and the micromechanisms of
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TABLE | Actual compositions in atomic percent of the Nb-41Ti- The test results show that Nb-11Al-41Ti-1.5Mo0-1.5Cr
11Al-1.5Mo-1.5Cr alloy has an average modulus ©810 GPa and a 0.2% off-
Nb AU Ti MoC O N H C cu set yield strength~788 MPa in the as-forged condi-
tion. The equivalent properties for the direct-aged alloy
Bal 11.04 41.10 1.5 1.53 0.309 0.033 0.360 0.055 0.042(750°C/25 h) were~974 GPa and-995 MPa, respec-
tively.

Stress-strain curves obtained from as-forged and

fatigue crack growth in Section 5. The implications . )
of the current results for potential high temperatured'rect'agled (750C/25 h) Nb-11A-41Ti-1.5Mo-1.5Cr
re presented in Fig. 2. This alloy exhibits strain

structural applications are examined in Section 6 alon oftening in the as-forged condition. The as-forged
with recently obtained oxidation data. Salient conclu-aIIOy also has a flow strength 0788 MPa (Fig. 2).

sions arising from this work are then summarized inHo ever. it exhibits a sianificant increase in strenath
Section 7. The paper highlights the balance of proper- WEVET, 1t exnibl Ignif : : 9

ties that can be engineered in niobium aluminide inter—and strain hardening after direct aging at 760which

metallics. However, there is a need for further researcﬁends to increase the volume fraction of orthorhombic

and development on this new class of damage toIerarﬂhlalsi' qugttgerr?tore,d_the tduc_tlllty [[S %%gr?:de_zld from
intermetallic materials. 0 .07 after direct aging a - rallure

of the as-forged specimen occurred predominantly
via ductile dimpled fracture (Fig. 3a). The loss of
tensile ductility in the direct-aged alloy was associated
ith a transition from ductile dimpled fracture (in

2. Materials
The alloy that was examined in this study was produce(ﬁe as-forged condition) to a mixed fracture mode
by triple vacuum-arc-remelting at Pittsburgh SpecialtyC

: : - onsisting primarily of intergranular facets and some
Materials, Pittsburgh, PA. The actual composition Ofthemcidence of ductile dimpled fracture.

gllgry,b?et:arr_mneq bytwet tch'erlnlcal analyts?, IS th\{[vn Since the partially ordered B2 phase is essentially
in Table 1. Ihe ingot material was upset forged in Obody centered cubic (b.c.c.) in nature, there are numer-

a billet at the U.S. Bureau of Mines in Albany, OR. ous possible slip systems that can operate in the alloy.

After forging, eIe(_:tro-discharge machined specimensl-he appearance of “wavy” slip traces on the deformed
were heattreated in evacuated (10a) quartz capsules surfaces of the tensile specimens is a common indi-

at 750°C for 25 h (direct aged). The direct aging heatcation of multislip in b.c.c. materials. Fig. 4 shows a

treatment (DA) was used to stabilize the microstructurenigh magpnification (SEM) photo of one side of an as

n :[rhhe pote:nltllal ser\rlll_ce temperature regime. dand Iforged specimen. Evidence of wavy slip was prevalent
. € metatiographic specimens were ground and poly . g5 the deformed gauge sections of the as-forged
ished to a final mirror finish. Significant efforts were specimens. However, very little evidence of slip was

made to obtain a good etch for the intermetallic Nb- ot
11Al-41Ti-1.5Mo-1.5Cr alloy. In the end, a solution of ggzgir:qz(:]sn the deformed surfaces of the direct-aged

25% lactic acid, 25% concentrated (30%) hydro- The fracture surfaces of both the as forged and di-

gen peroxide, 25% hydrofluoric acid and 25% ect aged specimens were analyzed via scanning elec-

ngrlckaa(ihwe:js_ usted todetch 'ghe spemmEns. The etc on microscopy. The mode of failure in the as forged
attacked the direct aged Specimens much more aggreéssa cimens was very different from that of the direct

sively, etching the specimens in 1/20th the time required g 4 material. Ductile dimpled fracture is clearly the

fothrr]le as-l;]orged cor_wdition.h d simil . dominant mode of failure in the as-forged condition
_The etche s?ecw;:eng_ a S|méar a\éfzrz;ge gralnﬁ:ig. 3a). Examination of the fracture surface of the di-
sizes (-55 um for the direct aged, and-52 um rect aged tensile specimen revealed that the dominant

th? for the as-forged conditipn). Figs la—c s_,how th.q‘ailure mode was cleavage fracture in this condition
microstructures of both specimens. The stabilized ml-g:ig 3b)

crostructure of the direct aged specimens clearly show

a second phase precipitating out near the grain bound-

aries (Fig. 1c). The matrix material in both the as-

forged and directed-aged specimens has a semi-orderad Fracture toughness

body centered cubic crystal structure. The second phagguplicate fracture toughness tests were conducted on

platelets in the direct-aged matrix have an OI’thOrhOmsing|e edge notched (SEN) specimens with dimension

bic crystal structure [6]. of 25.4 x 25.4 x 65 mm. The SEN specimens were pre-
cracked under compression fatigue loading [2—4] prior
to fracture toughness testing under three-point bending.

3. Tensile properties The fracture toughness tests were conducted in accor-

Duplicate tensile tests were performed on smooth, doglance with ASTM E399 specifications [12]. The spec-

bone shaped specimens that were produced via electronens were loaded continuously to failure at a loading

discharge machining. The specimens had rectangulaate corresponding to a stress intensity factor increase

cross sections, and the gauge dimensions were megate of~1 MPa,/m-s™*. The failure modes in the spec-

sured to be~3x 127 x 254 mm. The tensile tests imens were then examined under a scanning electron

were conducted in accordance with ASTM E-8 specifi-microscope.

cations [11]. The tensile specimens were loaded contin- Fracture toughness data obtained from the L-S

uously to failure ata constantstrainrate of 30*s™1.  and L-T orientations are summarized in Table Il for
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(2) (b)

©

Figure 1 (a) Microstructual profile of the as-forged sample (b) microstructural profile of the sample in the direct-aged condition; and (c) needle-like
orthorhombic platelets in a matrix of B2 in the microstructure of the direct aged material. Note the precipitate free zone in the vicinity of tine B2 grai
boundary.

TABLE Il Summary of fracture toughness values obtained in Nb-
11Al-41Ti-1.5Mo-1.5Cr alloy

Processing condition Orientation Fracture toughness 1200 i Tttt
®e

As-Forged L-S 83 MPg@m 1000 | ﬁﬁ* T
Direct aging L-S 46 MPg/m r A 1
Direct aging L-T 32 MPy/m 800 °°°°°o°oooooooooooooooo )

< A %00

% 600 ]

. . o

as-forged and direct-aged alloys. This shows thalz ,o ° AsForged J
the fracture toughness levels are somewhat affecte g & 750°C - 25hrs. !
by crack orientation (with respect to microstructure) 200 @ )
and direct aging. The as-forged alloy has a fracture

toughness of~83 MPa/m in the L-S orientation. 08
This decreased to-46 MPa/m after direct aging.

The fracture toughness level in the L-T orientation
also decreased te-32 MPa/m after direct aging. Figure 2 Stress-strain behavior of Nb-11Al-41Ti-1.5Mo-1.5Cr alloys.

% Elongation
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were performed under computer control. The tests at
25°C were carried out at stress ratidd= Kmin/Kmax

of 0.1 and 0.5, while the 75@ were conducted at a
stress ratioR = Kmin/ Kmax 0f 0.1. Crack growth was
monitored using direct current potential drop methods.
Crack growth was also monitored with a high resolution
(~1 um) Questar telescope connect to a video moni-
toring unit. The tests were initiated at stress intensity
factor ranges of-12 MPa/m . Fatigue crack growth
rate data were then obtained from load-shedding tests
at stress ratios of 0.1 and 0.5. A load-shedding rate,
C, of —0.08 mnt! was employed initially until near-
threshold conditions were reached. A constant load cor-
responding to stress intensity ranges~df0 MPa,/m

was then applied to grow the cracks out to failure.
Similar experimental methods were used in the room
and elevated temperature (25 and 769fatigue crack
growth experiments. However, crack closure was only
monitored at room temperature using back face strain
gauges [13]. The fatigue fracture modes were examined
using scanning electron microscopy.

The room-temperature fatigue crack growth rate data
are presented in Fig. 5. The Paris exponents are typi-
cally between 2 and 4. Hence, the slopes of tfleN —

AK curves are comparable to those of ductile metals
and their alloys. However, the near fatigue crack growth
rates at arR of 0.5 were approximately twice as fast
as those aR of 0.1. The growth rates at bofR-ratios
were similar in the Paris regime. However, the growth
rates in the highAK regime were much faster at the
stress ratio of 0.5.

Fatigue crack growth in all three regimes (lawK,
Paris, and highAK) occurred by a “cleavage-like”
fracture mode in the direct aged condition (Fig. 6).
However, a higher incidence of secondary cracking
was observed with increasing in the higfk regime.
Furthermore, the incidence of secondary cracking also
appeared to increase with increasingc, especially
in the highAK regime. The increase in the incidence

() of secondary cracking was also found to be greater at
Figure 3 Scanning electron micrograph of the fractured surface in thethe higher stress rati®, of 0.5. No evidence of crack
Nb-41Ti-11Al-1.5Mo-1.5Cr alloy. (a) As-forged and (b) direct aged Closure was detected by compliance (notch-mouth clip
(750°C/25 hrs). gauge) techniques at room temperature’@p
The fatigue crack growth rates obtained at 760

The trends in the fracture toughness data were corwere close to those obtained at“Z5at a stress ratio
sistent with the changes in the fracture modes in th@f 0.1. A “cleavage-like” fracture mode was also ob-
fracture modes. Also, the observed changes were simgerved at 25 and 75@ in the near-threshold, Paris and
lar to those discussed earlier for tensile fracture, i.e. th&igh AK regimes (Fig. 7). Furthermore, it is impor-
relatively high fracture toughness levels were associtant to note here that thermally-induced oxides were
ated with ductile dimpled fracture in the as-forged con-not observed on the fracture surfaces of the specimens
dition, while the lower fracture toughness levels werethat were tested at 75C. This suggests that oxide-
associated with mixed, predominantly cleavage fracturénduced crack closure does not play a significant role
modes. The reasons for the transition from ductile dim4n the fatigue crack growth behavior at 78D. This

pled fracture to brittle cleavage fracture are unknown's in contrast with non-chromium containing niobium
at present. aluminide alloys (Nb-15AI-40Ti and Nb-12.5Al-44Ti-

1.5Mo) in which thermally-induced oxide layers (with

thicknesses comparable to the crack opening displace-
5. Fatigue crack growth ments) were formed during fatigue crack growth testing
Fatigue crack growth experiments were also conductedt 750°C [2, 5]. The thermally-induced oxide layers are
on the SEN specimens with the same geometry as thelearly sufficient to cause oxide-induced crack closure
fracture toughness specimens. The fatigue crack growtfwhich decrease the elevated-temperature fatigue crack
experiments were carried out in laboratory air (relativegrowth rates) in non-chromium containing niobium alu-
humidity approx. 40%) at 25 and 75GQ. All the tests  minide alloys.
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Figure 4 Wavy slip traces marking the surface of the AF samples that formed during tensile.
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Figure 5 Summary of fatigue crack rate for Nb-11Al-41Ti-1.5Mo-1.5Cr alloys (Ti-64 data taken from Ref. [8], in 718 data taken from Ref. [9] and
Nb data from Ref. [10]).

6. Implications base intermetallic systems, which typically have
The above results are significant because of the balandew room-temperature fracture toughness levels of
of properties of the Nb-11AI-41Ti-1.5Mo-1.5Cr alloy ~10-40 MPg/m (Fig. 8) [14-24], the current alloy
(Table Il and Figs 2 and 5). Unlike most niobium- has fracture toughness levels 6f32-83 MPa/m,
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direction of crack growth

373100ty

Figure 6 Typical fatigue fracture observed at room-temperature. (a, b) low (c, d) mid (e, ftkghegimes. R= 0.1 for a, c and e, R= 0.5 for b,
d and f).

depending on the processing/heat treatment concomparable to those of Nb-13Cr-37Ti and Nb-15Al-
ditions. The high fracture toughness levels in the40Ti. Similar fracture and fatigue resistance has been
multicomponent alloy (Nb-11AI-41Ti-1.5Mo-1.5Cr) reported by Loria [24] for a multicomponent body cen-
are greater than those of niobium-basesitu com- tered cubic Nb-35Ti-6Al-5Cr-8V-1W-0.5Mo-0.5Hf
posites (Nb-10Si, Nb-Cr-Ti and Nb-Cr-Hf-Ti-Si), and alloy.

3572



growth

" direction of crack

=
=
Ed
o
Ty
an
ot
5]
—
o
[
=)
=
o
=
|53
]
.5
o

Figure 7 Typical fatigue fracture modes observed at 760

Nb-11Al1-41Ti-1.5Mo-1.5Cr

Nb-Cr-Ti in situ composites -gj

77780

Nevertheless, the wide range of fracture toughness
data obtained for the multicomponent Nb-11AI-41Ti-
1.5Mo-1.5Cr alloy are still of some concern since
they indicate a degradation in fracture toughness with
increasing thermal exposure in the potential service
temperature regime of750°C (Table Il). Further
aging studies are therefore needed to investigate the
effects of long term aging on microstructural stabil-
ity and fracture properties before the multicomponent
Nb-11AI-4ITi-1.5Mo-1.5Cr alloy can be fully consid-
ered for high temperature structural applications.

In any case, the balance of room-temperature frac-
ture toughness (Table I1), tensile properties (Fig. 2), and
room- and elevated-temperature fatigue crack growth
resistance (Fig. 5) of the multicomponent Nb-11Al-
41Ti-1.5Mo-1.5Cr alloy is encouraging. Furthermore,
the multicomponent alloy has been shown to have better
isothermal and cyclic oxidation resistance than non-
chromium containing niobium aluminide alloys [6].
This is shown in Fig. 9a—c using isothermal oxidation
data, whichis taken from Ref. [6] for a range of niobium
aluminide based intermetallics attemperatures between
650 and 850C. Alloying with chromium consistently
reduces the isothermal oxidation rates in this tempera-
ture regime. The Cr-containing alloys exhibit the slow-
est oxidation rates when compared to all of the other
niobium aluminide alloys in this figure. Also, the mul-
ticomponent Nb-11AI-41Ti-1.5Mo-1.5Cr alloy consis-
tently exhibits the best isothermal oxidation resistance
at temperatures between 650 and 850

Further evidence of the potential of the current al-
loy for elevated-temperature structural applications is
presented in Fig. 5. This shows that the multicompo-
nent alloy exhibits relatively slow fatigue crack growth
rates in the near-threshold regime. However, the fa-
tigue crack growth rates in the Paris regime are rel-
atively fast at 750C, compared to those in pure Nb
and Ti-6Al-4V at room-temperature. Fatigue design at
elevated-temperature may, therefore, be limited to the
near-threshold or short crack regimes.

77

Nb-13Cr-37Ti (bece)

220

Nb-15A1-40Ti

7722/

Nb-Cr-HF-Ti-Si %

] Minimum

Bl Maximum

0 20

40 60 80 100 120

Fracture Toughness Values MPa+/m

Figure 8 Comparison of fracture toughness values with those of other niobium base intermetallics.
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40 —s— om0 lengths are comparable to the grain sizes (Fig. 1la—c).
o [ i 25T It is, therefore, important to conduct further research
E e — on the fatigue crack growth of microstructurally short
£ 0 TIAT TG e cracks in the current multicomponent alloy.
b [TTET WiMess Itis clear from the current study that the multicompo-
= DO0F 2000 U -A i nent Nb-11AI-41Ti-1.5Mo-1.5Cr alloy exhibits a bal-
© e o ance of fatigue and fracture resistance, tensile ductility
%n ------ " and oxidation resistance that is clearly remarkable. The
5 L0 e balance of properties have led some aeroengine com-
= panies to explore potential applications for niobium
0.0% e — — aluminide based alloys in nozzles and blades in gas
80 120 160 200 turbines. However, further alloy development and heat
Time (hours) treatment studies are needed to optimize these alloys
@ for such applications. Detailed studies of fatigue crack
160 T—— on initiation and possible short crack anomalies are also
S T ig% . needed before the alloys can be fully considered for
S 120 - 4T service in gas turbines.
&h ---cAs= 40Ti+Cr e
E F——&=  4ITMoCr %
£ 30 = . " 7. Summary
3 G (1) The room temperature ductility of the Nb-11Al-
& CarT e o 41Ti-1.5Mo-1.5Cr alloy is~11.5% in the as-forged
2 40 T mEIeE T condition. However, direct aging at 750 for 25 h
= degrades the tensile ductility te2.5% at room tem-
0.0 I (R perature. The degradation in the tensile ductility is as-
0 40 80 120 160 200 sociated with a transition from ductile dimpled fracture
Time (hours) mode to a cleavage fracture mode. Direct aging also re-
(b) sults in the precipitation of orthorhombic platelets and

significant strengthening at room temperature.

60 M—=— om
e 25'1'; (2) The fracture toughness of the Nb-11AI-41Ti-
45 | e f{% S 1.5Mo-1.5Cr alloy is~80-85 MPa/m in the as-forged
-ocAss 40TiHCr S ’ condition. Such high fracture toughness levels are com-

41Ti+Mo,Crr . .
- 2 parable to values reported for ductile metals and their

alloys. However, the fracture toughness is somewhat
degraded after direct aging at 730. Some orientation
dependence of fracture toughness is also observed, with

Weight Gain (mg/cmz)
it w
v o

_____ - the L-S orientation having a higher fracture toughness
memememememm A than the L-T orientation in the direct aged condition.
0 - ettt (3) The room temperature fatigue crack growth rates
0 50 100 150 in the near-threshold and highK regimes at a stress
Time (hours) ratio of 0.5 are twice that at a stress ratio of 0.1. The
© near-threshold fatigue crack growth rates are similar
- ) . . o ~at 25 and 750C at a stress ratio of 0.1. However, the
igure 9 Effects of alloying on isothermal oxidation kinetics at: . . . .
(a) 650°C; (b) 750°C and (c) 850C (10Ti=Nb-15A-10Ti; 25Ti=  fatigue crack growth rates in the Paris regime are much
Nb-15A1-25Ti; 40Ti=Nb-15A1-40Ti; 41Ti= Nb-12.5A-41Ti-1.5Mo;  higher at 750C at a stress ratio of 0.1.
40Ti+ Cr=Nb-15AI-40Ti-1.5Cr, and 41T Cr=Nb-11AI-41Ti- (4) Fatigue crack growth at room temperature occurs
1.5Mo-1.5Cr). by a cleavage-like fracture mode in the near thresh-

old, Paris and higiAK regimes. Similar fatigue frac-

. . L . ture modes are observed at 25 and 7G0n the three
Assuming that potential applications may involve theregimes of crack growth. However, some incidence of

application of stresses that are approximately equal tQgcondary cracking which appears to increase with in-
half of the 0.2% offset yield strength, it is possible to creasingAyK and in?:reasing Strzess ratio

estimate a critical crack length for a fatigue thresh- (5) The multicomponent niobium aluminide alloy ex-
old based design. For a 0.2% offsetyield strengifl, 5 mined in this study exhibits a balance of properties

of 995 MPa and a fatigue threshold K, of approx. (tensile ductilit : ;
. . " ! y, fracture toughness, fatigue resistance
6.5MPa/m in the direct aged condition, an estimate of 5, yidation resistance) that indicates the potential for

the critical crack lengttac, may be obtained from [25]:  gi0tyra] applications in the temperature regime below

17 2AK¢ 12 800°C.
T

1)

Oys
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