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ON THE CRACK GROWTH RESISTANCE AND STRENGTH

OFTHE B2 IRON ALUMINIDES Fe-40AI, Fe-45AI, AND Fe- 10Ni-4OAI (at. %)

J. H. Schneibel and P. J. Maziasz

Oak RidgeNational Labom_tory
Metals and Ceramics Division

P. O. Box 2008
Oak Ridge, TN 37831-6114

Abstract

The crack growth resistance and yield strength of the B2 iron aluminides Fe-40AI, Fe-45AI, and
Fe-10Ni-4OAI (at. %) have been investigated at room temperature in laboratory air. After fast
cooling from 1273 K, Fe-45AI and Fe-10Ni-40AI are much stronger than Fe-40AI and exhibit
considerably lower crack growth resistance. The crack growth resistance decreases with
decreasing crack propagation velocity. Low crack propagation velocities favor intergranular
fracture, whe_ts high velocities can lead to significant contributions from transgranularfracture.
Boron additions to Fe-40AI and Fe-10Ni-40AI improve the crack growth resistance, reduce its
dependence on the crack propagation velocity, and cause the fracture path to be predominantly
transgranular. In a plot of fracture toughness versus yield strength, the properties of the iron
alumim'desare similar to those of typical aluminum alloys.
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Like many intcrmetallics, iron aluminides suffer from low room-temperature ductility and
fracturetoughness. One important reasonfor the low ductility of iron aluminides is the humidity
induced hydrogen embritflement first identified in these materials by Liu et al. (1) and
substantiatedby subsequent work (2-4). It is thought that aluminum atoms, which are freshly
exposedduring a tensile test, are oxidized by water vapor contained in the surrounding air. The
oxidation is accompanied by a release of atomic hydrogen, which in turn causes hydrogen
embrittlemenLIn additionto this environmentaleffect, the ductility and fracturetoughness of
iron aluminides are also likely to depend on their strength,which in turnis known to depend
strongly on the heat treatment (5,6) and may also depend strongly on alloying additions (7).
Anotherpoint of interest is the fracturemode. WhethermmsgranularfiG) (1"intergranular(IG)
fractureoccursdepends,as we shallsee, on a varietyof circumst__ncessuch as crackpropagation
velocity and micro- or macroalloyingadditions. Owing to the humidity inducedembritdement,
we also expect kinetic effects, i.e., a dependence of the crack growth resistance on the crack
propagationvelocity. At veryhighrates,for example, the oxidation of aluminumby watervapor
maynot occurfastenough to causeembrittlement,whereaslow rates wouldprovide enough time
to favor embrinlement. In orderto obtain more informationon these kinetic effects, we chose
controlled fractureexperiments, in which the crack velocity and therefore the rate with which
fresh aluminum atoms are exposed at the crack tip, can be varied over a wide range. As an
example of a microalloying effect, we studied the influence of boron, which is known to
segregate to the grain boundaries(GBs) and to enhance the GB strength(2). An example of
macroaUoyingis providedbyNi, which is solublein FeAI and increasesits strengthsignificantly
(7,8). All alloys investigated in this workexhibit the B2 (CsCl) structure.

ExuerimentalProcedure

Several iron aluminide alloys were arc-cast in argonfrom elemental constituents with typical
purifiesof 99.9 wt %. A chemical analysis of Fe-40 at. %AI is provided in Table I. Note that
compositionsareassumed to be in at.%unless otherwise noted.

TableI ChemicalAnalysisof an Alloy with the Nominal CompositionFe-40 at. %Al
ii i

Fe Al C S Si Cr Mo Nb Zr N O
Wt% 75.8 24.1 0.029 0.001 0.01 <0.01 <0.01 <0.01 <0.01 0.004 0.009-
i,at. % • 60.24 39.65 o.11

• Consideringonly Fe, A1,and C.

Thecastings, whichhad diameters and lengthsof 25 and 120mm, respectively, were extruded in
mild steel cans at 1I73 K with an areareductionof 9:1. Chevron-notchedbend specimens with
cross sections of approximately5 by 5 mm and lengths of 45 mm were prepared by electro-
discharge machining (EDM) and grinding. These specimens, whichareschematically shown in
Figure l, were annealed for 1 h at 1273K in vacuum,fast cooled in the cold zone of the vacuum
system, and then tested in a universal testing machine in 3-point bending (40-mm span) in
laboratoryair [typical relative humidity (RH) ranging from 20 to 80%] at room temperature.
Some specimens were annealed for 1 week at 673 K in airprior co testing. The pupose of this
anneal was to eliminate thermal vacancies which might have been quenched in during the fast
cooling from 1273 K (5).

Specimens were tested at different crossheadspeeds, and load-load point displacement curves
were obtained.For the particulargeometrychosen, the crackvelocity is roughlyone-tenth of the
crosshead speed. The stress intensity factors (SIFs) needed to drive the cracks were evaluated
according to a proceduredescribed in earlierpapers (9,10). Since this procedureis somewhat
involved, it should be pointed out that a reasonable value for the SIF may also be obtained by
integratingthe whole load-point displacementcurve(anenergy) and dividing it by the created
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Figure 1 - Schematicof chevron-notchedspecimenfor three-pointbending.

surfacearea. The SIF is thengivenby thissurfacework of fracture O0VOF)and the plane-strain
Young's modulus E' as:

KI = (2 WOF E')1/2. (1)

A value of 180 GPa was assumed for E' (9). For clarification,it should he noted that the WOF
is often defined as the energy needed to Lnv.akthe specimen divided by the area swept out by the
advancing crack. In this case, the factor two in Eq. (1) would be omitted. Since the samples are
relatively small, the conditions for plane-strain fracture may not he fulfilled. However, since the
sample geometry was always kept the same, the results obtained for the different alloys may he
compared.

Small compression specimens (diameter typically 2.5 ram, height 5 mm) were machined by EDM
from broken chevron-notch specimens. They were tested at room temperature at a crosshead
speed resulting in an initial strain rate of 10-3s "1. A 0.2% yield stress was evaluated from the
load-displacement curves obtained.

Two directionally solidified (DS) Fe-40AI ingots were produced in tapered alumina crucibles
(diameter approximately 10 ram, length approximately 60 mm) in a Bridgman-type furnace.
Processing was carried out in argon at 1773 K, and the withdrawal rate was 25 mm/h.

The fracture surfaces of the tested chevron-notch specimens were examined in a scanning
electron microscope (SEM) in order to assess whether the fracture mode was !G or TG.
Attention was focused on the area within approximately 2 mm of the chevron tip.

E_mental Results and Discussion-

Crack Growth Resistance

Figure 2 shows the SIF, or crack growth resistance, for Fe-40AI and Fe-40AI-0.1B (10). The
decrease in the SIF of Fe-40AI with decreasing crack velocity is accompanied by a transition
from mixed IG-TG fracture to complete IG fracture as shown in Figure 3. This suggests that the
humidity induced embrittlement occurs preferentially at the GBs and that the embrittlement of the
GBs is particularly severe when enough time is available. The grain sizes in the boron-free and
the boron-doped Fe-40AI are comparable (Table II). However, the Fe-40AI without boron
contains stringers of fine grains. When boron is added, the fracture mode becomes completely
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Figure 3 - Fracture surfaces of Fe-40AI for low and high crack velocities.

Table II Grain Sizes (Mean Linear Intercept Length) of Iron Aluminides
after Extrusion and Annealing for lh at 1273 K

Composition (at.%) I MeanLinear InterceptLength (_an) ]
Fe-40AI ! 209* i
Fe-40AI-0.1B I 147 I

Fe- 10Ni-40AI I 107 iFe- 10Ni-40AI-0.1B 42

*The stringers of fine grains occuring in this alloy have been ignored.



TG and the SIF becomes almost independent of the crack velocity. This does not necessarily
mean that humidity induced embrittlement is absent. If it is present, it is, however, not sensitive

" to the crack velocity, within the experimental window available.

As expected, the DS Fe-40A1 material with its lack of transverse GBs exhibits higher SIFs than
the extruded, polycrystalline material with the same nominal composition (Figure 2). However,
the SIF at the lower crack velocity is well below the corresponding values for Fe-40AI-0.1B.
This is presumably due to different orientations of the two DS _ens. Whereas the specimen
with the higher SIF exhibited distinct 90° steps corresponding to {100} cleavage observed in
FeA1 (11), as well as cracks perpendicular to the crack path, the other specimen exhibited a fairly
smoothfracturesurfacesuggestingalow SIF(Figure4).

• '.; .- , DS Fe-4OAI
• "he .'_"P"

0.5 lJm/s 170 pm/s 200 pm

Figure4 - Fracturesurfacesof the two directionallysolidifiedFe-40AI specimensfracturedwith
different average crack velocities. The magnifications in both pictures are the same.

It is well known that the ductility of FeAI decreases and that the propensity for IG fracture
increases as the aluminum concentration increases (12). Figure 5 shows accordingly that the
SIFs for Fe-45AI arc much lower than those for Fe-4OAI. Annealing for 1 week at 673 K, in
addition to 1 hour at 673 K, increases the crack growth resistance somewhat. Fracture in
Fe-45Al occtaxxl intergranularly regardless of the annealing treatment.

The SIFs for Fe-10Ni-40AI and Fe-10Ni-40AI-0.1B, shown in Figure 6, are similar to those of
Fe-45A1. The SIF of Fe-10Ni-40AI increases only slightly as the crack velocity increases. This
small increase is accompanied by a transition from mostly IG to mostly TG fractu_, indicating
that these two fracture paths have a very similar crack growth resistance (Figure 7). Thus, the
fracture behavior of Fe-10Ni-40AI is qualitatively similar to that of Fe-40AI with the main
difference being that the SIFs are much lower. Again, when boron is added, the fracture mode
becomes 1"(3over the whole range of crack velocities.

The mechanism proposed for humidity induced hydrogen embrittlement, as it stands now, is
very general. It is based on the reduction of water vapor by the oxidation of aluminum, and it
does not contain any other assumptions such as crystal structure and the effect of other alloying
additions. It seems, therefore, justified to compare the slow crack growth of iron aluminides to
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that of aluminum alloys. This has been done in Figure 8 using our data for Fe-4OAI and
published data for the AIZnMg aluminum alloys 7179-1"651 and 7075-T651 (13,14). It is seen
that the aluminum alloys and FeAI behave in a qualitatively similar manner, although the
humidity embrittlement of aluminium alloys tends to occur at lower crack velocities. It should
also be noted that in the aluminum alloys other elements such as Mg are likely to be involved in
the stress corrosion process. The data in Figure 8 indicates also that the threshold SIF for
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Fe-4OAIis higher than that for the aluminum alloys, although more measurements at lower crack
velocities will be requiredin order to confirm this.

Fe-10Ni-4OAI

0.5/Jm/s 1150 #m/s 200/Jm

Figure 7. - Fracture surfacesof Fe-]0Ni-40Al for two differentcrackvelocities.
Both micrographs have the same magnification.
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The results of the compression tests are summarized in Table HI. Several points are worth
mentioning. After fast cooling from 1273 K, the yield strength of boron-doped Fe-4OAI is lower
than thatof undoped Fe-4OAI. This may indicate that boron interacts with the thermal vacancies
in Fc-40AI and reduces their concentration. If Fe-40AI and Fe-40AI-0.1B are additionally
annealed for 1 week at 673 K, this relationship reverses--the boron-doped material is slightly
stronger than the undoped one. This suggests that boron causes a small amount of solid solution
strengthening [or precipitation strengthening, ff very fine borides form as in NiAI (15)].

Table HI Compressive Yield Strengths (MPa) for Different IronAluminide Compositions
andHeat Treatments

Composition 1 h/1273 K Average I h/1273 K_ast Cool Average Values
(at. %) Fast Cool Values and + 1week/673 K/air and Standard

Standard Deviations
Dcvialions

Fe40AI 578 584 + 8 291 ' " 300 4. 7
Fe40A1 590 303
Fe40AI 299
FeAOA1 306
Fe40AI0.1B 460 451 + 13 333 331 + 9
Fe40AI0.1B 442 338
Fe40AI0.1B 321
Fe45AI 924 916 4. 8 239 224'+ 11
Fe45AI 908 215
FeA5A1 917 220
Fe45AI 221
FelONi4OAI 850 850 852' 848 + 5
Fel0Ni40AI 850 849
Fel0Ni4OAI 842
Fel0Ni40AI0.1B 860 858 4-4 841 844 4-4
Fel0Ni40AI0.1B 855 846

J

In agreement with a large body of work [see for example (6)], the strength of Fe-45AI annealed
at a high temperature (e.g., 1273 K) and cooled quickly is very high and decreases substantially
after a long-term, low-temperature anneal. This is due to the removal of thermal point defects, in
particular vacancies, quenched in during cooling from high temperatures An additional point,
the reasons for which are not clear, is that Fe-45AI annealed at a low temperature is significantly
softer than Fe-40AI heat-treated in the same way.

When Ni is added, the situation is quite different. The strength of Fe-10Ni-40AI is practically
unaffected by 0.1 at. % B. An anneal for 1 week at 673 K does not reduce its yield strength
substantially. This result is in qualitative agreement with Kong and Munroe's (7) hardness
measurements on (Fe, Ni)AI intermetallics. These authors noted that the high hardness of FeAI
containing even small amounts of Ni cannot be removed by low-temperature anneals. The exact
reasons for this finding are not clear. The nickel addition may cause such strong solid solution
strengthening that any thermal vacancy contributions may not be readily detectable (note that
solution strengthening varies as the squareroot of the concentration), or the Ni may in some way
reduce the thermal defect concentration.

Yield Stren_h. Crack Growth Resistance. and FractureMode

Figure 9 compares the SIFs measured for the investigated iron aluminides (at crack velocities on
the order of 1 _tm/s) to the plane strain fracture toughnesses of AI alloys (16), as a function of
yield strength. As usual, an inverse relationship is observed. Interestingly, the SIFs of the iron
aluminides are comparable to those for the aluminum alloys, and in that sense, iron aluminides
are not particularly brittle. In the iron aluminides, the SIFs for IG and TG fracture tend to lie
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close together. This is particularly true in the Fe-10Ni-40AI alloys. If the aluminum content is
raised to 45 at. %, the fracture path is always IG. One interesting point to note is that the

, dramatic reduction of the yield ,.,:rength of Fe-45AI after low-temperature annealing is not
accompanied by a substantial increase in the crack growth resistance. This suggests that yield
strength reductions in themselves do not necessarily result in high fracture toughnesses, if a
weak fracture path is available. Therefore, an adequate GB strength is necessary. This may be
achieved by reducing the aluminum content, or by adding GB strengtheners such as boron.
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Figure 9 - Comparisonof thecrackgrowthresistancesof FeAI andaluminum alloys.

Conclusions

1. The crackgrowthresistanceandyield strengthof B2 ironaluminidescan besignificandy
influencedbystoichiometry,alloyingadditions,andhcaztreatment.

2. Alloying of Fc-4OAIwith Ni removesthesensitivityof its yieldstrengthto heattreatment.
3. High crack velocities encourage TG fracture, whereas low velocities favor IG fracture.

In F'e-10Ni40AI, the SIFs required for IG or TG fracture are almost identical.
4o Iron aluminide alloys containing 40 aL %AI show crack growth resistances which are

similar to those of aluminum alloys with comparable yield strengths.
5. The example of Fe-45Al shows that a pronounced reduction in yield strength is not

necessarily accompanied by a strong increase in the crack growth resistance, ff a weak
fracturepath is available.
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