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The effect of boron on the strength of B2-structured FeAl is considered as a function of
composition, grain size and temperature. Boron does not affect the concentrations of anti-
site atoms or vacancies present, with the former increasing and the latter decreasing with
increasing deviation from the stoichiometric composition. When vacancies are absent, the
strength increase per at. % B per unit lattice strain, Ac/(Ac X €) inéreases with increasing
aluminum concentration, but when vacancies are present (> 45 at. % Al), Ac/(Ac x €)
decreases again. Boron increases grain size strengthening in FeAl. B strengthening is
roughly independent of temperature up to the yield strength peak but above the point, when
diffusion-assisted deformation occurs, boron strengthening increases dramatically.
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Introduction

Boron has been added to many intermetallic compounds and for several it not only increases their
strength but also, in some cases, improves their low temperature ductility (1-5). However, this
can be at the expense of the elevated temperature ductility (6). This paper is concerned with the
effect of boron on the strength of FeAl. FeAl adopts the B2 or ordered body-centered cubic

crystal structure, and, at least up to ~0.4Tm, deforms by the glide of pairs of antiphase boundary-
coupled a/2<111> dislocations (7), see Figure 1.

Figure 1. The B2 structure adopted by FeAl, showing the <111> and <100> slip vectors.

Solubility of Boron

Recent hard-sphere modeling of interstitial sites in B2 compounds (8) has indicated that the
tetrahedral site is always the largest interstitial site, irrespective of the size of the constituent
atoms. Thus, it is likely that the boron occupies the tetrahedral 1nt;3rst1t1al sites. The exact
solubility of boron in FeAl is not known. Iron borides have been in several studies but it is not
clear whether the solubility limited was exceeded or whether the boron was not evenly distributed
throughout the alloy. Gaydosh et al. (9) found mostly spherical (but occasxonally plate-like)
body-centered tetragonal Fe;B b,omd@’ particles in a range of boron-doped (0.41 at. %) alloys
based on a nominal composition of Fe-40Al which also contained small additions of either
carbon, zirconium or hafnium. Munroe and Baker (10) noted the presence of boride needles in’
boron-doped (0.05 at. %) Fe-45Al, although they were not evenly distributed in all grains.
Similarly, Pierron and Baker (11) found both spherical and needle-like bonﬁj garsely
distributed in both Fe-43Al and Fe-48Al containing 0.12 at. % B. However, in M case the
precipitates were found to have a previously-unreported tetragonal crystal structure with a strong
orientation relationship with the B2 matrix, i.e. (001)g3 Il (001)T; [100]g2 Il [100]T.
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Lattice Strengthenin

Several workers (12-17) have shown that boron additions increase the room-temperature yield
strength of FeAl. However, it is difficult to obtain the magnitude of the boron strengthening from

 these studies since the alloys were not all given the same heat-treatments. Thus, they may have
had different vacancy concentrations and different grain sizes, both of which affect the yield
strength. To study its intrinsic behavior, it is necessary to give FeAl a low temperature anneal,
typically 5 days at 673K (18), in order to remove the vacancies retained after a high temperature
anneal. It is also necessary to use large grain sizes to circumvent the substantial grain boundary
strengthening observed in these materials (19). It is not sufficient to compare materials at the
same (small) grain size since the contribution from grain boundary strengthening is changed by
alloying i.e. k is changed in the Hall-Petch relationship

c,=0,+kd* (1)

where o, is the yield strength, o, is the lattice resistance, and d is the grain size.

Grain-Size Strengthening

Pike and Liu (20) demonstrated that boron increases k¥ for Fe-40Al from near-zero (-69 MPa
pm0-5) to 534 MPa pm0-5, but G, is essentially unchanged at 350 MPa. Gaydosh et al. (9)
obtained values of 342 MPa and 462 MPa um0-5 for 6, and k, respectively, for Fe-40Al, as
opposed to values of 199 MPa and 720 MPa um0-5 obtained by Baker et al. (19). These
differences in ¢, and k for Fe-40Al probably largely reflect differences in heat-treatment, viz.,
Gaydosh et al. (9) annealed their material at 1100 K for two hours followed by a furnace cool
whereas Baker ef al. (19) gave their material a low temperature anneal of 120 h at 673 K after
high temperature grain growth anneals. Interestinglyf:czmparison of the results of Baker er al.
(19) and Gaydosh et al. (9) suggests that an increased vacancy concentration decreases the value
of k, possibly because the lattice resistance of fine-grained material is less affected by retained
vacancies than large-grained material (since there is a greater density of sinks for the vacancies).
The large-grained specimens studied by Pike and Liu (20) were annealed at high temperature,
followed by two hours at 973 K and then one day at 573 K — the latter anneal has little éffect on
the vacancy concentration due to the low vacancy mobility at that temperature (21) — whilst the

fine-grained specimens were annealed at temperatures from 893 K to 973 K and so probably had
lower vacancy concentrations.

Similar to the result reported by Pike and Liu (20) for Fe-40Al, near-zero values of k have been
reported for the B2 compounds AuZn (22,23) and NiAl (19-24) at their stoichiometric

compositions. 1In the latter compound, slip is wavy (19) and cross-slip is easy at the




e

stoichiometric composition and, thus, a cell structure forms at very low strains (25,26). Thus,
the dislocations do not probe the grain boundaries. In contrast, slip in FeAl is planar (19).

~ Since the different heat treatments used by Pike and Liu (20) on different specimens could have
affected the results, Li and Baker (27) studied the effect of boron on the Hall-Petch slope of Fe-
45Al, given a vacancy-reducing anneal of 118 hrs at 673K (18). They found a very similar result

to that of Pike and Liu (20), i.., boron increased k from 544 MPa pm0-3 to 1766 MPa um0-3,
see Figure 2. Again, 6, was similar (166 MPa) with and without boron.
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Figure 2. Room temperature yield stress (0.2% offset stress) as a function of (grain size)0-3 for
Fe-45A1 with and without 0.05 at. % boron (27).

The results of Pike and Liu (20) and Li and Baker (27) are intriguing. They suggest that boron
has no strengthening effect in the lattice but that boron, which is known to segregate to the grain
boundaries (28), increases the difficulty of slip transmission across grain boundaries. The latter
effect is contrary to that observed when boron is added to the nickel-based ordered face-centered
cubic (L17) compounds Ni3Al (29), Ni3Si (30), Ni3Ge (31) and Ni3Ga(32), where it reduces k.

The Effect of Boron on the Yield Anomaly

At around 0.4 Tm, FeAl shows a yield strength peak whose exact magnitude and temperature
depend on composition, strain rate and, for single crystals, both orientation and sign of the
applied stress, see reference 33 for a review. Studies on large-grained FeAl by Klein and Baker
(34), heat-treated to remove excess thermal vacancies, demonstrated that the addition of 0.05 at.
% B to Fe-45Al shifts the yield strength peak to both higher temperature and to a higher stress,
Figure 3. Carleton et al. (35) found that boron-doped (0.03 at. %) polycrystalline FeAl
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containing from 40 to 48 Al showed similar behavior to undoped alloys (36), but that the yield
strength peaks in the boron-doped alloys occurred at higher temperatures (~833 K) than in the
equivalent undoped alloys (-675 K), although significantly the boron-doped alloys were tested at

~ a faster strain rate. Guo et al. (37) also observed yield stress peaks in several cast Fe-38Al alloys
doped with either boron or boron and zirconium. The peaks they observed occurred at ~893 K,

an even higher temperature than that observed by Carleton et al. (35), but they did not specify the
strain rate at which testing was performed.
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FIGURE 3. Graph of yield strength versus temperature for large-grained, low-temperature-
annealed Fe-45A] and Fe-45A1 + B strained under tension at 1x10-4s-1 (34).

It is possible to estimate the magnitude of the boron strengthening as a function of temperature by
comparing the yield strengths of large-grained, low-temperature-annealed Fe-45A1 and Fe-45Al +
0.05 B (34). Figure 4 shows the results as the strength increase per atomic percent boron as a
function of temperature. It is evident that between 300 K and 700 K (the latter is approximately
the temperature of the anomalous yield stress peak), the boron strengthening effect is almost
independent of temperature at ~0.72-1.0 GPa per atomic percent boron. Above 700 K, where

diffusion-assisted deformation starts to operate, boron strengthens Fe-45Al much more
dramatically, see Figure 4.
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Figure 4. Yield strength increase per atomic percent boron for large-grained, low-temperature
annealed Fe-45Al as a function of temperature. From the data in reference 34.

Effect of Boron on the Concentrations of Vacancies and Anti-site Atoms

Boron, unlike substitutional elements in FeAl (38), appears to accelerate the rate at which the
-equilibrium vacancy concentrations are re-established during low temperature annealing (39),
after annealing at elevated temperature.

In order to determine if boron affects the vacancy concentrations and anti-site atom concentrations
in FeAl, the relative integrated x-ray intensities were measured from powders ground from FeAl
alloys containing 40, 43 45, 48 and 50 at. % Al both with and without boron (0.12 at. % B)
using a Siemens D5000 x-ray diffractometer equipped with a Kevex solid state detector, details
are given elsewhere (40). For each alloy, three separate measurements were made using Cu
radiation, with the powder unloaded and reloaded between measurements and the three results
averaged.

The calculated relative integrated intensities for the {100} superlattice and {200} fundamental

reflections are given by
2
{[1 ‘+zcos 29}'“’[& z}
{I(mo)} _ sin” Gcos 0 (100)
(cal.)

2
{(1 + cos? 29}3_2,,,!}7 lz} @
- f
sin® Bcos @ (200)
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- where F is the structure factor, (1 + cos220)/(sin26.cos8) is the Lorentz-polarization factor, for
the appropriate Bragg angle, 6, and -2 is the temperature factor. M is given by

M = B(sin0/ ) | 3)
where A is the x-ray wavelength, and B is obtained experimentally, as described elsewhere (40).

The structure factor for the (200) fundamental reflection can be written (40):

Fy = "‘"(1 - YFeIAI)fFe + (1 - YFeIAl)fAI 4)
X ,

and that for the (100) superlattice reflection as

X
Fy = [X—&'(l - YFeIAI)' 2Yrm ]fﬁ: - (1 - Yeou)fa
Al (5)

Where fa] and fg are the atomic scattering factors for Al and Fe, respectively; YEe/al is the

fraction of Fe atoms that occupy Al sites, and Xge and X are the atomic fractions of Fe and Al
in the alloy, respectively.

By comparing the observed and calculated values of I(100)/1(200), the measured long range order
parameter, S, can be obtained from

¢ - Lyooy/ I(zm)(obs.) ©)
™ = Voo / Loy (L)

where I(100)/I(200)(cal.) in this case is calculated assuming no vacancies are present and that
excess Fe atoms substitute on the other (aluminum) sublattice site but that there are no other anti-
site atoms than these. The maximum degree of order is given by S;” = 2X,,. For the
stoichiometric composition, maximum order means that there are no vacancies present and all Fe
and Al atoms occupy their own sites. For iron-rich FeAl, maximum order means that no
vacancies exist and the excess Fe atoms substitute on the other (aluminum) sublattice site.

Table 1 compares the measured long-range order parameter, S,,.q4s, With the calculated maximum
value, Si;*. Within experimental error, the values for boron-doped and undoped FeAl are the
same. The measured values for the alloys containing few vacancies (40 - 45 at. % Al) are very
close to the theoretical values, suggesting that sample granularity effects on the x-ray intensities
arising from the large particle size was not significant (41).
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| Table I. Cc;mpa.rison of the measured long range order parameter, S,,.qs, With the calculated

maximum possible value, Sy*, for boron-doped FeAl alloys. The £ indicates the
largest deviation of three measurements.

Composition | Fe-40 Fe-43Al1 Fe-45Al1 Fe-48Al Fe-50Al

g 0.80 0.86 0.90 0.96 1.00
Al

Smeas (B-free) | 0.79+0.02 0.85+0.02 0.91£0.01 0.94+0.01 0.94£0.02

Smeas B-doped | 0.79+0.03 0.85+0.03 0.89+0.03 0.94+0.03 0.96%0.03

When S,,,, = S, maximum order is achieved and no constitutional vacancies are present. If

Sreas < Sar*, Yresm, can be calculated, using the structure factor equations above, by comparing

the calculated and measured values of I(1g0)/I(200). Having calculated Yr.s;, the fractions of Fe
atoms that occupy the Fe-sites, Y./, can be obtained from (40):

X
Yeerpe = i&(l - Yeuu) - Yrem N
Al

and the fraction of vacancies that occupy Fe sites, Y,/r. and the fraction of Al atoms that occupy
Al sites Y4 can be calculated from

Yeerre + Yore = Yaymr + Yrgw = 1 8)

The measured concentration of Fe anti-site atoms on the aluminum sub-lattice and vacancies on
iron sites as a function of atomic percent aluminum for FeAl with and without boron are shown in
Figure 5. Note that the concentrations of Al anti-site atoms on the iron sub-lattice and vacancies
on the aluminum sites were assumed to be zero. There are some x-ray data which indicate that
perhaps 6% of the Fe sub-lattice sites are occupied by Al irrespective of the Fe:Al ratiq (42),
although in that study the vacancy concentrations were assumed to be zero. Thus, the anti-site
atom concentrations may be somewhat higher than indicated in Figure 5, but, within experimental
error, the data for unalloyed and boron-doped FeAl are similar. The vacancy concentrations are
low from 40 to 45 at. % Al but then increase towards the stoichiometric composition, and the

anti-site atom concentrations increase approximately linearly with increasing deviation from the
stoichiometric composition.




0.035
O Boron-free
® Boron-doped
- 0.03
0.2
=
3 - 0.025
< .
2 0.15 g
3 ~0.02 &
(@]
s - 0.015 ©
L - 5
2 0.1 =
.:3 8.
< - 0.01 S
0.05 -
~ 0.005
0 0

38 40 42 44 46 48 50 52

At. % Aluminum

Figure 5. Concentrations of Fe anti-site atoms on the aluminum sublattice, YFe/Al, and vacancies
on the iron sublattice, Yv/re, as a function of aluminum concentration.

Lattice Strain

In order to relate the strengthening due to boron to the lattice strain, vcompression tests were
performed on five large-grained (250-300 pm), low-temperature-annealed (5 days at 673 K) FeAl
alloys (40, 43 45, 48 and 50 at. % Al) both with and without boron (0.12 at. % B) in air at an
initial strain rate of ~1 x 104 s-1. To determine the lattice strain, lattice parameter measurements
were made on powders filed from each alloy, ground, to reduce the particle size, sieved to -400
mesh (< 25 um), annealed in argon for one hour at 1073 K, furnace-cooled, and re-annealed at
673 K for 120 hours. The exact values of the lattice parameters were determined, using the
Debye-Scherrer x-ray method with Ni-filtered Cu Ky radiation and the Nelson-Riley
extrapolation method (44), to an accuracy of 2 X 105 nm, as described in detail elsewhere

(40,43). Three lattice parameter measurements were made on each alloy and the results averaged.

Figure 6 shows both the increase in lattice parameter, Aa, per unit increase in boron
concentration, Ac, and the lattice strain, £, = 100Aa/Ac X a,, as a function of atomic percent
aluminum. The increase in lattice parameter indicates that the boron atoms, which are smaller
than either the iron or aluminum atoms, occupy the tetrahedral interstitial sites. In Figure 6, it is
evident that the lattice strain due to boron decreases with increasing alurninum concentration. The
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change in the slope of both curves on Figure 6 above 45 at. % Al corresponds to the occurrence
of vacancies in the material, as indicated in Figure 5.
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Figure 6. Change in lattice parameter per unit change in the concentration of boron, Aa/Ac, and
percentage change in lattice strain as a function of atomic percent aluminum.

The yield stress is shown as a function of atomic percent aluminum for both unalloyed and boron-
doped FeAl in Figure 7. It is evident that boron produces an increase in yield strength, Aoy, at all
aluminum concentrations. Also shown on Figure 7 is the increase in yield strength per atomic
percent boron, Ag/Ac, as a function of aluminum concentration. It is worth noting that the yield
strength of similarly-processed Fe-45A1 doped with only 0.05 at. % boron has been measured to
be 313 MPa (45), producing a value of AG/Ac of 860 MPa/at. % B, which is very similar to the
value of 890 MPa/at. % B obtained for the Fe-45Al containing 0.12 at. % B measured here. This
“tends to suggest both a linear relationship between the yield strength and the boron concentration
and that the majority of the boron in the alloys was in solution. It is evident in Figure 7 that in the
absence of vacancies, i.e. from 40 to 45 at. % Al, the strengthening effect of boron increases with
increasing aluminum concentration. However, once vacancies are present, i.e. in 48 and 50 at. %
Al, the strengthening effect decreases. This suggests that the boron atoms are associated with
vacancies, i.e. the strain fields due to the lattice expansion from the boron is accommodated by
associating with vacancies. An association between vacancies and boron atoms was by Gay et al.
(39). However, this association appears to be inconsistent with the reported increase in vacancy




migration rate in FeAl, which produces a decrease in annealing time to reach the equilibrium
vacancy concentration, when boron is present (39). ‘
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Figure 7. Graph of the yield strength of large-grained, low temperature annealed boron-doped
and unalloyed FeAl, and the increase in yield stress per unit increase in boron
concentration, AG/Ac, as a function of atomic percent aluminum.

Data from Figures 6 and 7 are replotted in Figure 8 as AG/(Ac X &) or equivalently Ac/(Aa/ag),
as a function of atomic percent aluminum. The data are plotted on the left hand ordinate in terms

of their absolute values and on the right hand ordinate normalized with respect to the shear
modulus, G(26), assuming a Poisson's ratio of 1/3.

With the data in the form shown in Figure 8 it is evident that even though the lattice strain
decreases with increasing aluminum (Figure 6), this is more than offset by the increasing strength
with increasing aluminum for alloys containing from 40-45 at. % Al. In other words, the data
(for 40-45 at; % Al) show that the lattice strain alone does not control the strengthening due to
boron (otherwise AGy/(Ac X €) would be independent of aluminum concentration). Instead, the
results indicate that there is chemical dependence to the boron strengthening, i.e. boron
strengthening is greater if more aluminum is present. One may speculate that this increased
strengthening manifests itself physically through boron's association with the anti-phase

boundaries, APBs, between the gliding paired g—(l 11) dislocations, see references 47 and 48.
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Based on hard-sphere modelling, interstitial sites are larger at the APB (8). Since, the APB
energy increases with increasing aluminum concentration in FeAl (49), there may be a tendency
for boron atoms to segregate to the APB and to lower its energy with increasing aluminum
~ concentration. This increased segregation to the APB, will cause a greater drag on gliding APB-
coupled dislocations and, hence, lead to an increase in strength. This trend would also
presumably continue for alloys containing 48 and 50 at. % aluminum except that the vacancies
present in some way offset this. Perhaps, the strain fields from the boron are ameliorated by the

vacancies.
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Figure 8. Strength increase per atomic percent boron per unit lattice strain, AG/(Ac X ¢€) or
strength increase per fractional change in lattice parameter as a function of atomic
percent aluminum. The left hand ordinate shows the absolute value and the right hand
ordinate shows the value normalized with respect to the shear modulus (46).

Finally, the strengthening per fractional increase in lattice parameter, Ac/(Ac X &), of FeAl due to
boron is in the range 0.23G - 0.83G. This is substantially greater than the boron strengthening
effect in Ni-based L1, compounds ie., Ac/(Ac x &) = 0.04G, for NizAl [29,30,50] and Ni3Ga
[5], 0.05G for Ni3Si [31] and 0.06G for Ni3Ge [32]. The greater strengthening in FeAl
presumably reflects the smaller interstitial sites available in B2 compounds than in L1,
compounds. '
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Conclusions

An analysis of the data on boron strengthening in FeAl has shown that:

1.

Boron does not affect the degree of order, vacancy concentration or anti-site atom
concentration in FeAl.

. Boron increases the Hall-Petch Slope.
. Boron increases the temperature and magnitude of the yield stress peak in FeAl.

. -The strengthening effect of boron in FeAl is roughly independent of temperature from 300K

to 700K, above which it rises rapidly.

. The compositional dependence of the effect of boron on the strength of FeAl depends on

whether vacancies are present: for FeAl containing few vacancies (< 45 at. % Al) the
strength increase per atomic percent boron increases with increasing aluminum
concentration; when vacancies are present (2 48 at. % Al), boron strengthening shows little

change with aluminum concentration, suggesting that the vacancies significantly interact
with boron.

. The strength increase due to boron per unit increase in lattice parameter at room temperature

is 0.22G - 0.80G depending on the aluminum concentration, is an order of magnitude
greater than the boron strengthening of nickel-based L1, compounds.
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