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The room temperature strengthening effect of
boron as a function of aluminum concentration

in FeAl

I. Baker,** X. Li,” H. Xiao,* R. Carleton® & E. P. George®

(Received 21 January 1997; accepted 20 May 1997)

Measurements of the effects of boron on the yield strength, lattice parameter,
vacancy concentration and anti-site atom concentration of FeAl as a function of
aluminum concentration have been performed and the results compared with
data for similar but undoped FeAl. It has been shown that boron does not affect
the degree of order, vacancy concentration or anti-site atom concentration in
FeAl. Boron produces an increase in lattice parameter in FeAl but both this
increase and the lattice strain per atomic percent boron decrease with increasing
aluminum concentration. 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 alumi-
num concentration; when vacancies are present (> 48 at %Al), boron strength-
ening shows little change with aluminum concentration, suggesting that the
vacancies affect the boron strengthening mechanism. The strength increase per
unit increase in lattice parameter depends on the aluminum concentration and is
0-23-0-80 G, where G is the shear modulus. © 1997 Elsevier Science Limited
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mechanical testing.

INTRODUCTION

Boron is a common additive to many intermetallic
compounds since it not only increases the strength
but in some cases also improves the low tempera-
ture ductility, although this can be at the expense
of the elevated temperature ductility. There have
been a number of measurements of the yield
strength of boron-doped FeAl'"!! and, in principle,
one could use these to determine the strengthening
effect of boron by comparing with the strength of
unalloyed FeAl.'>'* However, it is difficult to
assess the boron strengthening effect this way since
the alloys studied typically had other elemental
additions, fine-grains and/or different heat-treat-
ments. In this paper we examine the effect of boron
on the strength and lattice parameter of large-
grained, low-temperature annealed FeAl as a
function of aluminum concentration and compare
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the results with those for unalloyed but otherwise
identical FeAl reported previously.!4

EXPERIMENTAL

Ingots of five FeAl alloys (40, 43 45, 48 and 50 at%
Al) containing 0-12 at% B were cast and extruded
(canned in mild steel) at 1173 K at a 9:1 area reduc-
tion ratio. A few particles, possibly borides, were
noted in this material using transmission electron
microscopy.'® However, since they were quite rare,
they have negligible effects on the strengths, lattice
parameters or boron in solution. To determine the
strengthening effect of boron, cylindrical compres-
sion specimens (5mm dia.x10mm high) were
ground from the extruded rods and annealed at
~1173K for Fe-40Al, Fe-43Al and Fe—45Al, at
~1473 K for Fe—48Al and Fe-50Al to obtain large
grain sizes (~250-300 um). The use of the large
grain sizes was to circumvent the substantial grain
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boundary strengthening observed in these materi-
als'?> which might otherwise obfuscate the effects
of boron. The annealed rods were slowly cooled at
30Kh~! and then annealed at 673K for ~120h
in order to remove the retained vacancies.!® The
specimens were electro-polished in 10% perchloric
acid/90% methanol prior to compression testing in
air at an initial strain rate of ~1x10~4s~!,

For X-ray diffraction studies, powders were filed
from each boron-doped alloy; ground, to reduce
the particle size; sieved to —400 mesh (<25 um);
annealed in argon for 1h at 1073K; furnace-
cooled; and re-annealed at 673 K for 120h.

To determine the lattice parameters, Debye—
Scherrer X-ray diffraction patterns were obtained
from the powders using a Straumanis camera and
Ni-filtered Cu K, radiation. The 26=0° and
20=180° positions on the resulting X-ray pattern,
corresponding to the incident beam and transmit-
ted beam positions, were defined by averaging
measurements of lines corresponding to the same
{hkl} values on either side of these positions. Line
positions could be measured to better than
+0-03mm giving an error in lattice parameter
measurements of better than +2x10~* A or
approximately one part in 10000. The best value of
the lattice parameter of each alloy, a, was
obtained from a linear regression analysis of the
measured lattice parameter, a, (for 8> 45°) plotted
against the Nelson—Riley function, N-R=1/2
[cos? 8/ sin + cos?8/6],'7 and extrapolated to N—
R=0. Similar measurements were performed on
five powders of FeAl with the same aluminum
concentrations as those noted above but without
boron. The processing of these alloys was very
similar and has been described elsewhere.!*

To determine whether the vacancy concentra-
tions and anti-site atom concentrations were affec-
ted by the presence of boron, X-ray diffractometer
traces were also obtained from each of the five
boron-doped alloy powders using a Siemens D5000
equipped with a copper tube operated at 40kV and
30mA. A Kevex solid state detector was used to
count the diffracted Cu K, radiation. Measure-
ments were performed by step scanning 26 from 28
to 120° in 0-01° steps for typically 10s per step. For
each alloy, three separate measurements were made
with the powder unloaded and reloaded between
measurements and the three results averaged.

The integrated intensity of each diffracted X-ray
peak, I, was calculated!” from

1 +cos?6\ _
Ihk,=Kp(.—2——)e MIFP (1)
sin“ 8cos @

where F is the structure factor, p is the multiplicity
factor, (1 + cos?26//sin’0/cosd) is the Lorentz-
polarization factor, K is a scale factor which is
independent of the reflecting planes, e=2M is the
temperature factor, and M can be expressed using
a single parameter, B, through

M = B(sin /1) )

where A is the wavelength of the X-rays. B was
obtained through a linear regression analysis,

loglZeal(0)/Loss] = 2B(sin6/2) —log K (3)

where 1, is the observed integrated intensity for a
particular peak and

1 + cos? 26
sin“6cos

L.a(0) = Ly fe™M = [ ]p |FI> @)

where I.,; and I, (0) are the calculated intensities
and I.,=1/K (see eqn (1)) is independent of the
scale factor K. Thus, 7., (0) is independent of both
the temperature factor and the scale factor. The
slope of a plot of log[Z..; (0)/I,s] versus (sinf/A)>
yields B and hence the temperature factor from
eqn (2).

The measured integrated intensities can be used
to determine the vacancies and anti-site atoms
present by comparing with the calculated integra-
ted intensities. (Since boron is a light element,
occupies interstitial sites in FeAl and is present at
only a very low concentration, it can be neglected
from calculations of X-ray intensities.) The calcu-
lated integrated intensities can be formulated as
follows.!* The fractional site occupancies of anti-
site atoms and vacancies can be written:

Yre/Fe + Yayre + Yv/Fe = Yaya1 + Yreal

5

+ YV/Al =1 )
where YFe/Fe, Yayre and Yv/ge are the fractions of
Fe atoms, Al atoms and vacancies that occupy the
Fe-sites and Yayjal, Yresa1l and Yy, a; are the frac-
tion of Al atoms, Fe atoms and vacancies that
occupy the Fe-sites, respectively.

In FeAl, the frequently-occurring defect is the
triple-defect,'® consisting of an Fe atom on the Al-
site, and two vacancies on the Fe-site. If we assume
that Al atoms do not substitute for the Fe atoms,
and for both Fe-rich and stoichiometric composi-
tions there are no vacancies on Al sites, that is,
Yv/a1 = Yayre = 0, then, eqn (5) can be rewritten as

YEe/Fe + Yv/Fe = Yayal + Yrepar =1 (6)



Effect of boron as a function of aluminium concentration 179

The atomic fraction of Fe atoms in the alloy can be
expressed as

Xpe = YEe/Fe + Yre/al
© 7 Yayal + Yayre + Yre/Fe + Yre/al

(7)
where, as noted above, Yayr. =0. The atomic
fraction of Al atoms, X4;, can be obtained from

Xar=1- Xre ®)

From eqns (7) and (8) one can obtain

XFe
Xal

Yeesfe = —— (1 — Yresa1) — YEesal ©)

The structure factor for fundamental reflections in
FeAl (h+k+/=even) is given by

Ff: (YFe/Fe + YFe/A])fFe

(10a)
+ (Yayre + Yaya)far

and that for superlattice reflections (2 +k + /= o0dd)
by

F;= (YFe/Fe - YFe/Al)fFe
— (Yayai — Yayre)fal

Thus, using eqn (9), the structure factor for funda-
mental reflections can be rewritten as

(10b)

_Xre

F,
= Xn

(1 = Yresa)fre + (1 — Yresar)far  (112)

and that for superlattice reflections (h+k+/=
odd) as

XFc -lf
F, = 1-Y% — 2YFe/al |fF
[XAl( Fe/Al) Fe/ | e (llb)
— (1 — Yre/ar)fai

The structure factors in eqns (11a) and (11b) are
written in terms of only one unknown quantity,
Yre/a1- Using these structure factors, the calculated
integrated intensities for the {100} superlattice and
{200} fundamental reflections are obtained from

Licos?20) ,—2M | F. |2 }
(cal.)

1+cos?20 \ ,—2M 2
{ (sin2 gcos 9>e | Ff ‘ }(200)

(12)
I 200

This can be compared to the measured value I(;o0)/
I 200y (meas.) in order to obtain Yre Al

The measured long range order parameter (S)
can be obtained from

S JI(1m)/1(200)(ObS-)
meas —

13
T00y/ I200)(cal.) (13)

where [(100)/l200y(cal.) in this case is calculated
assuming no vacancies are present and that excess
Fe atoms substitute on the other (aluminum) sub-
lattice site but that there are no other anti-site
atoms than these. The maximum degree of order
for stoichiometric and Fe-rich FeAl is given by

= 2Xal (14)

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. If
Smeas = Shi~, maximum order is achieved and no
constitutional vacancies are present. If Sy,eqs < SAT,
YFe/al, can be calculated from eqn (12) as described
above. Then, Yrere, Yv/re, and Yaja1 can be
obtained from eqns (6) and (9).

RESULTS AND DISCUSSION

The results for boron-doped FeAl alloys are pre-
sented along with the results by Xiao and Baker'
on non-boron-doped FeAl alloys that were pro-
cessed identically. Figure 1 shows the measured
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Fig. 1. Concentrations of Fe anti-site atoms on the aluminum

sublattice, Y /a1, and vacancies on the iron sublattice, Yvre,

as a function of aluminum concentration. The data for unal-
loyed FeAl are from Ref. 14.
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Table 1. Comparison of the measured long range order parameter, S,,.,,, with the calculated maximum possible value, ST*, for boron-
doped FeAl alloys. The % indicates the largest deviation of three measurements

Composition Fe-40

Fe-43Al Fe-45Al Fe-48Al Fe-50Al
St 0-80 086 0-90 096 1.00

Smeas (B-free) 0-79 +0-02 0-85+0-02 0-91+0-01 0-94 = 0.01 0-94+ 0-02
Simeas B-doped 0-79 +£0-03 0-85+0-03 0-89+0-03 0-94 +0-03 0-96+0-03

concentration of Fe anti-site atoms on the alumi-
num sub-lattice and vacancies on iron sites as a
function of atomic percent aluminum for FeAl
with and without boron, determined by the X-ray
methods outlined above. It is worth re-iterating
that in order to derive eqns (11) from which the
data in Fig. 1 are derived, the concentrations of Al
anti-site atoms on the iron sub-lattice and vacan-
cies 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 ratio.!”
However, it is worth noting that in that study the
vacancy concentrations were assumed to be zero.
Thus, the anti-site atom concentrations may be
somewhat higher than indicated in Fig. 1. However
broadly, within experimental error, the data for
unalloyed and boron-doped FeAl are similar, that
is, the vacancy concentrations are low from 40 to
45 at% Al but then increase towards the stoichio-
metric composition, and the anti-site atom con-
centrations increase approximately linearly with
increasing deviation from the stoichiometric com-
position. The key point is that boron-doping
appears to have little effect on the vacancies and
anti-site atoms present. It is worth noting that
boron, unlike substitutional elements in FeAl,
appears to accelerate the rate at which the equili-
brium vacancy concentrations are established
during the 120h at 673K anneal?® Table 1 is a
comparison of the measured long-range order
parameter, S, Wwith the maximum possible
value, S* obtained from eqn (14). Again, within
experimental error, the values for boron-doped
FeAl are the same as those for unalloyed FeAl.!*
The measured values for the alloys containing few
vacancies (40-45 at% Al) are very close to the
theoretical values, suggesting that sample granu-
larity effects on the X-ray intensities arising from
the large particle size?' are not significant in the
present study.

The compositional dependence of the lattice
parameter for both boron-doped FeAl and unal-
loyed FeAl is shown in Fig. 2. (Each point is the
average of three measurements.) Boron leads to an
increase in lattice parameter at all compositions.

The boron atoms being smaller than either the iron
or aluminum atoms must occupy interstitial sites to
cause this lattice expansion. Recent hard-sphere
modeling of interstitial sites in B2 compounds??
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 interstitial sites. Figure 3
shows the increase in lattice parameter, Aa, (deter-
mined from the data in Fig. 2) per unit increase in
boron concentration, Ac, as a function of atomic
percent aluminum. It is evident that the lattice
expansion due to boron decreases with increasing
aluminum concentration, and, hence, with increas-
ing lattice parameter. These data are normalized
for the lattice parameter change with aluminum
concentration by plotting the data in the form of
(%) lattice strain, ¢,= 100Aa/Acxa,, as a function
of atomic percent aluminum in Fig. 3. Note that
there is a change in the slope of both curves on
Fig. 3 above 45 at% Al. This change corresponds
to the occurrence of vacancies in the material.

The yield stress is shown as a function of atomic
percent aluminum for both unalloyed (from Ref.
14) and boron-doped FeAl in Fig. 4. It is evident
that boron produces an increase in yield strength,
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Fig. 2. The lattice parameter for unalloyed and boron-doped

FeAl as a function of atomic percent aluminum. Each point is
the average of three measurements.
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Fig. 3. 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.

Aoy, at all aluminum concentrations. The increase
in yield strength per atomic percent boron, Aoy/Ac,
is shown as a function of aluminum c¢oncentration
in Fig. 5. It is worth noting that the yield strength of
similarly-processed Fe—45Al doped with only 0-05
at% boron has been measured to be 313 MPa (5),
producing a value of Aoy/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 a linear rela-
tionship of yield strength with boron concentration
and that the majority of the boron in the alloys
was in solution. It is evident in Fig. 5 that in the
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Fig. 4. Yield strength as a function of atomic percent alumi-

num for large-grained, low temperature annealed boron-

doped and unalloyed FeAl. The data for the unalloyed FeAl is
from Ref. 14.
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Fig. 5. Increase in yield stress per unit increase in boron con-
centration Aoy/Ac as a function of atomic percent aluminum.

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. The feature is consistent with the decrease
in annealing time to reach the equilibrium vacancy
concentration in FeAl when boron is present.?°

Data from Figs 5 and 6 are combined and
replotted in Fig. 6 as Ac,/(Acxe), which is also
the strength increase per fractional change in lat-
tice parameter, i.€. Aoy/(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. (The shear
modulus was calculated using a Poisson’s ratio of
1/3 and a Young’s modulus of 260 GPa.?* The
latter varies only weakly with composition.)

With the data in the form shown in Fig. 6 it is
evident that even though the lattice strain decreases
with increasing aluminum (Fig. 3), this is more
than offset by the increasing strength with increas-
ing aluminum for alloys containing from 40-45
at% Al In other words, the data (for 4045 at%
Al) show that the lattice strain alone does not
control the strengthening due to boron (otherwise
Aoy/(Acxe) 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
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Fig. 6. Strength increase per atomic percent boron per unit
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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, which itself decreases slightly with increasing
aluminum concentration.??

more aluminum is present. One may speculate that
this increased strengthening manifests itself physi-
cally through boron’s association with the anti-
phase boundaries (APBs) between the gliding
paired § (111) dislocations, (see Refs 24 and 25).
Simply on a geometrical basis, interstitial sites are
larger there??. Since, the APB energy increases with
increasing aluminum concentration in FeAl2¢
there may be a tendency for boron atoms to segre-
gate 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.

Finally, the strengthening per fractional increase
in lattice parameter, Aoy/(Acxze), of FeAl due to
boron is in the range 0-23 G-0-83 G. This is con-
siderably less than the room temperature strength-
ening effect of boron in stoichiometric NijAl of
3.76 G.27

CONCLUSIONS

Measurements of the effects of 0-12 at% boron on
the yield strength, lattice parameter, vacancy con-
centration and anti-site atom concentration of

FeAl as a function of aluminum concentration
have shown that:

1. Within experimental error, boron does not
affect the degree of order, vacancy concentra-
tion or anti-site atom concentration in FeAl.

2. Boron produces an increase in lattice para-
meter but this increase and the related
increase in lattice strain per atomic percent
boron both decrease with increasing alumi-
num concentration.

3. 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
Aoy/Ac increases with increasing aluminum
concentration; when vacancies are present
(=48 at% Al), boron strengthening shows
little change with aluminum concentration,
suggesting that the vacancies significantly
affect the boron strengthening mechanism.

4. The strength increase per unit increase in
lattice parameter is 0-22 G-0-80 G depending
on the aluminum concentration.
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