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The microstructure of different Fe-Cr-Al alloys in the composition range of 0 to 18 at% Cr
and 7 to 25 at % Al was investigated by transmission electron microscopy (TEM). By
systematically varying the compositions, the location of the order-disorder transition
was determined. Dark field images confirmed that many samples consisted of a two-
phase mixture of small DO3z-ordered particles in a disordered A2 matrix. The mottled
contrast exhibited by some samples and sometimes taken as a proof of the existence

of ordered particles is shown to be produced by an artefact due to the TEM sample
preparation. © 1999 Kluwer Academic Publishers

1. Introduction In this study, two systematic series of ternary Fe-
Iron aluminides inspired much interest due to theirCr-Al alloys are investigated with special regard to the
high resistance with respect to oxidation and sulfida+egion of existence of the ordered B@hase. For com-
tion even at high temperatures, which is coupled withparison, additional experiments on binary Fe-Al sam-
good hot strength and high electrical resistivity [1]. Theples are described. Transmission electron microscopy
aluminium oxide surface layers which are responsibl TEM) is used to determine the microstructure of the
for the corrosion resistance are stable at temperaturegpecimens, especially with respect to order-disorder
up to 1000°C [2]. However, applications have been phenomena. Special attention will be given to the dis-
hampered by the poor cold workability of the mate-cussion of the observed contrast phenomena.
rial and by the formation of hot cracks during casting
which poses severe problems during the industrial pro-
duction of foils or rods. Substitution of chromium for 2. Experimental procedure
aluminium improves the mechanical behaviour with-To investigate the order-disorder transition, a series of
out significantly reducing the corrosion resistance [3].specimens with constant chromium and varying alu-
Therefore, research has increased on ternary Fe-Al-Gninium content was prepared. The first series con-
alloys in recent years (e.g. [4, 5]). sists of specimens with constant chromium content of
So far, neither the reasons for the improved ductil-17 at% and 15 to 23 at% Al. In the second one, the
ity of the Cr-containing alloys nor the conditions for compositions are varied between 9 at % Cr and 25 at %
embrittlement have been clarified. One possible reasoAl on one side and 18 at% Cr and 8 at% Al on the
could be the existence of an order-disorder transitionpther. An overview of the compositions of the speci-
ordered phases being suppressed by the introduction afiens, together with the results of this investigation, is
chromium. Around the region of interest, a disorderedpresented in Fig. 1.
A2 phase, a partially ordered B2 phase and an ordered The material was supplied by Krupp VDM GmbH.
DO3; phase can (co)exist in Fe-Al. Only sparse infor-The alloys were produced by melting the constituents
mation is available on the existence regions of thegDO in a vacuum induction furnace, using a zirconia cru-
phaseintheternary alloys[4, 6]. The investigation of or-cible. Ingots of about 10 kg weight were obtained by
dered phases in Fe-Cr-Al and of the transitions betweenasting into copper chills. After a solidification period
them might be of considerable technical importance. of about 5 h within the crucible, the ingots were air
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Compositions o A2 prepared using a mixture of 1 part HY@ 4 parts
in at% Al ethanol and a voltage of 20 V and a temperature of
O A2+D0s?  _15°C. This last procedure is similar to that applied
by Morriset al. [7].
O A2 + DO0s For the room-temperature observations, a Hitachi
H700 TEM operated at 200 kV was used. Energy fil-
H DOs tered diffraction patterns were takenin a Zeiss EMQ12
TEM operated at 120 kV. In the case of Figs 3 and 4,
optimal imaging conditions were obtained by using a
cooling stage to reduce the thermal diffuse background,
and working with a strongly defocussed beam (the mini-
mal beam aperture of 0.04 mrad) and a long exposure
Cr 5 Fe time (300 s).

70 Fe 90 Heating experiments were performedinan AEI EM7
microscope with a maximum accelerating voltage of
1.2 MV operated at only 400 kV, which was consid-
ered to be the optimum compromise between spatial
resolution and irradiation damage effects. The temper-
ure accuracy was estimated to-b20°C.

Energy dispersive X-ray spectroscopy (EDX) was

Figure 1 Compositions and resulting microstructure of the investigated
specimens.

: t
cooled to room temperature and some small speumen%

were cut off for wet chemical analysis. At this stage, ; o
- : performed in a Philips CM200 ST/FEG TEM operated
the material contained a large number of cracks. To de t 200 kv and equipped with a Noran Voyager EDX

stroy the cast structure and homogenize the ingot, sang- stem with aermanium detector. A nominal Spot size
ples of the first series were again heated up t0°950 o¥2 2nm wag chosenin the nanol robe mode IE)ro avoid
and rolled, thereby forming sheets of 12 mm thickness, P :

From the hot rolled and as-cast material, respectivelyﬁﬁgggrﬁg?n;psct)gsggl:,\r,glsg Jggdmeasurement, aliquid

small cylindrical specimens of about 5 mm in diameter tomic force microscopy (AFM) and lateral force
were machined and afterwards heat treated as describedA Py . .
below mlcroscopy(g_Fll\(/l)Swas pferf:)rmed with ;:1 co(rjnm(re]rmal
’ . instrument (Park Scientific Instruments) and a home-
The elemental components were of standard Indus‘built AFM/LFM head equipped with a beam deflection

trial purity. According to the chemical analysis, the . .
main impurity consisted of 0.25 at % manganese. Théjetec'_uo_n system. Both V-shaped and rectangular sili-
on nitride cantilevers with pyramidal tips were used.

compositions of the investigated specimens are liste he cantilever force constants for bending were 0.01
in Table I. As can be seen, specimens designated b . nding :
nd 0.02 N/m, respectively. The torsional force con-

. ; o .
P contain approximatelyn at% Cr anch at % Al stant of the rectangular cantilever was 8 mN/rad. All

The heat treatment for all samples of the first se- ; A . ;
ries consisted of annealing at 10@D for 5.5 h and AFM/LFM investigations were performed in ambient

air cooling down to room temperature within 2 h. The alrﬂ?nd attro?m tgmp%ature. 'I:[het?Ftl\/: fvvas cl;petzx;lted
samples of the second series were investigated in thl[Q eé:on aclmo tf] Wi ac?ns az ; Ofb olilce etween
as-cast state and after annealingXd at1100°C and 'P ahn sarr]np er|]n (re]r?nge_ rlom O.” n .h ind
cooling down to room temperature within 12 h. In all . Throughoutthe whole article, we will use the index-

these cases, the material thus obtained is not necess e?nsscr\:fhr}qcehc;l?ﬁsz%ségjsﬁgrceofg 21':icsjgfr1r?)(1ztrlgge%%tc-)ns
ily in thermodynamic equilibrium, which is typical for ' P )

industrially produced materials (Doing otherwise would result in equivalent reflections

The TEM specimens were prepared by mechanicall for the DQ; and A2 structures having different indices.)

cutting disks out of the bulk material, grinding down to a¥|’he rgflecﬂons pre'sent inthe '?‘2 structqre will be c;allefj
matrix reflections’, whereas ‘superlattice reflections

thickness of 10@um and then polishing electrolytically . . o i
with 5% perchloric acid and 95% ethanol at a voltageWIII designate the additional B2/DfJeflections.

of 40 V and a temperature ef8 °C until perforation. In
some cases, the samples were subsequently ion milled
for abou 1 h with 6 kV argon ions, or electrolytically 3 Results

3.1. Microstructural investigations

After the applied heat treatment, all alloys exhibited
TABLE | Chromium and aluminium contents of the specimens of the g essentially recrystallized structure with a grain size
first (top) and second (bottom) systematic series in the order of 0.4 mm for the hot-rolled specimens,

Sample P17/15 P17/18 P17/19 p17/23 and about 3 mm in the other cases. Rarely, some pre-
cipitates could be observed. All specimens contained a
Cr [at %] 17.6 16.8 17.6 171 rather low dislocation density. Only a few, if any, dislo-
Allat%] 151 175 1838 234 cations could be observed in the electron transparent re-
Sample P9/25 P11/21 P14/16 p1g/g8 gion of the TEM specimens of the constant-chromium

series. Therefore, a quantitative determination of the
dislocation density could not be accomplished. In
the second systematic sample series, the dislocation

Cr [at %] 9.3 11.5 13.8 18.0
Al [at %] 25.5 20.8 16.3 7.6
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density was low, but increasing slightly with increas- In samples P17/18 and P17/19, the superlattice re-
ing chromium and decreasing aluminium content. Thedlections show a fourfold splitting (Fig. 4) in the [100]
dislocation structure of specimens with these composizone axis orientation: Instead of one diffuse intensity
tions will be published elsewhere. maximum, four are observed centred around the correct
The metastable B32 phase [8] was not observed iposition. Of these four, the one close to the (000) beam
any of the samples. Also, an indication of are’  ismostintense. In less intense diffraction patterns, only
demixing or precipitation of the-phase could not be this maximum will be seen and misinterpreted as one

found. diffuse superlattice peak shifted from its “correct” po-
sition. The splitting amounts to about 10% with respect
31.1. Comparison of specimens with to the exact pOSition of the 100 reflection in the P17/18
constant chromium content: Sample and 3% in the case of P17/19.
order-disorder transition Inthe sample P17/23, the intensity of the superlattice

The formation of B2 and D@order can be observed by rgflections aIIOW(_ed dark fie_Id. imaggs to be t_aken. An-
the formation of characteristic superlattice reflectionslibhase boundaries were visible, with domain sizes of
in the diffraction patterns. This can easily be visualized@bout 10-20 nm when imaging with a (111)-reflection,
by kinematically simulated diffraction patterns, using@nd 20-40 nm when using a (222)-reciprocal lattice
the program package EMS [9]. Fig. 2 shows the mosVector.
important zone axis patterns of the disordered A2 and
the ordered B2 and D§phases in comparison. It can
be seen that the [111] zone axis is not suitable for & 7.2 Comparison of specimens with 9
distinction between these phases, because it does not to 18 at % Cr and 25 to 8 at % Al-
contain any superlattice reflections. From a [100] zone order-disorder transition
axis pattern, itis not possible to distinguish between B2rpe samples of this series were again chosen to con-
and DG order. Best suited are the zone axes [110] anqajn the order-disorder transition. The intensities of
[112], which were used for the following investigations. the syperlattice reflections increased with decreasing
The diffraction patterns of sample P17/15 containetthromium and increasing aluminium content. In sam-
matrix reflections, with some very diffuse scatter- 5o pg/25, they were very strong, in P11/21 weaker,
ing barely recognizeable near the positions of superi p14/16 the superlattice reflections were barely rec-
lattice reflections (Fig. 3a). With increasing aluminium o4nizaple and showed again a fourfold splitting, and
content, superlattice reflections of the POPe i, p1g/g superlattice reflections could not be observed.
appear. Insample P17/18, they are very faintand diffusg:omparing the as-cast specimens with those where the
(Fig. 3b), in sample P17/19 they sharpen and increase iqitional heat treatment was applied, no difference in
intensity (Fig. 3c). In sample P17/23, their intensity andpe intensity of the superstructure reflections could be
width are comparable to those of the matrix reﬂeCt'O”Srecognized.
(Fig. 3d). The P9/25 samples showed a pronounced contrast
typical for antiphase boundaries (APBs) [10, 11]. Us-
ing B2- and DQ-type superlattice reflections for dark

| [A2 | B2 | DO | field imaging, APBs of two different types could be
RPN PN distinguished (Fig. 5). The domain size between the
. '.,,T_.' . ‘.T;«L&T SRR 'L T DOgz-type APBs was determined to be about 30—100 nm
%o @ ‘e. 4" ‘e é° in the as-cast samples and about three times larger in
Lt ORI DI i the samples heat treated at 12Q0 The APBs which
RO | I o were visible only with B2-type superlattice reflections
[ A R TR formed domains with extensions between 0.6 apad
. e ?_ o - | .. t_ . ;-};pLj»j-j g and between 1.5 and/om, respectively.
e ey | it et As the superlattice reflections in the P11/21 samples
Y e R R still remained strong enough, dark field images were
paopyf - - oo ol e obtained with them. By this, the size of the P@ar-
.......... cen ticles embedded in a disordered A2 matrix was shown
s Ceqoe SR to be about 15-20 nm.
T LQ A B '1-9 * colp. The results of the microstructural investigations are
""" summarized in Fig. 1 and Table 1.
agl |
I AR IR AT IR A 3.2. Mottled contrast _ '
Y 1 I c e 9@ - Y X K In the samples prepared electrolytically with perchlo-
AP ERERRTRTTRN TSR ric acid, both bright and dark field images taken under
[111] e SEA. two-beam imaging conditions with matrix reflections

Figure 2 Kinematically simulated diffraction patterns for the zone axes revealed a mottled contrast in all samples where su-

[100], [110], [112] and [111], for the disordered A2 and the ordered B2 perlatt'Fe reercn_ong could be observed. A typical ex-
and DQ phases. ample is shown in Fig. 6 where the contrast behaviour
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Figure 3 Development of superlattice reflections in zone axis [110]: (a) The basic A2 reflections are observed in sample P17/15. Some extremely
weak superstructure reflections are barely visible. (b) Very weak and diffuse peaks appearing at the positions gftipeB0ucture reflections

in P17/18. (c) Diffuse, but clearly visible DQreflections in P17/19. (d) Pronounced and sharp D&llections in P17/23, with an intensity of the
superstructure reflections almost comparable to that of the matrix reflections. For better comparison, all shown diffraction patterns wevétrecorded

the Zeiss EM912 Omega using its energy filter.

changes around an extinction contour: In bright fieldthe case of dark field images, the contrast inverses ex-
images, bright spots are seen on a dark background attly. The average size of the speckles increases with
the thinner side of the specimen, whereas on the thickeéncreasing Al content from less than 20 nm in P17/18
side, dark spots appear against a bright background. lto® 30-60 nm in P17/23.
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TABLE Il Summary of the results, indicating the intensity of the
superlattice reflections and the microstructure of the specimens. p.o
means partially ordered. D@particle sizes are given where dark field
images could be obtained

Sample Superlattice reflections Microstructure

P17/15 Barely recognizable A2-DOs or B2?)

P17/18 Very weak, diffuse, splitted AR DOj3 (or p.o. DG?)

P17/19 Weak, sharp A2 DOgs (or p.o. DQ¥?)

P17/23 Strong, sharp A2 DOgz-particles
with 10-20 nm

P18/8 None Single-phase A2

P14/16 Very weak, diffuse, splitted AR DO;s (or p.o. DQ¥?) i

P11/21 Weak, sharp A2 DOs-particles "
with 15-20 nm

P9/25 Strong, sharp Single-phase PO

Figure 4 Diffuse superlattice reflection in the [100] zone axis of sam- 4
ple P17/18, as observed in the Zeiss EM912 Omega TEM. A fourfold 5
splitting of the diffuse superlattice peak can be observed. '

When preparing the specimens with nitric acid, the 3
mottled contrast could not be observed. Furthermore &
additional ion milling of the samples prepared with per- |
chloric acid also removed the contrast. i

In-situ heating experiments were performed on sam- "M\r ;
ples exhibiting the mottled contrast. On heating up ™ -
to 550°C, the superstructure reflections disappearedkigure 5 Dark field images of an annealed P9/25 sample obtained in a
proving that the temperature was higher than the orfo11] zone axis (a) with a (200) reflection existing both in the B2 and
dering temperature. However, the mottled contrast perDOg phase, and (b) Wi‘th a(@®1l) reﬂect‘ion characteristi‘c for the RO
sisted and did not change even after prolonged heating‘ase' In the second image, only antiphase boundaries (APBS) of the

Ogz-type are visible, whereas in the first case, APBs of the B2-type
of up to 1 h . with much larger domain size dominate.

In addition, a P17/23 TEM sample electrolytically
prepared with the perchloric acid etchant was investi-
gated by combined atomic force microscopy and lateratorresponding root mean square roughness value was
force microscopy. Fig. 7 is a typical topographic AFM 1.5 nm in the case of Fig. 7. Similar values were found
image of a 800x 800 nm scanning area, showing a for all images obtained on this sample. Typical pits had
corrugated surface structure containing small pits. The diameter of 3Gt 5 nm and a depth of 2.& 0.5 nm.
image was obtained with arectangular cantilever at a toSimultaneously recorded lateral force images gave no
tal normal force of 4.5 nN between tip and sample. Thandication of a material contrast between different areas
average roughness was determined as 1.2 nm, while thef the surface.
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On the other hand, the values measured by EDX were
in accordance with those measured by chemical analy-
sis within the error bars.

Sometimes, additional reflections were observed
which could be attributed to surface oxidation [12].

4. Discussion
4.1. Microstructure
Up to now, ternary phase diagrams do not exist for
temperatures low enough to include the ibase [6].
Only sparse information concerning the p@rdering
of ternary Fe-Cr-Al alloys is known at all, besides the
general fact that alloying of Cr into Al quickly sup-
presses the formation of ordered phases. Pra&iah
[4] systematically investigated the influence of the com-
position on ordering in ternary Fe-Cr-Al alloys. They
proposed that the transition from A2 to ROccurs at
a composition of 17 at% Cr and 18.5 at% Al. The in-
vestigations of our samples P17/15 and P17/18 show
this transition to occur at lower Al contents—close to
15.1 at% Al. This discrepancy could be due to the fact
that Prakaslet al. used X-ray diffractometry for their
investigation, which might be less sensitive to discover
superstructure peaks of very small intensity (cf. Figs 3
Figure 6 Bright field image with imaging vectd = (220) showinga  and 4). Another reason could be the different heat treat-
typ‘icallexample forlthe rr:ot:lhed cont_rast bhehlavik(JJL_Jr.h:)n tl:e side of thements applied. It should be noted that none of these
Gark background, whereas on the thickersid dark spotsare auperposLi-2L leatments is suitable to obtain the thermal equilip-
rium case. Instead, in our case it was chosen to mimick

to a bright background. ) .
a technologically reasonable temperature curve during
production.

3.3. Further investigations Unfortunately, information about the microstructure

EDX measurements of the composition were perwas not given by Prakasit al. [4], besides the claim
formed on samples P10/19 which consists of a twothat all samples were single phase. This seems to be
phase mixture of D@particles in a disordered A2 a difference to our observations, where, at least in the
matrix. Compositional fluctuations could not be ob- caseswhere superlattice reflections were strong enough
served within the experimental accuracy-bi at%. to obtain dark-field images, a fine grained two-phase

Figure 7 Atomic force microscope image of the surface of a P17/23 TEM specimen electrolytically prepared with perchloric acid (scanning area:
800 x 800 nm). Pits are clearly discernible.
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structure of ordered particles embedded in a disordered The increase in size of the observed speckles with
A2 matrix was recognized. In the specimens with verythe intensity of the superlattice reflections would be an
weak superlattice reflections, however, it has to be lefargument in favour of this dispersed-order conjecture.
open whether the ordering is due to small fractionsAlso, for high intensities of the superlattice reflections,
of particles or to an partial but homogeneous orderthe existence of ordered particles in a disordered matrix
ing of the specimens. In binary Fe-Al alloys, the or- has been confirmedinthe case ofthe P11/21 and P17/23
dering reaction was reported [13, 14] to begin withalloys.
the transformation of virtually all disordered mate- However, the experiments clearly show the mottled
rial into an (imperfectly) ordered DOphase of the contrast to be a preparational artefact of the perchloric
same composition. Subsequently, phase separation oaeid etchant which could be removed by subsequention
curred, with the D@ and A2 phase attaining both milling. Using nitric acid for the electrolytic prepara-
their equilibrium values for composition and volume tion, these artefacts could be avoided. Compositional
fraction. variations could not be detected between speckles and
In the case of the sample P17/15, the superlatticenatrix. Heating experiments showed no dissolution of
reflections were so weak and diffuse that any defithe presumed particles above the ordering temperature.
nite distinction between B2 and R@as not possible. Instead, the mottled contrast is due to local thickness
However, the samples with slightly higher Al content variations of the TEM foil whose contrast can be ob-
clearly exhibited D@-type reflections. What cannot be served under dynamic imaging conditions. From the
excluded from the observations is the existence of somasymmetry of the contrast, it can be deduced that the
residual B2 phase in the specimens in the case of weadpeckles are due to pits and notto tips. This is confirmed
intensities of the superlattice reflections. On the otheby AFM. The size of the speckles as observed by TEM
hand, in a study of a binary Fe 24 at % Al alloy [15], the of approximately 30 nm is in good agreement with the
the B2 phase was observed to transform into the DOsize of the pits observed by AFM (3D 5 nm).
phase within minutes. As our samples were only slowly The reasons for the development of these pits during
cooled, we can assume this transition to be completecklectrolytic preparation have to be left open. It cannot
The interpretation in terms of a two-phase mixture ofbe excluded that ordered particles play a role in their
A2 and DG phases is also in accordance with otherformation. This would point to some residual order left
investigations on binary Fe-Al alloys [14, 16]. in some samples which is not strong enough to produce
Usually, the B32 FeAl phase is considered to berecognizable superlattice reflections.
metastable [8]. Only recently, Becker and Schweika
[17] concluded the B32 phase to be stable in binary
FeAl alloys with about 20 at % Al and proposed an al-

tered version of the standard binary phase diagram S, s ieg of Fe-Cr-Al alloys with systematically var-

Massalski [18]. In our specimens, the B32 phase Warag compositions were investigated by TEM, one with

not ertecéted, and therefore these findings cannot br?onstant chromium content of 17 at % and aluminium
confirmed.

The formation of thes-phase [19] could not be contents between 15 and 23 at%, the second with

observed. We also did nF())t find an indication of aCr contents between 9 and 18 at% and Al contents

S . . between 25 and 8 at%. Both series showed a order-
chromium-richa’-phase. It was already pointed out

[20] that such ar-o’ demixing can be obtained only disorder transition to take placg. After the applied hea_lt
after extremely long annealing times which are not ac_treatments, most sample_s consisted ofa_two—phase mix-
cessible in usual experiments ture of_ DGs-ordered partlgles of smal! size .embedded
In CweAu, a fourfold splittiﬁg of the diffuse su- " & disordered A2 matrix. The particle sizes of the
' ordered phase were determined. The mottled contrast

' Df the samples prepared electrolytically with perchlo-

correlations between different ordered microdomains. . )
embedded in a disordered matrix [21]. A similar mech-ﬁ'IC acid was shown to be an artefact of the preparation

anism could be a possible explanation of the splittingprocess'
observed in our case, which would be an indication that
these specimens also consist of a two-phase mixture.
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