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bstract

Alloys with a microstructure analogous to the �/�′ system of Ni-based superalloys are found in the Pt–Al system. A two-phase microstructure
onsisting of Pt3Al precipitates in an fcc (Pt) solid solution was developed to mimic the basic microstructure of Ni-based superalloys. The Pt3Al
recipitates were found to consist of plates that are twin related and have a specific orientation relationship with respect to the matrix. Each plate

ontains a high density of thin platelets lying perpendicular to the c-direction. The precipitates were expected to crystallise in the D0′c unit cell.
owever, the experimental results showed that a different ordered structure, based on two modifications of the D0′c unit cell, occurred instead.
he observed matrix/precipitate orientation relationship could be justified by misfit considerations.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Ni-based superalloys are used in air and land-based turbines
nd owe their superior high temperature properties in part to their
haracteristic two-phase �/�′ microstructure. However, these
lloys are used at the upper end of the operating temperature.
he thermodynamic efficiency of an engine can be improved by

ncreasing their operating temperature, but this requires alloys
hat are able to withstand such an increase. One approach is
o design an alloy with a similar microstructure to the Ni-based
uperalloys, but then replace the Ni with an element with a higher
elting point, such as Pt.
An analogous two-phase �/�′ structure forms in the Pt–Al

ystem. The microstructure consists of a Pt solid solution matrix
nd Pt3Al precipitates, which form by a eutectic reaction at a
emperature of 1507 ◦C and with a eutectic composition of about
0 at.% Al [1]. The Pt3Al precipitates have the cubic L12 struc-

ure at high temperature, but transform to a tetragonal distortion
f this cubic structure upon cooling. This low temperature struc-
ure, which has been designated as D0′c [2], is closely related to
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lectron microscopy (TEM)

hat of Pt3Ga [3]. Phases with tetragonally distorted structures
ave been reported in other alloy systems, including CuAuI in
uAu [4], Ni3V [5] and the Al11Ti5 phase in (Al,Ag)3Ti [6].

In order to maintain the analogous �/�′ microstructure in
he Pt–Al alloys over the whole operating temperature regime
room temperature to above 1100 ◦C), the L12 structure of the
recipitates must be prevented from transforming to the tetrag-
nal structure upon cooling. Some success has been achieved
n stabilising the high temperature L12 form by ternary alloying
f Pt and Al with Ti and Cr [7], as well as Sc [8]. However,
he precipitates are distorted tetragonally in the simple binary
t–Al alloy. This paper describes the microstructure and crystal
tructure of tetragonally distorted Pt3Al precipitates in such a
inary Pt–Al alloy.

. Experimental

Arc-melted buttons were manufactured from pure elemental Pt and Al of
t least 99.9% purity. The resulting binary alloy had a nominal composition of
6 at.% Pt and 14 at.% Al as determined by energy dispersive X-ray spectrom-

try (EDS) in a scanning electron microscope (SEM). The chosen composition
ies within the two-phase field (Pt solid solution and Pt3Al) of the Pt–Al con-
tituency diagram. The alloy was heat treated for 96 h at 1350 ◦C, followed
y furnace cooling. This heat treatment temperature was based on the target
perating temperature for these alloys [7]. Cylinders with a diameter of 3 mm

mailto:jan.neethling@nmmu.ac.za
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Fig. 1. (a) Dark-field TEM micrograph showing �′ precipitates (bright) embed-
ded in the matrix (dark). The 1 1̄ 0 reflection in Fig. 2(a) was used to form the
image. (b) Bright-field TEM micrograph of a �′ precipitate containing stacked
p
p
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ere cut from the buttons using spark erosion and were used to prepare TEM
pecimens.

The cylinders were sectioned into discs with a thickness of 1 mm, which
ere mechanically lapped to a thickness of 100 �m and dimpled to 30 �m.
ow-angle (4◦) argon ion milling was done at room temperature, and with an
ccelerating voltage of 4 kV, until foil perforation, using a Gatan PIPSTM ion
ill. Compositional analysis was performed in a Philips XL30 SEM using the

tandardless analysis procedure of the EDAX DX4i energy dispersive X-ray
pectrometry system. A Philips CM20 TEM operating at 200 kV was used for
onventional transmission electron microscopy (CTEM) (including bright- and
ark-field imaging and selected area diffraction (SAD)). High-resolution TEM
as performed on a Jeol 4000EX HRTEM operated at 400 kV, in collabora-

ion with Electron Microscopy for Materials Research (EMAT), University of
ntwerp, Belgium. The atomic structure of the tetragonal (D0′c) phase of Pt3Al
as constructed by using the atomic positions determined by Bronger et al. [9]

or the space group P4/mbm. The following Wyckoff positions were used: Al
4f), Pt (4e), Pt (4g), Pt (4h). Various unit cells were constructed in the JEMS
Stadelmann, P.A., CIME-EPFL, Lausanne, Switzerland, 2003) and Electron
iffraction (Morniroli, J.P., Université De Lille, France, 2003) software pack-

ges, which were also used to simulate the diffraction patterns. The unit cells
ere also constructed using MacTempas (Kilaas, R., MacTempas, Total Res-
lution, Berkeley, USA, 2003), and yielded the same results. MacTempas was
lso used to simulate the high-resolution TEM lattice images. The local diffrac-
ion conditions of small regions in the lattice images were obtained by Fourier
ransforms using the CRISP software (Calidris, Sollentuna, Sweden, 2001).

. Results and discussion

.1. Microstructure

A two-phase microstructure consisting of Pt3Al precipitates
n a (Pt) solid solution matrix was observed. The compositions
f the Pt3Al and (Pt) phases, as determined by standardless SEM
DS, are shown in Table 1.

The typical microstructure of the alloy is shown in the dark-
eld TEM micrograph, Fig. 1(a). The precipitates appear bright
nd the matrix dark since a chemically sensitive reflection (1 1̄ 0
n Fig. 2a) from the precipitates was used to form the image. The
t3Al precipitates had a trimodal size distribution, with primary
recipitates larger than 2 �m (not shown), secondary precipitates
pproximately 1 �m in diameter, and a high volume fraction of
ube-shaped tertiary precipitates with a diameter of less than
0 nm.

A bright-field micrograph of the morphology of a typical
econdary precipitate is shown in detail in Fig. 1(b). This pre-
ipitate consists of a number of stacked plates with thickness
00–400 nm. Two adjacent plates are designated (1) and (2) in
ig. 1(b). This kind of microstructure is similar to that observed
or precipitates in other materials where an fcc-to-tetragonal dis-
ortion had taken place, such as Ni V [5] and D0 Al Ti [6].
3 23 11 5
he stacked plates in the Pt3Al precipitates exhibit sets of narrow
arallel lines, or platelets, perpendicular to the [0 0 1] directions
n the stacked plates.

able 1
omposition of matrix and precipitate phase (at.%)

lement Matrix: (Pt) phase (at.%) Precipitate: Pt3Al phase (at.%)

l 13 ± 2 27 ± 2
t 87 ± 2 73 ± 2

c
a
i
u
c
t
d
i
t
r

lates (e.g. 1 and 2); g vectors are labelled relative to the precipitate diffraction
attern.

.2. Analysis of diffraction patterns

Selected area diffraction patterns for the matrix and the pre-
ipitate are shown in Fig. 2(a) and (b), respectively. The selected
rea aperture was positioned to include two adjacent plates
n the precipitate. The SAD pattern of the matrix was sim-
lated along the [0 0 1] beam direction based on an fcc unit
ell. This simulation is shown in Fig. 2(c). The SAD pat-
ern of the precipitate was simulated along the [1 1 0] beam
irection, based on the D0′c (Pt3Ga) unit cell, and is shown

n Fig. 2(d). The size of the spots in the simulated diffrac-
ion patterns indicates the relative kinematical intensity of the
eflections.
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ig. 2. (a) SAD pattern corresponding to the matrix, B = [0 0 1]. (b) SAD patt
= [0 0 1]. (d) Simulated precipitate SAD pattern, B = [1 1 0].

The matrix diffraction pattern, which is supposed to be from
disordered fcc phase, contains faint extra spots in addition

o the fundamental reflections expected for the fcc structure.
here is a high density of small precipitates throughout the
atrix, which makes it impossible to isolate the information

ontributed to the diffraction pattern by the matrix by using the
elected area aperture. The matrix diffraction pattern is thus a
omposite of the diffraction patterns from the matrix and the
recipitates.

The experimental �′ precipitate diffraction pattern contains
ne structure in the form of additional extra spots (indicated by
n arrow, Fig. 2(b)) that are found neither in the experimental
atrix nor in the simulated D0′c diffraction pattern. The primary

pots in the experimental SAD pattern of the �′ phase (Fig. 2(b)),
.g. 2 2̄ 0, 2 2̄ 4 and 0 0 4, match the high intensity reflections
f the simulated diffraction pattern that is based on the D0′c
tructure (Fig. 2(d)). However, the following differences exist in
he fine structure of the precipitate SAD pattern:
The experimental pattern does not contain the ±0 0 1 and 0 0 3
reflections, which are allowed reflections for the D0′c struc-
ture.

3

a

rresponding to the precipitate, B = [1 1 0]. (c) Simulated matrix SAD pattern,

The experimental SAD pattern, Fig. 2(b), contains extra spots
with reciprocal lattice vectors ±1/3[0 0 2] and ±2/3[0 0 2].

The platelets in the secondary precipitate are shown in greater
etail in Fig. 3. They appear dark in bright-field (Fig. 3(a)), and
right in dark-field (Fig. 3(b)), and are associated with the extra
pots in the diffraction pattern. Fig. 3(b) was obtained by using
he reflections 1/3[0 0 2] and 2/3[0 0 2] in Fig. 2(a).

The existence of the extra spots suggests that some form of
rdering exists within the platelets. It is likely that the platelets
ave a different structure factor and extinction distance com-
ared to the adjacent regions, since the fine platelets appear
ark in the bright-field image. The fine structure in the simu-
ations of the Pt3Al SAD patterns, using the D0′c unit cell, did
ot match the experimental results. As a result, various modi-
ed D0′c unit cells were investigated, and the observed features
ould be explained with two of these modified unit cells.
.3. The modified D0′c unit cell

The atomic configuration of the D0′c structure, projected
long the [1 1 0] direction, is shown in Fig. 4(a). The simu-
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Fig. 3. (a) Bright-field image of platelets in plate 1 in Fig

ated diffraction pattern using this unit cell is the one shown
n Fig. 2(d). A modified tetragonal Pt3Al unit cell, with the c-
xis equal to 1.5 times that of the D0′c structure, was assumed
o be the true structure of the Pt3Al phase as shown in Fig. 4(b).
he modified unit cell was constructed by repeating the top half
f the D0′c structure, as shown in the dashed rectangles in Fig. 4.
he simulated SAD pattern, based on the modified unit cell, is
hown in Fig. 4(c). A selected area diffraction pattern of a single
road precipitate plate is shown in Fig. 4(d). The simulated SAD
attern based on the modified D0′c unit cell clearly agrees well
ith the experimental diffraction pattern. The atomic structure
as investigated in more detail using HRTEM.
An experimental HRTEM micrograph of the boundary

etween two broad plates is shown in Fig. 5. The twinned nature
f the two plates is clearly observed from the dark lines that lie
erpendicular to each other across the plate boundary. Fourier
ransforms of three different small areas in Fig. 5 that give the
ocal diffraction conditions, confirm this twinning. In plate 1,
he extra superlattice reflections lie along the c-direction (per-
endicular to the dark lines, inset a), both sets of extra spots are
bserved in the boundary (inset b) while the extra spots in plate
lie along the c-direction perpendicular to the dark lines in this
late (inset c). The fact that the extra spots lie perpendicular to
ne another proves that plates 1 and 2 are twinned.

Fig. 5 shows that the plates have two different types of atomic
rrangement. For example, the region enclosed in the black circle
onsists of a number of rows of atomic columns that all have the
ame intensity. This contrasts with the region in the white circle
here there is a periodic arrangement of bright atomic rows

eparated by a less intense row. This phenomenon can also be
xplained by the modified D0′c unit cell.

A HRTEM lattice image of a region of a Pt3Al plate that
xhibits double rows of bright spots (perpendicular to the c-
xis) separated by a dark band is shown in Fig. 6. The matched

imulated HRTEM image based on the modified D0′c unit cell
s overlaid (top) on Fig. 6. The double bright rows correspond to
lanes in the unit cell that contain only platinum. These bright
pots also correspond to atomic columns where platinum atoms

t
a
a
T

. (b) Dark-field image of platelets in plate 1 in Fig. 1(a).

hat lie above one another are shifted laterally with respect to
ach other. The less intense rows are those where the Pt atoms lie
lmost on top of each other. The Fourier transform of this region
s also overlaid (bottom). The extra spots due to the ordering can
learly be seen in this Fourier transform.

An enlargement of an area of the lattice image of a Pt3Al
recipitate, where all the atomic columns are bright, is shown in
ig. 7(a). A Fourier transform of this region is inset (bottom) in
ig. 7(a). The Fourier transform contains only the fundamental
eflections, with no extra reflections that are due to the modified
nit cell. This result can be explained if the precipitates are
ssumed to contain a second modification of the D0′c unit cell
hich consists of a unit cell that is half that of the D0′c unit

ell in the c-direction. This second modified unit cell is shown
n Fig. 7(b). A simulated HRTEM image based on this second
nit cell modification matches the experimental image exactly
nd is inset (top) in Fig. 7(a).

Völkl et al. [8] used the Pt3Ga structure type in their analysis
f X-ray diffraction spectra of �′ precipitates (with a phase des-
gnated Pt85Al15 which they call Pt3Al(r) but which corresponds
o D0′c in this work) in the Pt–Al–Sc system, but they did not
bserve the additional ordering that was observed here in the
lectron diffraction patterns.

. Discussion

Phase transformations, in general, are accompanied by crystal
attice rearrangements [10]. The macroscopic shape of regions
f a new phase within the parent phase is determined by the
omogeneous strain of the transformation. The new phase crys-
als will generally have a different orientation from that of the
arent phase due to the parent phase symmetry [10]. In the case
f a cubic-to-tetragonal transformation, the resulting tetragonal
rystals can have three different possible orientations relative

o the parent phase. The tetragonal axis (c or [0 0 1]) may lie
long any of the cube axes of the parent phase, i.e. the [1 0 0] (or
axis), [0 1 0] (or b axis) or [0 0 1] (or c axis) directions [11].
he difference in the crystal lattices of the parent phase and the
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Fig. 4. (a) Unit cell of the D0′c structure, B = [1 1 0]. (b) Unit cell of modified
D ′
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Fig. 5. Experimental HRTEM image of a twin boundary between two precip-
itate plates. (a) Fourier transform of plate 1. (b) Fourier transform of the twin
boundary. (c) Fourier transform of plate 2.
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t 3 75 25
alloy are given in Table 2. The (0 0 1) projection of the unit cells
of the (Pt) and Pt3Al phases, is shown in Fig. 8.

Table 2
Experimentally determined lattice parameters for cubic and tetragonal phases
in a binary Pt–Al alloy
0 c unit cell, B = [1 1 0]. (c) Kinematically simulated SAD pattern of modified
0′c unit cell, B = [1 1 0]. (d) Experimental SAD pattern from a single broad
late, B = [1 1 0].

ew phase requires atomic displacements in order for the two
hases to fit together such that the elastic strain between the two
hases are minimised. A characteristic morphology exists for
he daughter phase precipitates due to these displacements.

Precipitates of tetragonal D023Al11Pt5 in an L12(Al,Ag)3Ti
atrix were shown to consist of a thin-plate, multi-domain struc-

ure [6]. This multi-domain structure consisted of two types of
win, with the tetragonal axis of twin I parallel to the [1 0 0]

atrix direction and the tetragonal axis of twin II parallel to the
0 1 0] matrix direction. The following orientation relationships
ere described [6]:
1 0 0)IP||(0 0 1)M and near [0 0 1]IP||[1 0 0]M (1)

1 0 0)IIP||(0 0 1)M and near [0 0 1]IIP||[0 1 0]M (2)

a
c

ig. 6. Experimental HRTEM lattice image of a region of a Pt3Al plate contain-
ng double rows of bright atomic columns separated by a dark row. The matched
imulated HRTEM image (top) and Fourier transform (bottom) are inset.

The misfit between the Pt3Al and (Pt) phase can be calculated
y considering equivalent parameters. The lattice parameters for
he (Pt) (cubic) and Pt Al (tetragonal) phases of the Pt :Al
(Pt) phase, cubic (Å) Pt3Al phase (tetragonal) (Å)

and b 3.92 ± 0.06 5.45 ± 0.06
– 7.82 ± 0.06
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Fig. 7. (a) Experimental HRTEM lattice image of a region of a Pt3Al plate,
where all atomic columns are bright. The matched simulated HRTEM image
(top) and Fourier transform (bottom) are inset. (b) Schematic illustration of the
second modified D0′c unit cell (Pt: dark; Al: light).

Table 3
Misfit between cube directions in cubic and tetragonal phases

Direction Misfit (%)

[1 0 0]M,P 39.1
[0 1 0]M,P 39.1
[

t
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Fig. 8. (a) (0 0 1) projection of the fcc unit cell of the (Pt) phase. (b) (0
0 0 1]M,P 99.3

The misfit, δ, between the cubic and tetragonal axes along
he directions implied in the orientation relationships (1) and (2)
bove, are given in Table 3. These values were calculated using
he expression:

= aP − aM

aM
× 100% (3)

here aP is the lattice parameter of the precipitate and aM that
f the matrix.

If the orientation relationships as described in (1) and (2)
bove are applied to the Pt3Al alloy, a large misfit, with a cor-
espondingly high misfit strain, would result. An orientation
elationship that minimises the misfit in the Pt–Al alloy should
xist.

Consider an orientation relationship where the c-axis of the
etragonal unit cell is still aligned along the c-axis of the cubic
nit cell, but such that the tetragonal cell is rotated by 45◦ about
ts c-axis. Then, in general, the following orientation relationship
olds:

1 1 0)P||(0 0 1)M, (0 0 1)P||(1 0 0)M and

0 0 1]P||[1 0 0]M (4)

The length a′, parallel to the [1 1 0]P direction, is equal to
.860 Å. Also note that, for the cubic phase, 2c = 7.848 Å, which
s only slightly greater than the value of 7.819 Å for c of the
etragonal phase, implying a small misfit along the 〈1 0 0〉 and

0 0 1] matrix and precipitate directions, respectively. The mis-
ts along the given directions in the matrix and precipitate, as
etermined from Eq. (3), are shown in Table 4. Precipitates with
he orientation relationship described in (4) above with respect

0 1) projection of the modified D0′c unit cell of the Pt3Al phase.
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Table 4
Misfit along equivalent directions using the orientation relationship in (4)

Direction Misfit (%)

[0 1 0]M; [1̄10]P −1.6
[
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1 0 0]M; [1 1 0]P −1.6
c[0 0 1]M; [0 0 1]P −0.4

o the matrix will, therefore, have a smaller misfit with the
atrix.
The results of this investigation indicates that the struc-

ure of the Pt3Al can be described by two modifications of
he D0′c structure, one with half the c-constant and the other
ith 1.5 the c-constant. Various combinations of integer multi-
les of these two cells will have approximately the same misfit
ith respect to the matrix as the D0′c structure. For example,
/2c + 1.5c = 2c ≈ 4a, or 1/2c + 1/2c = c ≈ 2a. The (0 0 1) projec-
ions of the two modified D0′c unit cells are identical to that of
he unmodified cell, which means that the orientation relation-
hip derived for the D0′c unit cell from the misfit considerations
bove can be applied to the modified cases without loss of gen-
rality.

The Pt3Al precipitates consist of a multi-domain structure in
he form of parallel plates. One of the Pt3Al plates, say plate
, can be considered to consist of tetragonally distorted Pt3Al
uch that the c-axis of the tetragonal unit cell is aligned along
he c-axis of the cubic cell, i.e.:

0 0 1]P||[1 0 0]M, (0 0 1)P||(1 0 0)M and

1 1 0)P||(0 1 0)M (5)

In plate 2, the c-axis of the tetragonal Pt3Al lies along the
-axis of the cubic unit cell such that the following orientation
elationships hold:

0 0 1]P||[0 1 0]M, (0 0 1)P||(0 1 0)M and

1 1 0) ||(0 0 1) (6)
P M

These two plates are twinned with respect to one another,
ith the twin plane being the {1 1 3} plane for the modified unit

ell.

[

[

Compounds 432 (2007) 96–102

. Conclusions

The Pt3Al precipitates in a Pt–Al analogue of Ni-based super-
lloys had a trimodal size distribution, ranging from less than
0 nm to greater than 1 �m. The larger precipitates were found
o consist of stacked plates that are twin related, and each twin
late contains a high density of thin platelets lying perpendicu-
ar to the c-direction. Electron diffraction experiments showed
n unexpected result in the form of extra spots in the diffraction
attern. These extra spots as well as the appearance of HRTEM
attice images could be fully explained by two modifications of
he D0′c unit cell: one that was 1.5 times the length of the c-axis
f this unit cell, and one that was 1/2 the length of the unit cell.
he c-axis of the unit cell of the precipitate was aligned along

he a- and b-axes of the matrix unit cell. This matrix/precipitate
rientation relationship formed in order to relieve the lattice
isfit.
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