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HIGHLIGHTS

« Pt enhances coarsening of A15
precipitates in Cr-rich Cr-Si-alloys.

« A ternary Cr-rich Cr-Si-Pt phase
diagram at 1200°C is proposed.

« Pt causes Cr,/A15 interface distortion
A rim of enhanced Pt concentration
destabilizes the Pt-containing A15
precipitates.

« The coarsening mechanism differs
between Pt-rich and Pt-lean
precipitates.
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ABSTRACT

The effect of alloying Cr-rich Cr-Si alloys with Pt was investigated by a combination of complementary
experimental methods and atomic scale modelling. The investigated Cr-Si and Cr-Si-Pt (Cr >86 at.%)
alloys developed a two-phase microstructure consisting of Cr solid solution (Crs) matrix and strength-
ened by A15 precipitates during annealing at 1200°C. It was found that additions of 2 at.% Pt increase
the coarsening rate by almost five times considering annealing times up to 522 h. Pt was found to change
the precipitate matrix orientation relationship, despite its low influence on the Cry matrix/A15 precipi-
tate misfit. Through this experimental and modelling approach new insight has been gained into mech-
anisms of enhanced coarsening by Pt addition. The increased coarsening is principally attributed to a
change in interface composition and structure resulting in different thermodynamic stabilities: Pt-
containing A15 phase was found to have a broader compositional range if both elements, Pt and Si, are
present compared to only Si. Additionally, the Cr,;, phase was found to have a higher solubility of Pt
and Si over just Si. Both factors additionally facilitated Ostwald ripening.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

* Corresponding author.

1. Introduction

During recent years Cr-Si-based alloys comprising solid solu-
tions (Cr,) reinforced by A15 precipitates, e.g. Cr3Si, have attracted
increased attention as promising light weight materials (p., = 7.14
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—£;) for high temperature applications beyond the commonly used
Ni-base superalloys (T > 1150°C) [1-4]. Besides high availability as
raw material [5], Cr is particularly interesting for the ability to
withstand oxidising conditions up to temperatures around
1000°C by Cr,05 formation. This is the basis for why Cr is widely
used as an alloying element or in coatings for steels, Ni-base alloys
or other commonly used alloys. Alloying Cr with Si greatly
improves the oxidation resistance at T > 1000°C due to the forma-
tion of SiO, alongside Cr,05 [6,5,7,8] and also results in promising
wear resistance [9]. More than this, A15 precipitate formation
enables microstructural design for strength and hardness that
can be optimised and controlled by composition and heat treat-
ment [10-12]. Particularly promising is the high A15 area phase
fraction in Cr-Si alloys with Cr >91 at.% which is around 31% of
A15 for the binary Cry;Sig alloy (in at.%) at 1200°C [10]. Ternary
and quaternary Cr alloys, such as Cr-Si-Pt and Cr-Si-Ge-Pt, have
already been considered to achieve higher A15 precipitation frac-
tions to further increase strength [13].

Major drawbacks to Cr-based alloys are the potential formation
of brittle Cr,N at temperatures above 900°C and a ductile to brittle
transition temperature (DBTT) that is above room temperature
[14,4,15]. The high DBTT is mainly attributed to impurities such
as N, S, or O in Crg [16]. A possible approach to lower the DBTT
is alloying with scavenger elements to getter the impurities [17].

Pt containing Cr-Si alloys (Cr >89 at.%) are particularly promis-
ing as Pt acts as a scavenging element for N, by promoting finely
dispersed Cr3PtN instead of the detrimental Cr,N scale during high
temperature exposure [18,7]. Besides N gettering, Pt is analogous
to Si in that both form stable A15 phases with Cr (CrsSi, Cr3Pt),
potentially enhancing precipitate design and control. Due to the
steeper slope of the Cry/(Crs-A15) solvus curve compared to the
binary Cr-Si system, Pt was originally considered to enable more
precise adjustment of the A15 phase fraction by heat treatment
and thereby solid solution strengthening [19,20]. However, Pt-
containing Cr-Si alloys were observed to display a more rapid
microstructural coarsening. Since accelerated coarsening is
unwanted, the Pt effect on the microstructural evolution has to
be investigated in detail with the ultimate goal to understand its
cause and be able to introduce countermeasures for onward alloy
development.

The focus of the present study on the Cr-Si and Cr-Si-Pt systems
is to gain mechanistic insight as to why the microstructures
develop so differently. Therefore, the microstructural evolution,
orientation relation of matrix/precipitate, lattice parameters, and
thermodynamic stabilities of the A15 phases in the binary and
ternary systems are investigated. Experimental investigations
and 1* principles modelling are used to demonstrate the consis-
tency of results and proposed coarsening mechanism.

2. Experimental procedures
2.1. Sample preparation

Alloys with nominal compositions of Crg;Sig, Crg;Si;Ptp, and
CrgeSigPts (in at.%) were melted in a compact arc melter (MAM-1,
Edmund Biihler, Germany) on a water-cooled copper mould under
a high purity argon atmosphere (the measured compositions are
attached in Table A.1 in Appendix A). Ingots of ca. 7 g, 17 mm
length, and a diameter of around 10 mm were prepared using Cr
pieces (> 99.95 wt.%, Plansee), Si pieces (> 99.999 wt.%, GfE), and
Pt pieces (> 99.9 wt.%, Hereaus) were used. Before melting the alloy
constituents, a Zr getter was melted twice to capture residual oxy-
gen in the melting chamber. The alloy was remelted five times
with turning the ingot over each time. After melting, the ingots
were cut into two pieces parallel to the solidification direction
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(length around 8.5 mm) using wire erosion. The cutting edge was
ground up to P320grit (ANSI). For annealing, each half was encap-
sulated in a quartz glass tube filled with argon which was heated
for different times of up to 522 h at 1200°C. Afterwards the sam-
ples were quenched in water by simultaneously destroying the
quartz glass tube using pliers.

Cross sections of samples after casting and in annealed condi-
tion were prepared by mounting the halves in epoxy resin with
their cross section face up. They were ground with successively
finer SiC papers from P120 to P1000grit (ANSI), polished with
3um and 1um diamond suspensions and subsequently relief pol-
ished. In all cases the investigated sample cross section is parallel
to the solidification direction during casting.

2.2. Sample characterization

The microstructure and the composition were investigated
using optical microscopy, a secondary electron microscope (SEM,
Philips XL40), and electron probe microanalyser (EPMA, JEOL
JXA-8100) with EPMA back scatter images (BSE) and elemental dis-
tribution maps taken from each sample as well as quantitative ele-
ment spot measurements using a wavelength dispersive detector
(WDX). An acceleration voltage of 15 kV and a working distance
of 11 mm were used. If not stated differently 11 x 11 grid with a
step size of 1um in both x and y direction was measured from
the sample’s centre for the quantitative analysis. Image analysis
was performed to determine the A15-phase fraction and the parti-
cle sizes using ImageJ 1.51 [21]. For this purpose at least five Si or Pt
element maps per sample (1000x or 2000x magnification) were
analysed as they offer a higher phase contrast compared to BSE
images. The coarsening rate was determined by measuring the
average precipitate radius. Therefore, solely secondary precipitates
were taken into account and around 80 measurements were taken
from each sample.

For transmission electron microscopy (TEM) cylinders with a
diameter of ca. 3 mm were cut from annealed ingots perpendicular
to the solidification direction using wire erosion. Slices were cut
and ground up to a thickness of around 250um. The specimens
were electropolished using a solution of 10 vol.% perchloric acid
in methanol, a temperature of —30°C, and a voltage of 18 V. The
specimens were examined using double-tilt specimen holders in
JEOL 2100F TEM at an accelerating voltage of 200 kV and aperture
of 100 nm. Using high-angle annular dark-field images (HAADF)
and TEM-energy-dispersive X-ray spectroscopy (TEM-EDX) the
microstructure was characterised. To investigate the orientation
relationship between matrix and precipitates selected area diffrac-
tion patterns (SADP) were recorded. Due to the small size of the
precipitates, the orientation of the matrix phase was determined
first and subsequently SADP was taken from the interface area of
matrix and precipitate.

Prior to the powder X-ray diffraction measurements (PXRD), the
ingots were annealed for 100 h at 1200°C and ground using a
corundum mortar. After grinding, samples were loaded into
0.8 mm borosilicate glass capillaries and mounted on a capillary
spinner. Diffraction data were collected at beamline P02.1 (PETRA
11, DESY, Hamburg, Germany) using a wavelength of 0.20698A
with a Perkin Elmer XRD1621 area detector. A sample to detector
distance of 1715 mm was used, to maximise two-theta resolution.
The beam was centred in the middle of one side of the detector to
also maximise two theta range covered whilst still yielding reason-
able statistics. Diffraction data were integrated using the DAWN
software package [22]. Rietveld Refinements were performed using
TOPAS-Academic v6 [23]. Chemical composition information from
the EPMA data were included in the refinements as restraints.
Details of the restraints applied are given in Table C.3 in Appendix
C. Refined values for the elemental composition of each phase, as
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well as the overall elemental composition of the sample, and the
ratio of the phases present were extracted from each refinement,
in addition to lattice parameters and site occupancies.

2.3. Computational methodology

The CASTEP program package [24] within the Material Studios
framework [25] was utilized and the PBE GGA functional [26]
was employed for all the spin polarized calculations. Core electrons
were described by on-the-fly ultrasoft pseudopotentials [27] with
517 eV cut-off energy together with Koelling-Harmon [28] treat-
ment for relativistic effects. All the structures were fully optimised
using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm
with the following set of convergence criteria: 10-5 eV/atom for
the energy, 0.03 eV/A for the maximum force, 0.05GPa for the max-
imum stress, and 0.001A for the maximum displacement. Employ-
ing the Monkhorst-Pack scheme [29] the Brillouin zone was

sampled with 0.04A"" k-point separation, corresponding to 6 x 6
x 1and a3 x3x5meshes forthe1x1x4and2x2 x1 supercells,
respectively.

In order to build the empirical foundation for the proposed
understanding, supersaturated Cr-Si alloys with six different nom-
inal molar ratios ng;/(ns + n¢) being 7% Si, 8% Si, 9% Si, 10% Si, 15%
Si, and 25% Si, were produced in conjunction with one ternary Cr-
Si-Pt alloy with 7% Si and 2% Pt.

3. Experimental results
3.1. Microstructural development during thermal annealing

BSE images of the microstructures are shown in Fig. 1 for the
samples in the as-cast condition, after annealing for 100 h at
1200°C, and after annealing for 200 h or 522 h, depending on the
composition, at 1200°C. Si and Pt EPMA element maps are included
to show the differentiation between the Si- and Pt-rich phase pre-
cipitates, and the rather Si-lean matrix. In all cases the observed
phases are solely Cry; matrix and Si- and Pt-rich A15 precipitates
which is additionally confirmed by XRD measurements.

After casting, a comparably low area fraction of large A15 pre-
cipitates (from around 25um? considering cross sections), so called
primary precipitates, is found, principally at grain boundaries. Dur-
ing annealing secondary A15 precipitates (< 5um?) form within the
former oversaturated Cry dendrites, which is described in more
detail in [10,12].

Precipitate evolution in the binary Crg;Sig and ternary Cry; Si,Pt;
alloy were explored comparing different annealing times at
1200°C. After annealing for 100 h at 1200°C (Fig. 2(a)) a higher
fraction of A15 precipitates with sizes below 0.5um? is found for
Crg; Sig, hence, the precipitates formed in the binary alloy are rather
small compared to the ternary composition. The effect of a longer
annealing of 522 h compared to 100 h on the size of the precipi-
tates is shown in Fig. 2(b). After 100 h of annealing (dotted curves)
the ternary alloy shows a wider distribution in precipitate size in
comparison to the binary alloy. With increasing annealing time
the A15 precipitates in both alloys increase in size, however, this
effect is much more pronounced for the Pt-containing system
and there for large precipitates. To determine the rate of the coars-
ening process, the mean radius of the secondary precipitates (r) is
plotted over time. As no secondary precipitates exist at the begin-
ning of annealing, (rp) is set to 0. To investigate the coarsening
mechanism, the coarsening rate k is determined. With respect to
the LSW theory [30,31] Egs. 1 and 2 are used to investigate if the
coarsening is diffusion (DC) or reaction (RC) controlled.

(r)* = (ro)* = koc - t 1)
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(1) = (ro)* = kec - t 2)

In both cases a higher coarsening rate is found for the ternary com-
position in comparison to the binary Crg;Sig alloy. In addition to the

coarsening rates, the coefficient of determination R* is given to

show the goodness of the respective fit. A higher R? value is found
the binary composition in the case of assuming diffusion controlled

coarsening while a higher R? value is obtained for the ternary com-
position assuming reaction controlled diffusion.

As the increased coarsening was demonstrated upon Pt addi-
tion, investigations of phase compositions, phase stabilities, and
the interface follow to identify the driving force behind the
enhanced microstructural development.

3.2. The stoichiometry of the A15 phase

The compositions of the two phases are measured for the differ-
ent alloy conditions. The A15 compositions are compared to previ-
ous investigations in Fig. 3. The A15 phase has a sub-stoichiometric
composition in each of the investigated alloys. Comparative plots
of chemical compositions of A15 precipitates after annealing reveal
a nearly reproducible Si or Si + Pt content of around 20-22 at.% in
the A15 phase which only slightly approaches a maximum with
longer annealing times depending on the alloy’s composition. Only
in the case of the Cr;sSi,s alloy the A15 phase shows the stoichio-
metric Si concentration of around 25 at.%. These results suggest a
substitution of Si by Pt in the 2(a) position of the A15 phase with
the fractions of Pt and Si depend strongly on the Pt concentration
in the ternary alloy. The sub-stoichiometric composition is
explained by either the formation of vacancies in the 2(a) position,
or the occupancy of 2(a) sites additionally by Cr atoms correspond-
ing to Crs(Si;_xPt,_,Cry) with y ~ 0.1-0.2 and x = 0-1.

Synchrotron XRD patterns of both alloys after annealing are
shown in Fig. 4 with the corresponding Rietveld Refinements.
The XRD measurements confirm that both alloys consist solely of
two phases, bcc Cr; with A2 structure (Im3m) and A15 (Pm3n).
For both phases the determined lattice parameters can be found
in Table 1.

Beside the lattice parameters also the site occupancy of the 2(a)
site in Cr (Cr position) and 2(a) site (Si/Pt position) and 6(c) site
(Cr position) in A15 phase are determined and listed in Table 2.
For the Rietveld analysis the Cr sites are assumed to be solely occu-
pied by Cr due to the sub-stoichiometric composition of the A15
phase. Si, Pt, and Cr were found to occupy the 2(a) site (respec-
tively B site) of Cr3B.

3.3. Elemental segregations

Investigating the microstructures in the as-cast condition (com-
pare Fig. 1) it is found, that Pt, in comparison to Si, has a higher ten-
dency to segregate into the Cry, matrix. This is quantified by the
coefficient of segregation:

S — Cmax (3)
Cinin
Cmax = Measured maximum concentration in a phase

Cmin = Measured minimum concentration in the same phase.

S is shown over annealing time in Fig. 5(a). With increasing
annealing time, S highly decreases in the case of Pt while for Si it
is almost constant in the binary alloy and also shows a low
decrease in the ternary alloy. Hence, Pt addition causes an increase
in interdiffusion.

Additionally, in the large ternary A15 precipitates contrast vari-
ation is observed via the backscatter Z-contrast which is still pre-
sent after 522 h annealing (compare Fig. 1(h)). To confirm that
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(c) CrgeSigPte as-cast

100h at (f) CrgeSigPts, 100 h at 1200°C

high

522h at (i) CrgeSigPts, 200 h at 1200°C

Fig. 1. Cross sections of the three alloys Cro;Sis ((a), (d), (g)), Cre1Si;Pt, ((b), (e), (h)), and CrssSisPts ((c), (f ), (i)) in different conditions, as-cast and annealed, showing the

phase constitution and qualitative elemental (Si and Pt) distribution maps.

the effect is not an artefact of the measurement, the element con-
centrations across the A15 phase were measured using EPMA line
scans with a step width of 0.3um. Examples of such scans for both,
primary and secondary precipitates, are shown in Fig. 5(b): It is
found that especially in the Pt-containing alloy, the Pt concentra-
tion in the vicinity of the Crg/A15 interface is higher in the A15
phase in comparison to its core while the Si concentration stays
almost constant after long annealing times. This is more pro-
nounced in the case of the primary precipitates. In contrast to this,
a higher Si concentration is measured in the binary alloy at the Cr/
A15 interface.

3.4. TEM and orientation relationships in the binary and ternary
system

A possible reason for an accelerated microstructural coarsening
is a change in the interface orientation and thereby interfacial
energy of the A15 precipitates in the Cr, by Pt alloying. TEM was
employed to investigate the orientation relation (OR) between
the A2 matrix and A15 precipitates on addition of Pt.

HAADF-STEM images of the microstructures are shown in Figs. 6
and 7 for the binary and the ternary alloy after annealing for 100 h.
Again, the A15 phase precipitates can be clearly distinguished from
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Fig. 2. (a) Histogram of the A15 precipitate size distribution in CrySig and Crg;Si;Pt, after 100 h annealing at 1200°C (magnified for small precipitate sizes). In (b) the
cumulative probabilities of particle size are shown for both investigated alloys after 100 h and 522 h annealing at 1200°C; 100% refers to the total area fraction of the A15
precipitates. Additionally, the evolution of < r > over time is shown in Figure (c) and the coarsening rates for both alloys are given as well as R*.
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Fig. 3. Concentration of the A15 phase former Si and Pt over alloy composition and
heat treatment. The results obtained in this work are compared to other previous
studies #[32], 0[33], +[6], and *[10]. In all cases a sub-stoichiometric composition of
the A15 phase is found except for the pure A15 phase alloy (Cr;5Siys in at.%).

the surrounding Crs; phase by atomic contrast or by Si and Pt ele-
ment maps (not shown here). A series of SADPs are taken from
each investigated alloy from which five areas per sample were fully
analysed. The results show that the precipitates and the matrix
have a distinct OR that changes with Pt. Selected SADPs with
indexed schematics are added to Fig. 6 and 7. Additional SADPs
taken from other matrix/precipitate interfaces confirm the distinct
ORs, provided in Appendix B. For the determination of the OR only
the secondary precipitates (area < 5um?), which form during
annealing, are considered. The identified parallel zone axes
obtained from either phase are added to the shown images. The
viewing direction along the zone axis of the Cry phase is first deter-
mined by tilting the specimen along the Kikuchi band and, using
the same tilt, collecting combined SADPs from the nearby
precipitate-matrix interfacial areas, and the corresponding zone
axes of the precipitate-matrix pair identified to obtain the crystal-
lographic parallelisms.

From the overlapping SADPs indexed as [011],, and [001],;5
zone axes of the matrix and the precipitate, respectively, the

(OTI) and (ﬁo)ms planes are observed to be in coincidence
Tss

(Fig. 6(c)). Therefore using these crystallographic parallisms, the
following OR for the binary Crg;Sig composition is obtained:
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Fig. 4. Powder XRD pattern of (a) Cro;Sig and (b) CroSi;Pt,. The Rietveld Refinement is added to the graph as well as the specific diffractions of both found phases. The quality

of the refinement is added as well (R-factor and goodness of fit y?).

Table 1

Lattice parameters of the A15 and Cr, phase of the Crg;Sig and Cro; Si; Pt; alloys after
annealing for 100 h at 1200°C determined from the diffractions shown in Fig. 4. The
accuracy is given with respect to the used monochromatic X-rays and the accuracy of
the Rietveld Refinement. Additional information can be found in Appendix C.

alloy Crsf A1§
inA inA
Cro1 Sig 2.88(2973) 4.56(3576)
Crg; Si7 Pt 2.88(9663) 4.59(1636)

(011],[[[001] 15

lo11],I[T20], . (4)

[200],,])[210]
In Fig. 7(a) and (c) two sets of SADPs obtained simultaneously from
the matrix and precipitate phases of two different regions of inter-
est in the Cr-Si-Pt alloy are displayed, which showed marked differ-
ences to the patterns from the binary alloy (Fig. 6) suggestive of a

different OR. In Fig. 7(a), Fl 0} ,, Zone axis is observed to be parallel

to {?31]}1]5, as seen from the overlapped patterns, a key to this com-

posite pattern is shown in Fig. 7(e). Given the difficulty of system-
atic tilting using such submicron sized precipitates, another set of
SAPDs around a different matrix-precipitate combination is
obtained and shown in Fig. 7(c). In this case, the corresponding zone
axes from the A2 and A15 phases are identified as [110],, and
[012],,5 respectively, although, some small angular mismatch is
noted between these zone axes. The two sets of zones axes (i.e

[T] 0] and [110] of A2; [?31] and [012] of A15) bear an angular rela-

tionship of 60°. Thus the observed parallelisms for Cro;Si;Pt, could
be expressed as:

[110]/&2”[012]/{15 (5)
[1 10]/\2” [331]A15

In the ternary alloy a slight distortion of planes in the A15 diffrac-
tion pattern is found by investigating the Cr,/A15 interface. This
is exemplified in Fig. 7(a) with the grey dotted line. To sum up, both
alloy systems show different ORs while additionally a change in
periodicity of the SADPs is found for the ternary Cr-Si-Pt alloy which
was not detected in the binary system.

4. 1st Principles modelling
4.1. Modelling considerations

While compositions and sizes of the precipitates change with
time during annealing, the modelling of transient phases must con-
nect to the equilibrium characteristics of the relevant thermody-
namic phase diagrams. The binary Cr-Si and Cr-Pt phase
diagrams are used as boundary conditions for the modelling of
the ternary Cr-Si-Pt system. Consistency between calculated and
experimental results is obtained for both binary phase diagrams
[20,19]. Furthermore, the ability of the A15-structure (AsB) to
accommodate Cr in the A- as well as in the B-position is crucial
for the present study. Thus, for the binary systems, this implies
reproducing the temperature dependent disproportionation of
the alloy into A15 Cr3B;_,Cry and Cri(B) phases (B = Si; Pt) from
1°* principles. In the ternary system the degree of stability of any
Cr3Siy_«Pt_,Cry precipitate is investigated. The stability of a partic-
ular initial ternary precipitate composition is investigated by mod-
ellig as well as its spontaneous disproportionation into binary and
ternary transients. The focus is on the Cr3Sig g25Pto.125Crp25 compo-
sition based on the experimental findings that in the ternary Cr-Si-
Pt system the 2(a) sites of the A15-phase are occupied by Si, Pt, and

Table 2
Site occupancy in Cri and A15 phase determined by powder XRD and Rietveld Refinement. Samples were annealed for 100 h at 1200°C.
Crg; Sig Crg; Si; Pty

Crgs Cr Si Cr Si Pt
2(a) 0.94 0.06 0.94 0.04 0.02
A15 Cr Si Cr Si Pt
2(a) 0.12 0.88 0.08 0.76 0.16
6(c) 1.00 0.00 1.00 0.00 0.00
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Fig. 5. (a) Segregation coefficient S of Si and Pt in Cr, over annealing time. To demonstrate the tendency for segregation in the A15 phase, selected, normalised EPMA line
scans measuring Si and Pt concentrations across A15 precipitates are shown in (b) for the binary and the ternary alloy after annealing for 522 h at 1200°C, respectively. For
each composition a line scan across one primary (marked with prim) and one secondary (marked with sec) precipitate is shown. Corresponding BSE images of the investigated

secondary precipitates are added.

Cr atoms resulting in Cr3(Sig76Pto.16Croos) With respect to Table 2
and Cr3(Sip.72Pto12Cro.16) With respect to Fig. 3).

Viability of possible disproportionation reactions is addressed
by 0 K reaction enthalpy (AH) calculations by means of DFT. These
results are complemented with configurational entropy contribu-
tions (AScnse) to produce Gibbs free energies of reactions (AG =
AH - TAScons), thereby comparing predictions at T = 1300 and
1700 K (around 0.82 T, of the Crg;Sig alloy). Further information
on calculation methodology and configuration entropy assump-
tions can be found in Appendix D.

4.2. Precipitate transformations

4.2.1. Phase stabilities in binary systems

The phase stabilities of the binary CrsB,Cr;_y A15 systems, B
being Si or Pt, are investigated by the reaction energies of pure
A15 phases (Cr3Si or Cr3Pt) with Cr. The energies for the formation
of non-stoichiometric, degenerated A15 phases are shown in Fig. 8
(a). The reactions including Cr;Pt are energetically more favoured
in comparison to the reactions in the Cr-Si system. Hence, consid-
ering the A15 educt phases a greater deviation from stoichiometry
of Cr3Pt;_,Cr, than Cr3Si;_,Cry is found which is consistent with the
recently reported high stability of the stoichiometric Cr3Si phase in
the binary system [34]. The composition at the outer A15/Crg

interface changes from A15 Cr3B,Cr;_, to Crg. This is taken into
account in Table 3, where variations in B are used to demonstrate
the energetically favoured disproportionation of non-
stoichiometric A15 phase compositions such as Cr3(Bo25Cro7s),
Cr3(BosCros), and Crz(Bo75Cro2s), hence, substitution of around
1.5 at.%, 3 at.% or 4.5 at.% B atom by Cr in the A15 phase. This shows
a further enhanced stability of the Si-containing binary A15 precip-
itates over the Pt-containing A15 precipitates.

4.2.2. Phase stabilities in coupled binary systems

In order to understand the driving force for co-precipitation and
precipitate morphology, it becomes relevant to first compare the
relative stabilities of the A15 CrsSiyCr;_x and Cr3Pt,Cr;_, precipi-
tates. This is achieved by coupling the two binary phase diagrams
via the transfer of Cr between the two systems. Therefore, reac-
tions between non-stoichiometric binary Crs(B,Cr;_,) with B is
either Pt or Si are considered. It is found that for 3 at.% Si in the
Crss (considered as (Cr3Sig125Crog7s) with A15 crystal structure)
and 21 % Pt in A15-phase (CrsPtyg75Cro125) the formation of Si-
rich A15 phase and Pt-rich Crs (considered as (CrsPtg125Crog7s)
with A15 crystal structure) is energetically preferred:



A.S. Ulrich, AJ. Knowles, V. Cantatore et al.

10 1/nm

Materials & Design 218 (2022) 110655

= 221
022 6
222 [e)
°
. AN, 211
= 0 011/120 e O
21 020
e 210 s
.b eip 120
° Zg” ) 010 °
5y Z10 187 090 e O
201 10 100
110 °
% ® 010 80
° °
o °
03%11/120 © o
°
2O o e
L o
°
323 ° % O
o
(c)

Fig. 6. SADPs of the Cr;, matrix (A2 structure) and the Cri/A15 interface of the Cro;Sig alloy after 100 h at 1200°C annealing are shown in (a). In (b) the corresponding
microstructure with the interface from which the SADP was taken (marked) and in (c) an indexed schematic of (a) are shown.

—_

7CT'3(Pt0.875 Croazs) + Cr3(Sig125Cros7s)

1 . k
- 70’3 (Sio875Cro.125) + Cr3(Pto125Crogss); AG = 73'52m7{)l

(6)

For this reaction the configuration entropy change is zero, hence,
this reaction is insensitive to temperature. For the reaction of other
Cr3Pt,Cr;_, transients (0.25 <x <0.875) with 3 at.% Si-containing
Cris comparable results are found and the formation of
Cr3Sigg75Cro.125 and 3 at.% Pt-containing Cr is energetically favour-
able (see also Table D.6 in Appendix D). Thus, an increased energetic
drive is found for any Pt-rich precipitate to react with the Si-rich
matrix but it increases with increasing Pt concentration in the
A15 phase.

4.2.3. Phase stabilities of the ternaries Cr3(Pt,Si;_) and
Cr3(Si1,XPtX,yCry)

To address the stability of ternary precipitates that mix Si, Pt,
and Cr in the 2(a) sites within a single A15 precipitate two cases
are investigated: Firstly, the Cr3(Pt,Si;_) system (Cr3(Si;_xPtx—,Cry)
withy =0), and secondly, the stability towards disproportionation
of a representative precipitate composition Crs(Sigg25Pt0.125Cr025)
(compare Table 2). For the first case, a complete miscibility of Crs-
Si and Crs3Pt is found above 600 K as shown in Fig. 8(b), hence, a
complete miscibility of both A15 phases is found. For the second
case, possible fates of Crs(Sipg25Pto.125Cro25) are explored according
to the general disproportion reaction shown in Eq. 7. The energet-
ics for some representative disproportionation reactions can be
found in Table 4.

(Pt)

. (i) (cr)
Cr3(Sig625Pto.125Cro25) — Zaicr3 1—X:%—y;: Y (7)
i

It is found that three out of five reactions (I, IV, and V in Table 4) are
exergonic (AG <0 %), hence, clearly spontaneous at the relevant

temperatures while other reactions are endergonic and therefore
not spontaneous. However, taking possible subsequent reactions

between the products of the endergonic reactions and the sur-
rounding Si-rich Crg matrix into account (e.g. from reaction II and
Il in Table 4) previously considered endergonic disproportionation
reactions become energetically favoured as subsequent reactions
are exergonic. Such reactions between some transients and Si in
the surrounding Crs matrix are shown in Reaction 8 and 9.

. 25 .
Cr3Sig5Ptos +— Cr3(Sio.125Cro.875)

6

7 . Kkl

— 4Cr3(Pto.125Cros7s) + ECT3510.87500,125§ AE = —1.08 (8)

mol
. 13 .
Cr3Sig75Pto2s + gcra (Sip.125Cro.875)

7 k]

— 2Cr3(Pto.125Crosgrs) + ECT3510.875CT0.125; AE = 082@ 9)

By combining Reaction (7)-(9), net reaction energies for mixed
ternary Crs(Sigs2sPto125Croos) A15 precipitates reacting with the
Cr(Si) to form binary Crs(Sip g75Cro.125) and Pt-rich Crg(Si,Pt) phases
are calculated and shown in Table 5. The difference in stability of
the products referred to in these tables shows that the formation
of Cr3[2;0;1] (Table 5 ii) is energetically possible but less favoured
compared to the formation of the more Si-rich A15 phase Cr3[Z;0;3]
(Table 5 i). This is consistent with the enrichment of A15 phase by Si
in the binary system over the annealing time as Cr3[2;0;1] refers to
the A15 phase formed after 100 h annealing (around 20.8 at.% Si)
and Crs[£;0;4] to the A15 phase formed after 500 h annealing with
a Si concentration of around 22.0 at.% (compare Fig. 3).

In any case the reaction between the mixed ternary
Cr3(Sipe25Pto.125Cro25) phase may take place in contact with the
matrix even though the corresponding disproportionation reaction
itself is found to be endergonic. The existence of spontaneous exer-
gonic net reactions (compare Table 5) including non-spontaneous
reactions (examples shown in Table 4) which in turn react further
(Reaction 8 and 9) is understood to control the rates of the solid-
state reactions of the ternary composition over time.
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Fig. 8. Stabilities of the (a) non-stoichiometric binary A15 phases and (b) the stoichiometric ternary Cr3Pt,Si;_ phase. In (a) both, AH at 0 K and AG at 0.82 T, (1700 K) are
shown and the corresponding reactions are added. In (b) the stabilities are shown for 0 K and 600 K, the latter referring to the lowest temperature at which the mixed A15

phase shows a full stability over the whole composition range.

5. Discussion

In the beginning of annealing at 1200°C, secondary A15 precip-
itates are found to nucleate within the Cr matrix, which is super-
saturated in Si and Pt in the as-cast state due to the fast cooling

from the melt. With longer annealing times the coarsening is much
more pronounced in the presence of Pt in the alloy which can be
seen from Figs. 1 and 2. The ageing of the binary secondary precip-
itates follows the LSW theory and therefore the conventional Ost-
wald ripening kinetics. Possible reasons for a Pt induced rate
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Disproportionation reactions of Crs(SiyCr;_) and Cr3(Pt,Cr;_) with compositions in the miscibility gap of the binary phase diagrams. Crs(Sig125Crog75) and Crs(Ptg125Crog7s)
represent the Crg, Cr3(Sips75Cro.125) and Cr3(Ptog75Cro125) represent non-stoichiometric A15 phases. The miscibility gap is found to prevail in case of the Cr-Si system while the
endergonic disproportionation energies in the Cr-Pt system show a thermodynamically favoured miscibility of Cr and Pt in the 2(a) site of the A15 structure.

No. reaction AH AG at 1300 K AG at 1700 K
in kJ/mol in kJ/mol in kJ/mol
I Crs(Sip25Cro.75) — & Cr3(Sios75Cr0.125) *+ 2 Cra(Sio.125Cros7s) -21.45 -2051 -20.22
1 Cr3(Sio5Cro5) — 3 Cr3(Sig.g75Cro.125) + 3 Cr3(Sio.125Cros75) -20.77 -19.83 -19.55
1 Cr3(Sio.75Cro.25) — 2 Cr3(Sio.875Cro.125) + & Cra(Sio.125Cro875) -7.02 -6.09 -5.80
v Cr3(Pto25Cro75) — § Cra(PtogzsCro.as) + 2 Cra(Pto.125Crog75) -16.83 —-15.89 -15.61
v Cr3(PtosCros) — 3 Cra(Ptog7sCro.125) + 3 Cr3(Pto.125Crog7s) -6.43 -5.49 -5.21
Vi Cr3(Pto.75Cro25) — 2 Cra(PtogrsCroas) + § Cra(Pto.125Crog75) -1.04 -0.11 0.18
Table 4
Energetics for some disproportionation reactions of Crs(Sig g25Pto.125Cro2s).
No. reaction AH AG at 1300 K AG at 1700 K
. (Si) Py @ in kJ/mol in kJ/mol in kJ/mol
Cr3(Sio 625Pto.125Cro25) = >5;aiCr3 |1 =X : X — Y 1 Y
I BT oY +A10: 5 +Lk L3 ~6.81 ~3.48 ~2.84
I 33:0: 1 +1[0: 1] ~3.65 ~0.63 030
11 % [% 0: 2_;] + 51‘; [0: 51_3: %] + é [0: %; %] —-2.28 0.97 1.97
v 1304+ 13 L0l + 1[4 0: 2] ~10.68 -7.85 -6.97
\Y Blgo i+ kol+5[:0:7] -10.03 —-6.70 -5.67
Table 5 ) (P ()
Possible net reactions of A15 phase and surrounding Cr, including transient states. The labelling refers to Cr3 |1 —x; : X —y; : Y |-
No. reaction AH AG at 1300 K AG at 1700 K
in kJ/mol in kj/mol in kJ/mol
i Crg[g:%:%} +gCr3[%:0:§} ﬁgCrﬂ%:O:%} +Cl‘3[0:%:%] —10.30 —6.75 -5.65
ii Cr3[3:3:3] +3Cr3[}:0:3 =3Cr3[2:0:1] +Cr3[0:4:3] +1Cr3[3:0:]] -5.36 -2.10 -1.10

change are a different solubility for A15 phase forming elements in
the matrix, a change in vacancy concentration, or an energetic
change of the matrix/precipitate interface which includes a change
in coherency or a change in interface-reaction.

5.1. The Cr-Si-Pt system

All investigated Cr-Si-Pt alloy compositions in this work and in
previous investigations [32,33,6,10] show the formation of a two-
phase microstructure consisting of Cry; matrix with A15 phase pre-
cipitates. 1% principles calculations are used to gain insight into the
precipitation phenomenon by determining the A15 single-phase
stability of the precipitates. The binary Cr3(SiyCr;_x) and
Cr3(PtyCr;_y) systems as well as the ternary Cr3(Pt,Si;_») and Cr3(-
Si;_xPt,_,Cry) systems are investigated in the composition ranges
of 75 at.% <Cr <100 at.%, 0 at.% <Si <25 at.%, and 0 at.% <Pt <25
at.%. A favourable miscibility of Si and Pt in the A15 2(a) position
resulting in Cr3(Pt,Si;_x) (compare Fig. 8(b)) is found. Hence, a
stable A15 single-phase region connects both binary A15 phases
at 1200°C. Based on the experimental and calculated results a sche-
matic Cr-Si-Pt ternary phase diagram is proposed in Fig. 9. The
phase fields of Crg; and A15 phase are schematically shown with
respect to phase compositions measured using EPMA.

With respect to this phase diagram all ternary alloys show a
tendency for lower A15-phase former concentrations (Si + Pt) in
the A15 phase in comparison to the binary compositions. Consider-
ing the matrix composition, the total solubility limit of A15 stabil-
ising elements in Crg is higher for the ternary alloy compared to
the binary. Possible reasons for this are an increase in entropy by
adding Pt to the Cr-Si system or a decrease in the enthalpy of mix-

10

ing. An increased solubility limit ¢, in the solid solution also
increases the coarsening rate k. This is expressed by [35]:

kocD-yp-co (10)

Co = solubility of Si and Pt in Cr

vpn = specific enthalpy of the interface.

D = diffusion constant.

Following this correlation, increasing c, by around 14% in the
case of substituting Si by Pt (determined for CrgeSigPts) should also
increase the coarsening rate by about 14%. However, as found by
comparing the coarsening rates in Fig. 2(c), Pt increases the
microstructural ripening by around three (kgc) or even five (kpc)
times. Hence, the increase in solubility limit cannot solely explain
the effect of Pt addition on the microstructure ageing.

For completeness it has to be mentioned that the diffusion coef-
ficient of A15 phase former in Cry, might change by Pt addition
which affects the coarsening rate as well. Unfortunately, no data
exist on diffusion coefficients of Si and Pt in Cr,. However, as the
matrix phase mainly consists of Cr and the difference in atomic
radii of the other elements Si and Pt (Si: 124 pm, Pt: 139 pm
[36]) is rather low, small differences in diffusion coefficients
between the binary and the ternary alloys are expected.

5.2. Coherence and orientation relationship

The lattice parameters determined for the Cri; and A15 phases
in the binary alloy (see Table 1) are in good agreement with previ-
ously determined lattice parameters in different binary alloy sys-
tems [2,37,38]. Pt addition especially leads to an increase of the
lattice parameter of the A15 phase. The reason is its slightly higher
atomic radius. The influence is rather low for the Pt-lean Cry but
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Fig. 9. Schematic isothermal section of the Cr-Si-Pt phase diagram at 1200°C based on EPMA measurements, 1 principles calculations, and the recently assessed binary

phase diagrams [20,?].

more pronounced for the A15 phase as Pt is an A15 phase former
and it is present in a higher concentration in the A15 phase.

The determined ORs between A2 Cry; and A15 precipitates are
compared to other ORs previously reported for the eutectic Crg-
Cr3Si-system in Table 6. Therefore, the matrix relationships in
Euqations 4 and 5 are rearranged, to express the ORs in terms of
the orthogonal A2 directions assuming them to be the references
(Xref» Yre» Zres) frame. Additionally, normalised ORs from various
studies are constructed considering the [100], [010], and [001]
A2 axes as the orthogonal reference axes Xy, Vrefs and z,; for com-
parison. The OR of the Cr;; matrix and the A15 precipitates deter-
mined in this work for the ternary Cr-Si-Pt system (Il in Table 6)
is found to be comparable to one previously reported OR in eutec-
tic binary Cr-Si alloys produced by directional solidification (III in
Table 6) [39]. For the binary alloy, however, the OR obtained in this
study is different from [39]. Though apparently, in the binary
alloys, the crystallographic relationships might also look different
to that obtained in [3] (IV in Table 6) but in fact, they are quite

close. With some rearrangement of the crystal orientation, the
angular deviation of corresponding A15 directions parallel to the
orthogonal reference axes in this study and in [3] could be seen
to be quite small. For example the deviations between the

(367)/(647) (Vyes and z,r) and <§10> /<213o> (Xrer) directions are

5.4°and 10.3°respectively. So the reported OR for the binary alloy
is in close agreement to one previously determined for the eutectic
binary Crg4Siys alloy [3]. Hence, in Crg-Cr3Si equilibrium, crystal
growth in two phases occurs following either of the two general
ORs represented by I or IIl and II or IV in Table 6. Addition of Pt
to Cr-Si system therefore results in a transition from one OR to
another, however, the exact transition composition has to be fur-
ther investigated.

Using the determined ORs (I and II in Table 6) and lattice
parameters (Table 1) of the different phases and alloy composi-
tions, the mismatch between Crs;; matrix and A15 precipitates is
calculated and listed in Table 7. For the ternary phase the atomic
mismatch is not only calculated for the relations found in Eq. 5

Table 6
List of determined ORs depending on the different investigated alloys and their respective normalised form.
alloy determined OR normalised OR reference No.
Cro;Sig (011]4,[/[001] 515 (100, | {2To} (1 Xees
A15
[OT]] I [ﬁo} [010] 12 1[367] 415 1 Vrer this work I
A2 A15
' (200}, [210], [001]5,1/[367], _llzkes
CrgSizPt; (110)4,[1(012)445 [100]4, [[100]4y5 [|Xger
(ﬁo) I (?31) [010]4,1[031] 415 [Vrer this work \
A2 A15
[001],5[013], lizker
CrgsSiys (111)5[(001) 545
(110)4[1(210)45 [100] | [3To}m (I Xrer
and (010] 5 [[{130] 15[V ey [39] il
(001)421(001 )55 [001]21[001] 15 [ zRef
(110)421(210)555
Crg4Siyg 3
(123) 1(110)u;5
(111]5,[[100] 35 [100], | [320}}115 (I Xrer
and [3] v

(01T) ,11(001)5;5
(111)5[(100) 55

0101, [1[647] 5 1Y rer
(001]41[647] 415 l1Zrer

11
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Calculated mismatches of Cry; matrix and A15 precipitates. Positive values refer to lower atom distances in the precipitate in comparison to the surrounding matrix and negative
values respectively to higher atom distances. The two values given for each OR refer to two 90°-related directions in the respective plane.

OR {011} || {001} T 135 T
cre A5 {011}% I {120}/”5 {200}, || {210}/“5
Cr-Si ~9.0% ~9.0% ~12.2% 11.3% ~8.9% 11.3%
OR {110}, || {012} 1 3 7 3
c s {110}@ I {331}}\15 {ooz}m 1 {213} 415 (110}, || {123}A15
Cr-Si-Pt 11.0 ~11.8 ~11.8% 40.8% ~2.7% ~11.8% 5.0% ~2.7%

and Table 6 but also for the parallel planes based on the SADP
shown in Fig. 7(a) which are {110}, || {12§}m5 and {OO?}C I

{213} 45
With respect to Table 7 the mismatches in the ternary system
are not markable higher in comparison to the binary system (only

the 90°related directions of the Cr-Si-Pt OR {ﬁo}c Il {§3I}A15
Tss

stands out). Hence, the huge increase in coarsening by Pt addition
cannot be explained solely by the change in coherence.

5.3. Phase stability

1* principles calculations show that, solely considering the bin-
ary systems, the sub-stoichiometric Cr-Pt A15 phase (Cr3(Pt,Cr;_y))
has a higher stability range compared to the sub-stoichiometric Cr-
Si A15 phase (compare Fig. 8(a)). The single A15 phase regime in
the Cr-Pt system (c(Pt) = 16.5-20.8 at.%) has a stability range which
is twice the A15 stability range of the Cr-Si system (c(Si) = 24.0-
26.1 at.%) at 1200°C [20,19], which implies a higher tolerance of
intermixing of Pt and Cr in the 2(a) site of the A15 phase. This is
fully in line with the fact that a stable CrPt; phase exists in the bin-
ary system but no stable CrSiz phase [40]. In contrast to this, the
stable composition range of Crg in the Cr-Si system (c(Si) = 6.5
at.%) at 1200°C is around twice the Cr, composition range in the
Cr-Pt system (c(Pt) = 3.8 at.%). Interestingly, by mixing both sys-
tems, the Cry regime broadens at least up to ¢(Si + Pt) = 6.6 at.%.

Based on the results of the DFT calculations, the ternary A15
phase composition Cr3(Sigs25Pto.125Cro25) is found to be metastable
at high temperatures. The driving force for spontaneous dispropor-
tionation of Crs(Sigg25Pto125Cro2s5) is either given by the exergonic
disproportionation reactions itself (compare I, IV, and V in Table 4)
or further reactions of disproportionation products with the sur-
rounding Si-rich matrix (compare Table 5). The stabilities of these
net reactions also reflect the stability of the Cr-Si A15 phase. Com-
paring the reactions taking into account a rather Cr-rich binary
phase Cr3(Sigg3Cro.17) (Cr3[g;0;%]) and a rather Cr-lean binary phase
Cr3(Sig.875Croa25) (Cr3[Z;0;1]) it is found, that a higher Cr concentra-
tion in the 2(a) site is energetically not preferred.

5.4. Coarsening mechanism

Ostwald ripening is thermodynamically favoured in the binary
as well as the ternary system, but its coarsening rate is much a
higher for ternary compositions. As already shown for the sec-
ondary precipitates in Fig. 2(c) the microstructural coarsening rate
of the Crg;Si;Pt, alloy in comparison to the Crg;Sig is around five
times higher concerning the average precipitate ratio < r>3. This
cannot be explained by the compositional change of the matrix
which is also related to diffusion, nor by the change in matrix/pre-
cipitate coherence. The effect of vacancies in the A15 phase is
assumed to be not decisive. The reason is that (i) the change in
composition of the A15 phase is not determined by Pt addition
(compare Fig. 3), (ii) the Rietveld Refinements showed very good
results even with the presence of vacancies not included, and (iii)
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1°* principle calculations rather showed a difference in phase sta-
bilities as origin of the enhanced coarsening.

The explanation for the detrimental increase in coarsening is
given by the investigation of phase stabilities as well as reaction
rates. By looking at the fittings in Fig. 2(c) it is found that for the
binary composition the diffusion controlled (DC) fit shows a higher
R? value while for the ternary composition a reaction controlled
(RC) fit has a higher accuracy. This suggests that the Ostwald
Ripening in Cr-Si-Pt alloys rather is reaction-controlled or at least
that there is a strong contribution of reaction controlled growth.

Additionally, an accelerated coarsening of the primary precipi-
tates in comparison to the secondary precipitates is found, espe-
cially in the case of the Cr-Si-Pt composition (see Fig. 2(b)). Both
types of precipitates differ in their starting composition. Hence, it
becomes evident that any mechanistic understanding of precipi-
tate growth by Ostwald ripening must take also the precipitate
composition into account, which was also demonstrated by the
energetics of different disproportion reactions (compare Table 4).
The coarsening mechanisms and the correlated diffusion processes
differ until the composition of the primary precipitates is compara-
ble to the secondary precipitates. Therefore, in the following dis-
cussion it is distinguished between Pt-oversaturated (primary)
precipitates and precipitates with compositions already close to
the equilibrium composition (secondary). A schematic of the coars-
ening mechanism is visualised in Fig. 10. Included in Fig. 10 is also
how the diffusion processes differ for primary and secondary A15
precipitates with respect to the different starting compositions
(compare Fig. 3).

5.4.1. Primary precipitates

For binary compositions, the energetic drive to reach equilib-
rium compositions by disproportionation of Si- or Pt-rich A15 pre-
cipitates formed after casting is straight forward (compare also
Fig. 8(a)). As found from the annealing experiments, the Cr concen-
tration in A15 phase decreases over time (Fig. 3). It is assumed that
Cr is accommodated in the 2(a) position of the A15 crystal struc-
ture of the primary precipitates after casting and is partially
ejected from the precipitate cores during annealing to approach
the equilibrium composition at 1200°C.

For the ternary alloys, the lower solubility of Pt in Cr in com-
parison to Si found for the binary systems at high temperatures
[20,19] leads to Si-rich Cry dendrite formation from the melt.
Increased Pt concentrations are found in the primary precipitates
compared to the secondary precipitates that form in the Cry during
annealing (compare Figs. 1 and 3). The modelling predicts that the
reaction between Pt-rich A15 phase and the surrounding Si-rich
Crss, which is by itself exergonic, is even more pronounced in the
case of Pt-oversaturation (compare Reaction 6). The metastable
primary precipitates react with the surrounding Si-rich and satu-
rated Cry, matrix.

With respect to the EPMA concentration measurements (Fig. 5)
supported by modelling, the Pt concentration also decreases during
annealing in the precipitate core. The DFT calculations showed that
there is an energetic drive for the ternary A15 precipitates to trans-
form into a binary Cr3(Si;_4Cry) A15 core with a transient Pt-rich
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region |

Pt Cr Si

Cr-Si-Pt

prim. A15
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Fig. 10. Schematic of proposed coarsening mechanism showing the evolution of the precipitates from casting towards annealing. The different regions in the A15 phase and
the Cry/A15 interface are marked (I, II, III). Detailed explanations can be found in the text. Depending on the precipitates (primary or secondary) the diffusing species are

shown.

A15 phase area and an outer Pt-rich interfacial region (compare
Table 5 and IV and V in Table 4). Based on this it is suggested, that
the reaction products segregate locally, resulting in different A15
precipitate regions with slightly different compositions, which
are named region I, II, and III in the following and marked in
Fig. 10. Region I displays the distorted A15/Crs interface with
increasing Pt- or Si-concentration, region Il the Pt- or Si-enriched
area in the A15 precipitate, and region Il the inner A15 precipitate
area of constant composition. Between all interfaces of these
regions and the Crs;; matrix, epitaxy is assumed. The change in crys-
tal structure is attributed to region I. Therefore, this region is struc-
turally ill-defined and defect rich.

The higher Si/Pt concentration in region IIl also reflects the
higher concentration of Si than of Pt in the A15 phase, considering
only the binary systems. This in turn renders the other regions to
be enriched in Pt. For the primary precipitates a slightly increased
Pt concentration is found close to the A15/Cr, interface (compare
Fig. 5(b)), while this is less pronounced in the case of Si in the bin-
ary primary precipitates. Hence, a huge energetic driving force is
given by the high Pt concentration in the primary precipitates after
casting, resulting in a huge growth of primary precipitates in the
first place during annealing (compare Reaction 6). This leads to
the formation of net like precipitate structures from former Pt
and Si enriched Cry areas (compare Fig. 1 and a fast decrease in
segregation of A15 phase formers (compare Fig. 5(a)).

5.4.2. Secondary precipitates

Comparable to the primary precipitates also the secondary tern-
ary precipitates have a higher tendency to coarsen in comparison
to the binary precipitates. The coarsening rate which refers to
the secondary precipitates was found to be three to five times
higher (compare Fig. 2(c)). However, in comparison to the immedi-
ate coarsening of the Pt-rich primary precipitates directly after
casting the driving force is less pronounced for secondary ternary
precipitates with lower Pt concentrations. The compositional vari-
ations over A15 precipiates (Fig. 5)) and the distorted A15 SADP
TEM pattern of secondary precipitates in the vicinity of the Cry
matrix (compare Fig. 7) support the assumption already made for
the primary precipitates of different regions existing in the vicinity
of the A15/Cr,, interface. In region I and region Il the composition

13

differs from the A15 precipitate core as well as the lattice param-
eter. While in the case of the primary precipitates the ternary com-
position shows an enhanced variation of Pt concentration, this is
less pronounced for the secondary precipitates. Hence, the compo-
sitional variation between primary and secondary precipitates is
higher for ternary alloys in comparison to the binary alloy.

The extension of region Il can be approximated from the Pt-
enrichment in the A15 precipitate boarders showed in Fig. 5(b)
which is in the range of 1um. The shown TEM investigations of
the interface refer to even smaller distances directly at the inter-
face of both crystal structure which is referred to as region I. Here
a distorted A15 crystal structure in comparison to the precipitates
core was found which is related to a change in lattice parameter
(Fig. 7(c)). However, as this affects the SADP this region consists
not only of one atomic layer but has to have a wider extension
comparable to region II. The greater tolerance of Cr3Pt to accommo-
date Si and Cr in the 2(a) position leads to a higher stability of the
A15 crystal structure in the distorted Cry/A15 interface (region I),
which gradually changes from A15 (precipitate) to A2 (matrix)
structure. Thus, the enhanced compositional stability of the inter-
face region (region I) in the case of Cr, Si, and Pt occupying the 2(a)
site implies this region to be wider in the ternary composition in
comparison to the binary system. Thereby, the dissolution of small
ternary precipitates is facilitated, too. As far as the Cry remains sat-
urated, the facilitated dissolution process in conjunction with the
enhanced structural and compositional tolerance of the interface
region of the precipitates serves to enhance the Ostwald ripening.

For completeness it has to be mentioned that the thickness of
the distorted interface is assumed to increase by increasing the lat-
tice parameter mismatch and thereby the residual interface
energy. This is visible in Table 7 where the highest lattice parame-
ter mismatch (assuming non-distorted crystal structures) is

observed for the ternary composition and the (TlO)A2 I (§3l)ms

OR. An enhanced mismatch as it is found for the ternary composi-
tion is reflected in a distorted interface region (compare SADP in
Fig. 7(a)) which in turn is a sign for an increased thickness of region
I. Hence, it is suggested that the increased mismatch is energeti-
cally accommodated by the formation of a distorted interface
region which has a higher stability in the ternary system.
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6. Conclusion

The effect of alloying of Pt to Cr-Si alloys on the microstructural
evolution is shown to cause pronounced A15 precipitate coarsen-
ing at 1200°C. Experimental investigations were combined with
theoretical 1" principles calculations to investigate this phe-
nomenon. Thereby, the ternary Cr-Si-Pt system was investigated
in the Cr-rich corner and new insights were gained into mecha-
nisms influencing the accelerated coarsening behaviour:

e The A15 phase is found to be stable over the whole composition
range stretching from the binary CrsSi to the binary CrsPt phase
at 1200°C. This is not unexpected as Pt and Si occupy the same 2
(a) site in the respective binary A15 phase structures.

A ternary Cr-Si-Pt phase diagram is proposed for a temperature
of 1200°C. A higher concentration of A15 phase forming ele-
ments (Si and Pt) of up to 6.6 at.% in Cr is reported in the inves-
tigated ternary alloys after annealing in comparison to the
binary systems.

The determined precipitate coarsening rates show a rather dif-
fusion controlled Ostwald ripening mechanism for the binary
system while the ternary composition rather is reaction
controlled.

The A15 phase shows a sub-stoichiometric composition in the
Crs - A15 two phase area of the phase diagram. 1 principles
calculations and PXRD combined with Rietveld Refinement
imply that the 2(a) site in the A15 phase includes besides Si
and Pt also Cr. Pt addition enhances the stability of sub-
stoichiometric A15 phase leading to added compositional
flexibility.

The increased tolerance in composition of Cry; and A15 phase by
Pt addition enhances the precipitate coarsening rate. Different
regions with compositional variations were identified in the
A15 precipitates. Starting from the innermost of the precipitate
the regions are a rather Pt-poor region I A15 precipitate core, a
Pt-enriched region II outer area, and an interfacial transient re-
gion IIl bridging between the A15 and the A2 crystal structure.
The crystallography between the precipitates and the matrix
followed different orientation relationships for the binary and
ternary alloy system. The lattice mismatches were observed
for the two ORs in the two systems depending on the consid-
ered direction, not showing a clear qualitative difference. A dis-
tortion of the SADP periodicity was observed in the case of the
ternary system, supporting the existence of a chemical tolerant
Crs/A15 interface region I)

To conclude, based on the experimental and theoretical find-
ings, the enhanced tolerance for Cr in the 2(a) site of the A15 phase,
and complementarity, the enhanced concentration of A15 phase
former in the Crg(Si,Pt) matrix, facilitates the Ostwald ripening
process by Pt addition.

7. Associated content

CSD 2063086-206308 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from FIZ Karlsruhe via http://www.ccdc.cam.ac.uk/
structures.
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Appendix A. Alloy composition

The measured compositions of the investigated alloys are listed
in Table A.1 after casting and annealing. The Cr concentration
slightly decreases over time during heat treatments which is
attributed to the evaporation of Cr during annealing as Cr develops
a high partial pressure at elevated temperatures [41].

Table A.1

Measured compositions of the alloys named with their nominal composition. Results
were taken from 121 EPMA point measurements in the sample’s centre. The data for
Crg; Sig and Cry; Si; Pty (annealed for 100 h at 1200°C) are based on investigations in
[10].

Crg; Sig
c(Cr) c(Si) c(Pt)
in at.% in at.% in at.%
as-cast 91.7 £ 0.5 82+ 0.5 -
100 h annealed 909 + 0.3 9.1+03 -
522 h annealed 90.0 +0.7 9.8 +0.7 -
Crg; Si7 Pt
as-cast 914 + 1.6 6.5 + 0.8 19+09
100 h annealed 90.9 + 0.3 6.7 £ 0.2 2.1 £0.1
522 h annealed 894 + 0.3 7.8 £0.2 22 +0.1
CrggSigPts
as-cast 86.0 = 0.5 7.5 +03 6.3 £ 0.2
100 h annealed 85.2 + 04 8.5+ 0.2 6.0 + 0.3
200 h annealed 854 + 0.2 82 +0.1 6.2 + 0.2
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Appendix B. Orientation Relationship

Using the orientation relationships determined in this work and
described in Table 6 (I and II), it is straightforward to determine the
transformation matrices a,J4;5, for the binary (see matrix in Eq.
B.1) and ayJ4y5, for the ternary composition (see matrix in Eq.
B.2) which relate the column vectors in the two phases, 74, and
VUats.

5 -p 0

Dpo=mluisy Ims = | 7z 75 73 | Dais (B.1)
1 0 0

Do=nlms: tms = | 0 7% v | - O (B.2)

With these matrices an overview of plane parallelism is shown in
Table B.2.

To confirm the obtained ORs SADP were taken from around five
A15 precipitate/matrix interfaces per alloy composition. It has to
be mentioned that all SADP were taken from faceted edges of the
precipitate laths every time a crystallographic correspondence
with the matrix was assumed. All these interfaces confirm the
above written ORs. Further examples are added in Fig. B.1.

Appendix C. Rietveld refinement

Applied restraints used by performing the Rietveld Refinement
are summarised in Table C.3. The assumption of a 100% occupancy
of the 6(c) site of the A15 phase by Cr is not only validated by the
sub-stoichiometric nature of the A15 phase and the goodness of fit
(x) of the Rietveld Refinement but additionally by stability investi-
gations using 1* principles calculations. Using restraints is a valid
approach to introduce chemical information, as it biases the refine-
ment towards a particular solution; due to the complexity of the
refinements and the number of other free parameters, the
restraints do not dictate the final values of refined parameters.

Beside the previously shown lattice parameter and site occu-
pancy, the concentrations of Cr and Si in both phases are also
determined using PXRD and Rietveld Refinement. The values are
listed in Table C.4 and overall are in good agreement with the

Table B.2
Parallelism in crystal directions.

A2 A15 Crg; Sig A15 Crg;Si;Pt,
100 270 100
010 367 031
001 367 013
110 1227 331
011 001 012
101 6107 313
110 6107 331
011 120 021
101 1227 313
111 315 536
111 315 536
171 160 563
111 210 563
031 010
013 001
311 100

113 103
577 010
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EPMA measurements which values are shown in Fig. 3. In compar-
ison to the concentrations determined using EPMA a higher Si con-
centration was found for the binary system using PXRD while a
higher Pt concentration was found in the ternary system compared
to the EPMA measurements. This difference is attributed to the dif-
ferent investigated volumes and areas of the samples: The EPMA
measurements are always taken from comparable areas in the
middle of the samples whereas the PXRD pattern refer to the whole
sample composition as the whole sample is ground.

The origin of the large deviations in Table C.4 is there being only
five peaks in the diffraction pattern for Crg, only one of which is
not significantly overlapped with one of the A15 peaks. Hence, a
lot of information is extracted from few well defined observations.
In the case of the ternary composition, the number of peaks stays
the same but the degree of freedom increases for the fit by intro-
ducing another parameter, the existence of Pt atoms. An additional
factor, which aggravates the determinations lies within the low
concentrations of Si and Pt, which is a heavy scatterer. Small
changes in the occupancy of Pt have a huge effect on peak intensity
(of both phases); small changes in the occupancy of Si have negli-
gible effect on the peak intensity. Thus the precision with which
the Si composition of the sample can be determined is always
going to be low. As the occupancies are themselves all correlated,
since the occupancy of the 2(a) sites in both phases is the sum of
the occupancies of all three atoms, the precisions with which the
occupancies of the other atoms can be determined are also simi-
larly affected.

In Table C.5 the A15 phase fractions determined using Powder-
XRD (PXRD) with Rietveld Refinement are compared to the area
phase fractions determined using EPMA measurements on sample
cross sections in combination with image analysis. In the latter
case an area fraction is measured that is higher in comparison to
the volume fraction determined by PXRD and Rietveld Refinement.
With around 15% difference in the case of the binary alloy, this is
comparable to the differences between area and volume fraction
reported for y’-precipitates in Ni-based superalloys [35].

Appendix D. DFT calculations
D.1. Basic modelling considerations

Methodological considerations are validated on the ternary A15
system that mixes Pt and Si in the 2(a) site using2x2x1and 1x 1
x 4 supercells with the nominal composition Cr,4Sis_,Pt, (n = 0-8).
In case of n =2, 4, 6 the structures are equivalent while forn =1, 3,
5, 7 they are inequivalent. The overall fine energy scale, the close
agreements among nominally equivalent structures, as well as
the close agreements among inequivalent structures with the same
stoichiometry are taken to reflect the miscibility of Cr3Pt and CrsSi,
the accuracy of the used computational approach, and the high
configurational entropy of the ternary system (see Fig. D.2).

As a consequence, in all subsequent calculations, no scrambling
of Pt, Si or Cr within layers is included, and enthalpy changes of
rearrangements among layers are deemed to be negligible. The lat-
ter allows for net entropy changes to be estimated from the num-
ber of inequivalent permutations of layers, with a factor f for the
equipartition in layers stacking directions. Here, f = 1 because the
stacking direction is decided by that of precipitate growth. For sys-
tems binary in the 2(a) position of A15 phase the configuration

entropy S is

cor, fR N!
S f:71n<m> (D.1)
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(C) Crg1Si7Pto

(d) Crg1Si7Pto

Fig. B.1. Additional SADPs of the Cry/A15 interface of the Cro;Sig ((a) and (b)) and the Crq; Si;Pt; ((c) and (d) composition after 100 h annealing at 1200°C taken from the areas

marked.

Table C.3

Restraints applied to perform the Rietveld Refinement (alloy compositions, phase
fractions and phase compositions). The fraction of each element present in each
sample, across all phases, are taken from the EPMA measurements of the respective
sample after 522 h annealing (compare Table A.1). For the restraints applied to phase
fractions of the two phases present in each refinement a 50% reduced weighting was
applied to Cr-Si-Pt refinement.

Cr-Si alloy Cr-Si-Pt alloy
alloy composition in wt.%

Cr 94.25 87.09

Si 5.75 4.14

Pt - 8.77

phase fraction in %
A15 phase 24.85 23.08
Crys 75.15 76.92
elemental fractions in Crg and A15 in wt.%

Si fraction in Crg 3.22 2.516
Pt fraction in Crg - 6.92
Si fraction in A15 13.42 9.55
Pt fraction in A15 - 14.95

m = number of inequivalent permutations of the Siy_,, Pt,_, set,
and Cr, in 2(a) position. and for ternary systems ternary in the B

position the configuration entropy SV is
o Ry
N (N— m)!l!(r?il)!

| = number of inequivalent permutations within the Si;_, and
Pt,_, set.

(D.2)

D.2. Phase stabilities in coupled binary systems

Comparable to Reaction 6, reaction energetics for other binary
Cr-Pt compositions with Cr3(Sig125Crog75) are shown in Table D.6.
It has to be mentioned that the higher Cr concentrations in the
Cr-Pt phase refer to the Cr phase, hence, changes in configuration
entropy have to be considered now.

D.3. Modelling considerations for A15/Cr, interface

Modelling considerations that enter into the description of the
distorted A15/Cr interface are:

¢ In the vicinity of the A15 precipitate the distorted area has the
same crystal structure due to epitaxy. Total energies are arrived
at by conducting fully optimised supercell calculations that
explicitly mix Si or Pt in the non-stoichiometric Cr matrix with
A15 crystal structure, i.e. Crp4XCr; with X = Si, Pt or in the case
of pure Cr X = Cr.

e In the vicinity of the Cry with A2 crystal structure the crystal
structure of the distorted interface changes to A2, too. The total
energy is estimated by a two-phase approach, i.e.

Erot = 28E:ot (Cr(A2)) + E(CrsX(A15)) with X

= SiorPt. (D.3)

The rationales for this formulation are that
- the assumption of local A15 structure offers a realistic dis-
tortion of the matrix structure in the vicinity of X,

Table C.4
Measured concentrations in Cry; and A15 phase after annealing for 100 h at 1200°C.
Cl‘g] Sig Cl'g] Si7Pt2
c(Cr) c(Si) c(Cr) c(Si) c(Pt)
in at.% in at.% in at.% in at.% in at.%
Crys 93.61 + 1.32 6.39 + 2.45 93.55 + 11.94 447 +17.02 1.99 + 1.88
A15 78.12 + 0.08 21.88 + 0.15 76.89 + 1.23 19.14 + 1.68 3.97 £ 0.21
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Table C.5
A15 phase fraction after 100 h annealing determined using two different methods.
The accuracies of the fit leading to the PXRD and Rietveld Refinement values are given
in Fig. 4.

method Croy Sig Croq Si7Pt2
in% in%
EPMA and image analysis after [10] 310+ 1.5 209 +24
PXRD and Rietveld Refinement 25.8 £ 05 20.2 =44
3
2 x in Cr;(Pt,Siy.,)

0.25 0.5

AE in kJ/mol

7

-8

Fig. D.2. Stabilities of Cr5Pt,Si;_x showing mutual substitution of Si and Pt in the B
position of the A15 structure, virtually independent of 1 x 1 x 4 (pink) or2x2 x 1
(blue) superstructure.

Table D.6

List of couplings of Cr3(Pt,Cr;_x) and Cr3(Sio.125Cros75) which lead to the spontaneous
formation of Crs(SiyCr;_x) A15 phase and Cr3(Pt125Crog7s). Cr3(Sip125Crosss) and
Cr3(Pto125Cro875) both represent non-stoichiometric Cr;.

reaction AH AG at AG at
1300 K 1700 K
in in in

KkJ/mol  kJ/mol  kJ/mol

Cr3(Pto2s5Cro7s) + & Cra(Sio125Crog7s) — & -2094 -2000 -19.72
Cr3(Sip875Cro.125) + 2 Cr3(Pto.125Cros75)

Cr3(PtosCros) + 5 Cr3(Sio.125Crogrs) — 3 -18.75 1781 -17.53
Cr3(Siog75Cro.125) *+ 4 Cr3(Pto125Cros75)

-21.57 -21.08 -20.35

Cr3(Pto.75Cro25) + 32 Cra(Sig.125Crog7s) — 2
Cr3(Siog75Cro.125) *+ 6 Cr3(Pto125Cros75)

- no influences of lattice mismatches are included, thereby
limiting enthalphic stabilities are estimated,

- the inferred near-sightedness renders the configurational
entropy of the two model structured of the distorted inter-
faces equal (CryXCr;(A15)/Crys(A2) and Cr3X(A15)/Cryg
(A2)).
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