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Partitioning and Coarsening Dynamics of Precipitate-
Strengthened Cr-Si Alloys: The Role of Ge, Pt, and Mo

Anke Silvia Ulrich,* Petra Pfizenmaier, Michael Kerbstadt, Lucas Pelchen, Ali Solimani,

Uwe Glatzel, and Mathias Christian Galetz

Cr solid solution (Crs;) alloys strengthened by A15-phase precipitates (e.g., Cr3Si)
are promising candidates for high-temperature structural materials. A series of Cr-
base alloys (Cr > 89 at%) with strengthening A15-phase precipitates consisting of
up to five alloying elements is investigated. Scanning electron microscopy with
energy-dispersive X-ray spectroscopy, electron probe microanalysis with wave-
length-dispersive X-Ray spectroscopy, X-ray diffraction, image analysis, and nano-
and microindentation are used to characterize the interplay of alloying elements on
hardness, microstructural partitioning, and coarsening behavior when annealed for
400 h at 1050 °C, 100 h at 1200 °C, and 100 h at 1350 °C. The impact of the alloying
elements on microstructure is found to be combinatory in the investigated
composition space, independent of the compositional complexity of the alloy.
Ge and especially Pt enhance microstructural coarsening, while Mo additions can
counteract this. Ge and Pt mainly partition in the A15 phase, while Mo equally
partitions in both phases. Partitioning of Pt depends on the overall alloy com-
position, which is the reason for enhanced precipitate coarsening. Considering the
different partitioning behaviors of individual elements, a collective parameter

(Si equivalent (Si.y)) is introduced in this work to formulate the impact of additional

from 1715 °C to around 1900 °C, potentially
offering higher application temperatures as
in aerospace or chemical and petrochemi-
cal industries commonly used Ni-based
(super)alloys."?! Cr-Si-based alloys show
good tensile and creep strengths at high
temperatures and high resistivity against
oxidation and corrosion.’™® Due to their
high oxidation resistance to steam, they
are also considered promising for nuclear
applications.”]

Materials considered for high-temperature
applications require alloys with a toughen-
ing matrix, which facilitates fabrication and
reduces brittleness with an embedded
strengthening phase and sufficient resis-
tance to the surrounding environment.
Accordingly, Cr-rich Cr-Si alloys consist-
ing of a bcc Cr solid solution A2-matrix
(Crg) and hard, strengthening Cr;Si-A15-

alloying elements on the microstructural evolution of such Cr-base alloys.

1. Introduction

Crrich alloys strengthened by Al5-phase precipitates are
promising structural materials for high-temperature applications
in aerospace and fusion applications. Their melting point ranges
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precipitates are particularly interesting.

Cr-Si alloys provide low densities
(p(Cr)=7.2x10"kgem >, lower in
comparison to Ni-based materials with
p(Ni) =8.9 x 10> kgcm ™), high availabil-
ity, and low supply risks of the base metals,®® and Si and Cr
are among the most favorable oxide formers at high temperatures.
On the contrary, pure Cr and Cr-rich alloys suffer from impurity-
enhanced low ductility, high ductile to brittle transition tempera-
tures (DBTT) much above room temperature, and a pronounced
notch sensitivity.[''!

This study considers alloys with a Crys matrix and A15 precip-
itates capable of varying the A15-phase fraction by respective heat
treatments. Alloy compositions with at least 89 at% Cr are con-
sidered, because Si concentrations ¢(Si) higher than the eutectic
composition (¢(Si) =16at%) form an A15 matrix, leading to
pronounced embrittlement. Additionally, above around
¢(Si)=11at% eutectic regions occur, which is considered
unfavorable for the mechanical properties.*'? Si was found
to improve the oxidation and nitridation resistance of Cr-based
alloys significantly.">** The solubility limit of Si in Cre was
found to be 4.8-7.1 at% in the temperature range of 1050-1350 °C;
hence, higher A15-phase former concentrations are chosen in this
study to maintain the two-phase microstructure >3 In addition,
Cry;Siy was reported to produce a high Al5-phase fraction by
simultaneously avoiding eutectic regions.[! Focusing on the
Crgs-Al5-system, ternary alloying of Ge, Mo, or Pt improved
the alloy’s high-temperature performance further while

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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simultaneously maintaining the two-phase microstructure
(Cr>89at%)." ¥ Ge enhances oxidation resistance and
decreases scale spallation.'*?% Substituting 2 at% of Si by Ge
was found to improve the nitridation and oxidation resistance
by simultaneously maintaining a fine microstructure.**2*! Mo
and Pt improve nitridation resistance.**® To systematically
investigate the elemental influences, also 2 at% Si is substituted
by Mo and Pt to obtain ternary compositions. Mo additionally
improves creep properties, and recently, it was shown that adding
Mo decreases the DBTT for Cr-rich alloys.”’-**)Additionally, an
improvement of nitration resistance by substituting 2 at% Cr by
Mo was reported while substituting 5 or 20at% increases the
attack again by enhanced MoO; evaporation.***”! Recent studies
support the findings of Rudy and Nowotny that a brittle 6-phase
exists in the Crg-Al5 two-phase region at temperatures around
1300 °C.2Y Cr alloys with high Mo concentrations, for example,
Crs4.3Si135M03,, or CrgyMo,5Sig, are not suitable for casting,
as they form brittle 6-phase upon cooling.”*?*! Based on these
findings and previously published investigations, the concentra-
tion of Mo is limited to a maximum of 2 at% in the current study.
Substituting 2 at% Si by Pt was found to improve oxidation and
nitridation resistance, but higher amounts up to 6 at% were found
to cause enhanced coarsening.'®?* This is why a maximum con-
centration of 2 at% Pt is chosen in this work. For the quaternary
and quinary alloys, the most oxidation-resistant Cro; Si;Ge, alloy is
chosen as reference,”! and Mo and Pt were added at the expense
of Cr. For an additional comparison to the quaternary systems, the
Cr, Si, and Ge concentrations are kept constant in the investigated
quinary CrgoSi;Ge,Pt;Mo; alloy. The study focuses on the micro-
structures evolved at 1200 °C. The findings are supplemented by
microstructural investigations of selected alloy compositions after
annealing at 1050 and 1350 °C. The temperatures 1050, 1200, and
1350 °C are chosen for the heat treatments as they are in the range
of possible future application temperatures and are either compa-
rable to extreme conditions for Ni-based superalloys or higher.
The length of annealing is chosen to be 100h for 1200 and
1350 °C which offers the possibility to reach phase compositions
close to thermodynamic equilibrium.! For annealing at 1050 °C,
pre-experiments on binary alloys showed the necessity of a
prolonged annealing time of 400 h.

This study meets the scientific question of whether the posi-
tive, element-depending effects reported for the ternary compo-
sitions could be maintained and combined in more complex
systems. The study is motivated by the fact that conventional
high-temperature alloys such as Ni-based superalloys consist
of up to 10 alloying elements (trace elements not considered),
each one serving a specific effect that is maintained in its com-
bination. This work investigates the impact of combining the
alloying elements Si, Ge, Pt, and Mo in Cr-rich alloys on micro-
structure, phase evolution, and stability.

2. Experimental Section
2.1. Alloy Manufacturing
The alloys were prepared by arc melting of 7 x 107°kg or

30 x 10 kg ingots with diameters of around 1 x 10~*m. Cr
pieces (Cr>99.95wt%, Plansee), Si pieces (Si>99.999 wt%,
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GfE), Ge pieces (Ge > 99.999 wt%, Haines & Maassen), Mo wire
(Mo >99.97 wt%, Plansee), and Pt pieces (Pt>99.9wt%,
Hereaus) were used as raw materials. Melting of the ingots
was conducted under a high-purity argon atmosphere in a com-
pact arc melter (MAM-1, Edmund Biihler, Germany) on a water-
cooled copper mold. Before melting the aimed compositions, a
Zr oxygen getter was melted twice. The cast ingots were remelted
five times during processing. The measured purity of the alloys
after arc-melting was 99.936 wt% with C =~ 16 ppm, N ~ 12 ppm,
O~ 154 ppm, S < 5 ppm, Al < 10 ppm, Fe = 64 ppm, Cu < 5 ppm,
and Zr »~ 384 ppm (determined using hot gas extraction, combus-
tion analysis in O,, and optical emission spectroscopy for a
Cro1Si;Ge, alloy after arc-melting).>”

The ingots were cut into specimens with dimensions around
210 x 10> m and 8 x 107> m in length and a planar surface
(around 1 x 10~* m?) parallel to the solidification direction using
wire erosion. The alloys were heat treated for either 400h at
1050°C (cut from 30g ingot), 100h at 1200°C (cut from 7 g
ingot), or 100h at 1350 °C (cut from 30 g ingot). Each sample
was separately encapsulated in an evacuated and sealed quartz
glass tube (inner ¢12x 10>m and a length of maximum
12x1072m) in a muffle furnace (experiments at 1200 °C:
Nabertherm HTC 03/15; experiments at 1050 and 1350 °C:
Nabertherm LHT 04/18). Prior to annealing, leftovers of the
cutting process were removed by wet grinding up to P320 grit
(ANSI). After this heat treatment, the samples were quenched
in water by simultaneously destroying the quartz glass tubes
using pliers. Heat treatment curves are provided in Figure 1.

2.2. Microstructural Investigations

The annealed samples were mounted in epoxy resin with their
cross section face up. The microstructural investigations were
conducted on the ingot’s cross sections representing the micro-
structure parallel to the solidification direction. All cross sections
were ground to a final surface finish of 1 pm using SiC papers
(P120-P1000 grit (ANSI)) and diamond suspensions (3 and
1pm). Afterward, X-Ray diffraction (XRD, Cu-K, radiation)
was conducted on the cross sections to determine phases
(Bruker D8 advance diffractometer). 26 was varied from 20 to
90° with a step size of 0.02° and 4 s measurement time per step.
Lattice parameters were calculated based on the XRD data using
the Nelson-Riley (NR) extrapolation function (Diffrac.EVA
software).*?l The microstructural appearance was investigated
using optical microscopy, scanning electron microscopy (SEM,
Philips X140 electron microscope) equipped with an energy-
dispersive X-Ray spectrometer (EDS), and electron probe
microanalysis (EPMA, JEOL JXA-8100) equipped with wave-
length-dispersive X-Ray spectrometer (WDS). EPMA back-
scattered electron images (BSE) and semiquantitative EPMA
element distribution maps were recorded using an acceleration
voltage of 1.5 x 10° V.

For investigating the microstructural evolution, quantitative
EPMA spot measurements were conducted in an 11 x 11 grid
with a step size of 1 pm in the center of the specimens. Four
SEM-EDS area measurements (50 x 50 pm, 20kV) were addi-
tionally conducted over the whole cross section to investigate
the homogeneity of the alloy composition. To determine the
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Figure 1. The displayed curves show the temperature over time for the three different heat treatments used in this work.

area fraction of formed A15 precipitates in the Crg matrix, Si
element maps were analyzed using Image] 1.51 software.l*’]
Therefore, at least four Si element maps were measured at
different positions. For the investigations of the microstruc-
tures after annealing, a magnification of 1000x was used.
However, the alloys annealed at 1200 °C were investigated using
EPMA/WDS while the at 1050 and 1350 °C annealed samples
were measured using SEM/EDS. Therefore, the values are not
directly compared.

Electron backscatter diffraction (EBSD, Hikari Super EBSD
Camera, Zeiss Sigma 300 VP) was used to measure the grain
size at magnifications of 30x to 80x depending on the grain size
determined. Only data points with a confidence index greater
than 0.5 and uncut grains were used to analyze the data. Due
to anisotropic grain shapes in the samples, the grain size was
valued by using the minor and major axis diameter of the
elliptical grains in addition to the average grain size.

2.3. Hardness Measurements

Hardness measurements were conducted on the center of the
cross sections at room temperature. The hardness of the individ-
ual phases, the Crgs matrix, and the A15 precipitates were deter-
mined by nanoindentation, while the overall alloy’s hardness was
determined by Vickers’ method (HVO0.3). The nanoindentation
tester NHT2 (CSM Instruments, Switzerland) equipped with a
Berkovich tip was used and the measurements were carried out
under a constant load of 2x 107>N. A loading rate of
0.67 x 107>Ns ™! and an unloading rate of 1.3 x 107> Ns™" were
used. The indentation hardness HIT is an average value of at least
six measurements. More detailed information on the determina-
tion of the nanoindentation hardness using this method and a
Berkovich can be found elsewhere.*>*! Microhardness measure-
ments were conducted using the M-400-H Leco microhardness
testing device equipped with a Vickers diamond pyramid indenter,
a load of 0.3kg, and a dwell time of 15s.

Adv. Eng. Mater. 2025, 27, 2401818 2401818 (3 of 12)

3. Results

3.1. Effects of Alloying on Phases and Compositions

The investigated alloys in this study and their nominal compo-
sitions are listed in Table 1. All materials were manufactured by
arc melting. The values are given for the samples after annealing
for 100 h at 1200 °C determined by EPMA point measurements.
Measurements for the binary compositions, Crg;Si;Ge,,
CrgSigMo,, and Crg;Si;Pt, were already published in a former
study as the same ingots were used.™™

In Figure 2, the microstructures of the alloys after annealing
for 100 h at 1200 °C are shown. All alloys form a two-phase struc-
ture consisting of a Cry and a Si-rich A15-phase. The different
contrast between the matrix and the precipitates depending on
the alloy composition is striking in the microstructures shown
in Figure 2.

Table 1. Measured compositions of the investigated alloys and
corresponding alloy labels. The values of the binary and ternary
compositions are reproduced with permission.'”®! Copyright 2024,
Elsevier.

Nominal composition c(Cr) c(Si) c(Ge) c(Mo) c(Pt)
in at% in at% in at% in at% in at%
Crg3Siy 93.2+03 6.6+0.3 - - -
Crg,Sig 920+£02 79+0.2 - - -
Crg;Sig 90.9+03 9.1+03 - - -
CreoSito 90.0+0.4 9.6+0.4 - - -
Crq1Si;Ge, 90.7+02 7.0+£01 22+02 - -
CrgoSigMo, 899+06 7.8+05 - 2.0+0.1 -
Crg;SizPt, 90.9+03 6.7+0.2 - - 21+0.1
CrgeSi;Ge,Mo, 88.6+05 71+04 20+02 20+0.1 -
CrgoSi;Ge,Pt, 89.0+£0.7 6.7+0.5 2.0+03 - 21401

CrgsSi;Ge,Moy Pt 880409 75+£08 23+£01 1.1+£01 1.140.2
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Figure 2. Microstructures (BSE images) of the alloys after annealing for 100 h at 1200 °C of a) Cre3Siy, b) Crg,Sis, ¢) Cre1Sig, d) CrooSivo, €) Cro1Si;Gey,
f) CrgoSi;Ge;Moy, g) CrooSisMoy, h) CrgeSi;Ge,Pty, i) CrgySizPty, and j) CrggSi;Ge,MoqPty. are shown. Relevant EPMA element distribution maps are
added to show the elemental partitioning and improve the viability of the Si-rich A15 phase.
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Figure 3. XRD diffraction patterns of the investigated alloys after heat
treatment for 100 h at 1200 °C show a two-phase structure consisting
of Crss and A15 phases for all alloys. The measurements of Crg;Sig and
the ternary alloys were taken from a former study. Reproduced with
permission.l"”! Copyright 2024, Elsevier.

Considering the BSE images, the A15 phase appears compa-
rably bright in the case of Pt addition, as Pt is a heavy element
showing a higher concentration in the A15 phase compared to
the Crg;. In contrast to this, the A15 phase appears comparably
dark in the cases of adding lighter A15 phase forming elements
such as Si and Ge. Enhanced variations in contrast in the A15
phase (e.g., Figure 2h) are attributed to segregations, which

www.aem-journal.com

are more pronounced in alloys containing 2 at% Pt. In addition,
pores form during arc melting with an area fraction of around
0.5%.12>*%

Microstructures differ in A15-phase fraction and appearance.
For example, the precipitates appear larger in Figure 2b,d,h,i
than in other alloys. This effect is investigated in more detail after
discussing elemental partitioning and its dependence on alloy
composition.

On some microstructures, rather large and longitudinal
A15-phase areas are detectable, which are aligned along the grain
boundaries. These primary precipitates form after arc melting,
while the more diminutive precipitates form during annealing.

Figure 3 shows the corresponding XRD measurements of the
alloys. As already labeled in Figure 2, solely two phases form in
all investigated compositions as proven by the XRD pattern: the
Crys matrix and Al5-precipitates. Depending on the alloy’s com-
position, the lattice parameters a¢,ss and a5 of the cubic phases
slightly change.

In addition, the composition of both formed phases is
investigated by quantitative measurements which are summa-
rized in Table 2. It is found that the concentration of Si, Ge,
and Pt increased in the A15 phase while Mo is found in compa-
rable concentrations in both phases. For both phases, A15 and
Crg, the lattice parameters are determined from the XRD meas-
urements shown in Figure 3 using the NR extrapolation function
and added to Table 2.

To visualize the elemental partitioning, the mean k-factor,
determined for each element considering all alloys, is given

Table 2. Phase compositions after heat treatment for 100 h at 1200 °C were measured using quantitative EPMA/.WDS analysis. The measurements of the
binary and ternary alloys were taken from an earlier study. Reproduced with permission."®! Copyright 2024, Elsevier. The lattice parameters of the
respective cubic phases were determined from the XRD patterns using the NR extrapolation function.*?

Alloy Phase c(Cr) in at% c(Si) in at% c(Ge) in at% c(Mo) in at% c(Pt) in at% Lattice parameter in pm
CrosSiy Cre 94.9+ 0.4 4.9+ 0.4 - - - 288.558
A15 79.1+0.7 209+0.7 - - - 456.258
Crg,Sig Crg 94.8 £0.6 5.0£05 - - = 288.493
Al5 79.0+0.6 21.0£0.6 - - - 456.258
Cro1Sis Cre 9524 0.6 48+06 - - - 288.566
Al5 79.7+0.2 20.3+£0.2 - - - 456.433
CrooSio Cre 94.1+0.7 58+0.7 - - - 288.663
A15 789+ 1.1 21.0£1.1 - - - 456.399
Cro1Si,Ge, Cres 94.8+0.4 3.9+04 1.3£0.1 - - 288.704
Al5 80.2+0.6 15.14+0.6 47408 - - 457.870
CrooSigMos, Cre, 92.5+0.5 52405 - 20+0.1 - 289.894
Al15 76.2+1.2 21.7+1.3 - 20+£0.1 - 458.000
Cro1SisPt, Cres 92.9+0.4 48+02 - - 19402 289.513
A15 78.8+0.4 17.6+0.8 - - 32+04 459.884
CrgoSi;Ge,Mo, Cr 92.7+0.5 40+04 1.2+0.1 20+0.1 - 289.558
A15 77.3+1.0 16.6 £ 0.6 40+04 20+0.1 . 458.893
CrgoSi;Ge,Pt, Cre 93.5+0.7 3.6+0.3 1.2+0.1 - 1.4+0.1 289.351
Al5 78.9+0.4 12.7+13 43+04 - 39+0.7 460.155
CrgoSi,Ge; Moy Pt Cre, 93.3+0.4 36403 12+0.1 1.0+0.1 0.9+0.1 289.400
A15 77.5+0.3 15.4+0.3 4.6+03 1.1£0.1 1.5+0.1 459.806
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in Figure 4a. k(E) is calculated for each element E using
Equation (1).

_ cats(E)

HE) ccr, (E)

1)

It becomes evident that Si, Ge, and Pt all have higher concen-
trations in the A15 phase. Hence, these elements are A15-phase
formers, while Mo shows no clear preference independent of the
overall alloy composition. The elements Cr, Si, Ge, and Mo show
relatively slight deviations in partitioning, but the partitioning of
Pt highly depends on other alloying elements. While k(Pt) is
around 1.7 for Crg;Si;Pt, and CrgeSi;Ge,Mo;Pt;, much higher
k-factors are obtained for the composition CrgoSi;Ge,Pt,.

A Si.q of Ge and Pt is determined by the partitioning results,
resulting in the following equation.

Sieq = Si+ 0.89Ge + 0.51Pt 2)

The elemental concentrations are considered in at%. Even
though the equivalent for Pt depends on the overall alloy com-
position, the proposed Si.q appears to be a valid approximation
with respect to the studied Cr-rich Cr-Si alloys.

In Figure 4b, the A15-phase fractions are displayed over Sie,.
The values are listed in the Table S5, Supporting Information.
The error of Si.q is determined by the propagation of uncertainty
and the measurements listed in Table 2. Figure 4b shows an
increased A15-phase fraction with increasing Si.,. Additionally,
the solubility limit of Si in Crg (see Table 2) related to an
A15-phase fraction of zero is included, demonstrating a linear
dependence between Si.q and the A15-phase fraction.

3.2. Dimensions of A15 Precipitates and Grains

Comparing the microstructures of the alloys shown in Figure 2, a
difference in A15 precipitate sizes formed of the different
compositions is noticeable after annealing. To investigate this

www.aem-journal.com

compositions after annealing for 100 h at 1200 °C, as shown in
Figure 5a. Therefore, the area of the precipitates is considered.
Only the small, secondary precipitates are considered as they
form and grow during the annealing step (starting diameter is
0), and therefore, their growth could be investigated.

Different statistic measures are the mean value, the median,
and an interquartile range A of 25-75%; hence, 25-75% of the
A15 precipitate lie in this range. Whiskers show the range of
precipitate dimensions covering 5-95% of the precipitates, while
outliers are added.

With increasing A15-phase former concentration in the alloy,
a slight tendency for increasing A15 precipitates is visible. This is
mainly observed for the binary alloys. However, the CrqgoSijo
slightly deviates. A higher sum of the A15-phase former is also
found for this alloy. Hence, it could be assumed that the micro-
structure of CroySi;o was not that close to thermodynamic equi-
librium after annealing for 100h at 1200 °C as the other binary
alloys.

A tendency for an increase in precipitate sizes is also found
with increasing the number of different A15-phase formers in
the alloy. At 1200°C, all quaternary alloys show the biggest
precipitates, with CrgySi;Ge,Pt, showing outstanding high
Al5-precipitate dimensions. The precipitate dimensions of the
ternary compositions appear quite comparable and are between
the binary and quaternary alloys. The sum of A15-phase forming
elements in Crgs (Figure 5b) slightly varies between the alloys
without Pt; however, in the Pt-alloying case, the sum increases,
especially for the Crqg;Si;Pt, alloy.

Besides longer annealing times, temperature variations can be
used to investigate the coarsening. To examine the effect of Mo
and Ge in more detail, selected alloys were annealed for 400 h at
1050 °C and 100 h at 1350 °C. All these investigated alloys main-
tained their two-phase structure in this temperature range with
slight deviations in phase composition. The microstructures
(Figure S1, Supporting Information) and measured composi-
tions and elemental partitioning (Table S1-S4 and Figure S2,

phenomenon, the precipitate’s sizes were determined for all alloy Supporting Information) are added in the Supporting
(a)5 i (b) A(A15) = (7.55 %/at.% + 0.18 %/at.%) Sieq - (37.02 % = 0.86 %)
459 CrogSiyy
@ 404 Crg,Si;Ge,Pt (1 o
4
& X 354 Cry,Si ~

= @ E X Crg,Si,Ge,Mo, Pt
B3] = 304 Cry,Si;Mo,
& 3 S Cry,Si;Ge,
X CrgSi;Ge,Pty=> S 251
= &= CrgoSi,Ge,Mo,
g g 204 Crsi
£ 2 S Tgyolg

2 < 151 CryySiyPt,

¢ -
= 104 ,
1 A15 phase former Cry;Si;
<> Cr, former 5
Cr Si Ge Mo Pt 0 T T T T r )
element 6 7 8 9 10 11

Sieq in at.%

Figure 4. a) Elemental partitioning displayed by k(E) calculated on the data shown in Table 2. b) A15-phase fraction over the Siq. All values refer to the
microstructure after 100 h at 1200 °C annealing. The partitioning of ternary alloys was investigated earlier; however, in this study, the obtained values are
supplemented by the new investigations considering quaternary and quinary alloys.
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related to the sum of the A15 phase former in Cr, which is ¢(Si) + ¢(Ge) + ¢(Pt). The concentrations for 1200 °C are listed in Table 2.
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Figure 6. a) A15 precipitate dimensions given as area fraction and determined using image analysis. Several statistical values are shown for the A15
precipitate size evolution after annealing for 400 h at 1050 °C (marked with 1050 °C) and after annealing for 100 h at 1350 °C (marked with 1350 °C). b) The
sum of the A15-phase former Si, Ge, and Pt measured in Crys. The values can be found in the Supporting Information listed in Table S3 and S4.

Information of this paper. The results in precipitate dimensions
are shown in Figure 6a, again referring to the precipitate area and
to the small secondary precipitates that form during annealing.

After 400 h of annealing at 1050 °C, the Mo-containing alloys
form the finest and most homogeneous in size A15 precipitates.
Adding Mo to Ge also counteracts the increased coarsening
obtained for the ternary Crq;Si;Ge;, alloy. This effect can be cor-
related to the decrease in A15-phase formers dissolved in Cr in
the Mo-containing alloys. At 1350°C, the trend of increased

Adv. Eng. Mater. 2025, 27, 2401818 2401818 (7 of 12)

Al5-precipitate dimensions with increasing alloy complexity
was also found. As shown in Figure 6b, the concentration of
A15-phase forming elements dissolved in Crg at 1350 °C is com-
parable to that of all alloy compositions after 100 h of annealing.
However, the ternary and the quaternary alloys were found to
form bigger A15 precipitates.

In addition, the grain size of the investigated alloys is mea-
sured using EBSD; the values are listed in Table 3. The solidifi-
cation after arc melting causes the formation of anisotropic
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Table 3. Grain sizes of the alloy annealed for 100 h at 1200 °C.

Alloy Average grain size Average grain size Average grain size
assuming equiaxed major axis minor axis
grains in pm in pm in um
Crog;Sig 127.4+35.9 107.7+£22.3 41.1+£104
Crq;Si;Ge, 88.0+39.2 71.0+28.0 23.1£1.0
CrgoSigMo, 107.4+£30.1 80.3£253 33.8+09.1
Cro:SizPt, 92.6 £39.5 65.5+29.1 313+£11.6
CrgoSi;Ge;Mo, 42.94+28.0 33.01 +£23.67 12.744+7.20
CrgoSi;Ge,Pt, 66.1£33.4 53.0£30.7 21.2£9.5
CrgoSi;Ge,Moq Pty 84.7+619 70.4£22.1 221+£147

grains with a preferred direction of solidification. Therefore, the
grain diameter in the minor and major axis and the orientation
offset are given. The grain size measurements in Table 3 show
comparable large, rather longitudinal grains for Cre;Siy and
CrgoSigMo,. The grain size decreases with the addition of other
elements and with a more complex composition while maintain-
ing their longitudinal shape from the melting process. No signif-
icant differences between all Pt-containing alloys are found.
Considering the Cohen effect size, the quaternary alloy
CrgoSi;Ge,Mo, shows significantly smaller and the ternary
CrqoSigMo, significantly larger grains than the Pt-containing
alloys.

3.3. Hardness Measurements

In Figure 7, the results of the hardness measurements are
shown. The A15 phase is found to be harder compared to the
solid solution. Concerning the measurement errors, the hard-
ness of the A15 phase is comparable, and a trend in the alloying
elements is hard to extract. Exceptions are lower hardnesses

www.aem-journal.com

measured for alloys containing 8 at% Si. The hardness of the
Crg is found to go well with the total amount of alloying elements
in Crgg (¢(Si) + ¢(Ge) + ¢(Mo) + ¢(Pt) in Crgs from Table 2). Slight
deviations toward a higher hardness of the Cry are found when
combining Ge and Pt in the alloy.

In addition, microhardness measurements considering the
combined hardness of the Crg matrix and Al5 precipitates of
all alloys were conducted, combining the effects of alloying ele-
ments on both phases. The results are shown in Figure 7b
depending on the Al5-phase fraction. The microhardness of
the alloys increases with increasing the phase fraction of the
harder A15 phase.

The following effects of alloying elements are found: All alloy
compositions either maintain or increase the hardness compared
to the binary systems assuming constant A15-phase fractions. As
the hardness of the A15 phase is (with two exceptions) indepen-
dent of alloy composition with respect to the measurement errors
(Figure 7a), the change in microhardness of the ternary,
quaternary, and quinary alloys is mainly attributed to the
elemental effects on solid solution hardening of the Cry, matrix.
Concerning the ternaries, Pt increases the alloy’s hardness most
significantly from HV0.3 414 (Cry,Sig) to HV0.3 541 (Cro; Si;Pty)
due to an increased hardness of the Cry, matrix of 10.4 GPa
(Cro;SiyPt;) compared to 7.7 GPa (Cro,Sig). The increase is
31% and 39%, respectively, which fits into the range of increased
solubility of A15-phase former in the Cry matrix (=34%, com-
pared to Table 2). In Table 4, the percent values of the increase
in hardness and dissolved elemental concentrations in Crg are
given, as well as the binary alloys which were taken as reference.

The increase of the Vickers hardness, nanohardness of Crg,
and concentration of dissolved elements in Crg of Cro;Si;Ge,,
Crg1Si;Pt,, and CrgySi;Ge,Pt, are comparable. In contrast to this,
all Mo-containing alloys show a deviation from solid solution
hardening and the measured nanohardness and microhardness.
For the ternary CryySigMo, alloy, the hardness of Cr still fits the
concentration of dissolved elements, but Vicker’s hardness is

@) ) 6so-
m HIT A15 .
407| % HIT Crgg 600 - Cro SiLp _CrgSi;Ge,Pt,
concentration elements in Crgg ro;Si;Pt
35 7 . .
e 5504 X CrgSi;Ge,Mo, Cr'ssSi;Ge; Mo, Pt,
S 30 { * <o N
o > .
500 CrySi,Ge, ~
o - . .
£ 2 * ¥ < Cry,SigMo, VT CrggSigg
@ wn ~al
g 20 L] 2 450 -
£ .
J‘:hﬁ 5] ‘g Crnglg
S 4 L] = 400 Qs
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T 10 * { * + ¥ =
x ¥ ox * * 350 A
5 >
. * 300 Cr93SI7
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Figure 7. a) The nanohardness measurements of the Crys matrix and the A15 phase are correlated to the alloys and the A15-phase former concentration in
the Cr (right y-axis). In addition, a measurement for pure Cr is added from another study. (*1**)) The values can be found in Table S6 in the Supporting
Information. b) Microhardness measurements using the Vickers hardness test are correlated to the A15-phase fraction. The values for the binary and
ternary alloys were taken from an earlier study to complete the overall behavior. Reproduced with permission[®! Copyright 2024, Elsevier.
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Table 4. Percent values for the increase in hardness and concentrations of
dissolved elements in Crgs determined with respect to the named binary
reference alloys.

Alloy Increase Increase Increase Reference
vickers nanohardness  ¢(Si) + ¢(Ge) + alloy
hardness of Cres in % ¢(Pt) + ¢(Mo) in
in % Crgs in %
Cro1Si,Ge, 13 13 8 Cro1Sio
CrorSi;Pt 31 39 34 CroySig
Crg:SigMo, 11 38 44 CresSis
CrgoSi;Ge, Pt 28 26 29 Crg;Sig
CrgoSi,Ge,Mo, 20 14 50 Cro1Sio
CrgoSi,Ge,Pt;Mo, 19 2 60 Cro1Sio

much lower. The more complex compositions show also a lower
hardness increase with respect to the expected solid solution
hardening.

4. Discussion

4.1. Elemental Phase Partitioning and Effect on Lattice
Parameter Misfit

In all investigated ternary, quaternary, and quinary composi-
tions, Si, Ge, and Pt were found to be A15-phase former, while
Mo was found to show a neutral partitioning to both phases (see
Figure 4a). This finding is very interesting as it allows alloy
design up to quinary composition spaces, which are usually hard
to access by thermodynamic calculations using available data-
bases. Even though Pt was found to show a partitioning highly
depending on the total alloy composition, Equation (2) provides a
reasonable Si.q for assessing the microstructure of Cr-rich Cr-Si
alloys at 1200 and 1350°C (compare Figure S2, Supporting
Information). The metallic or covalent (covalent marked with *)
radii (Si*: 116 pm, Cr: 128 pm, Ge*: 121 pm, Mo: 139 pm, Pt:
138 pm) of the alloying elements are in all cases bigger compared
to the reference binary system.*”! In solid solution, the lattice
parameters are shifted toward higher values in the ternary,
quaternary, and quinary alloys.

In all cases, the shift of lattice parameters of the respective
phases is positive when adding additional alloying elements
(compare Table 1). Tarutani and Kudo determined the lattice
parameters of the elements in the A15-phases.*®! All alloying ele-
ments’ atomic radii are bigger than Si and Cr (Si: 124 pm, Cr:
129 pm, Ge: 130 pm, Pt: 139 pm, Mo: 140 pm), which explains
the found shifts.

The lattice parameter misfits Ams were determined using the
following orientation relationships (OR), which were previously
reported for binary and Cr-Si-Pt ternary Cr-Si alloys

OR 1:[1837] OR |1:1'838]

(011),1(012) s
(110)2,[1(331) 5
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Figure 8. Lattice parameter misfit between the Crgg matrix and Al5
precipitates determined concerning the two reported orientation relation-
ships (OR | and OR Il) and the experimentally determined lattice
parameters (see Table 1).

For both ORs Amis shown in Figure 8 based on the following
calculation

Amg=(b—c)/c 3)

Based on the identification of the parallel planes in Cry and
A15, the respective atomic distances in these planes were deter-
mined to be b for the A15 phase and ¢ for the Crg, matrix phase.
From the longitudinal appearance of the A15-precipitates formed
in the alloys in Figure 2, the impression appears that the misfitin
lattice parameters is plane dependent. This impression is sup-
ported by the determined misfits for the two ORs, which show
high deviations in misfits depending on the respective orienta-
tion of both phases (see Figure 8).

The precipitates were found to be semicoherent. The orienta-
tion relationship and alloy composition influence the coherence.
The binary alloys and CrgySigMo, show the overall lowest misfits.
Crq1Si;Ge, only slightly increases the misfit. The Cr-Si-Ge-Mo
quaternary alloy is in between both ternary alloys. In contrast
to these relatively low changes, Pt significantly impacts the misfit
by increasing it for all Pt-containing alloys. This is attributed to
the increase of the A15-phase lattice parameter.
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4.2. Stability of Microstructure and Dependence on Alloy
Composition

A coarsening rate can describe the stability of the microstructure
concerning precipitate formation. The coarsening rate increases
with annealing time ¢, elemental diffusion expressed by the dif-
fusion coefficient D, the specific enthalpy y;, of the Crg/A15
interface, and the solubility of A15-precipitate forming elements
in the matrix ¢. Diffusion exponentially depends on tempera-
ture. Hence, an increase in the Al15-precipitate size is found
in Figure 5b, even though the annealing time is quadrupled.
Further comparisons between the alloys refer to the same anneal-
ing conditions. For the binary alloys, the effect of diffusion is
found indirectly with an increasing Al5-precipitate size over
increasing A15-phase fraction. An increasing A15-phase fraction
causes a decrease in precipitate distance, which enhances the
growth of bigger precipitates.

As shown in Figure 5 and 6, the tendency of increased con-
centration of Al5-phase former (c(Si) + ¢(Pt) + ¢(Ge)) solubility
limit ¢y in the solid solution also increases the A15 precipitate
sizes. Hence, the coarsening of the Al5-phases increases with
an increasing number of different A15-phase formers in the alloy
and an increase in dissolved A15-phase formers in the solid solu-
tion. However, the Pt-containing alloys stand out from the trend.
Recently, the mechanism of the increased microstructural coars-
ening by Pt addition was investigated by comparing the compo-
sitions Crg;Sig, Cro;SiyPt,, and CrgSigPts with the conclusion,
that the highest effect on the increased coarsening by Pt addition
is attributed to a thermodynamic destabilization of the inter-
face.l"® The enhanced lattice parameter misfit, supported by
the current findings, plays a less pronounced role. The theory
of a Pt enrichment at the Crg/Al5-phase interface being the
highest driving force for A15-phase coarsening is also supported
in this study. As shown in Figure 5, the A15 precipitates of the
alloys containing 2 at% Pt deviate most from the A15 precipitate
sizes of the other alloys. The alloy with only 1at% Pt demon-
strates a better fit to the alloys without Pt. In addition, the par-
titioning of Pt was found to have a considerable deviation
depending on the overall alloy composition (see Figure 4a).
This compositional variance is already visible in the micrographs
shown in Figure 2ih.

Concerning Mo additions, the CrgySigMo, alloy annealed for
400 h at 1050 °C was found to form comparable fine and homo-
geneous distributed A15-precipitates. This can be attributed to
the decreased sum of A15-phase forming elements dissolved
in Crg at 1050 °C (see Figure 6). For the other alloys containing
Mo and Ge, ¢, lies in the same range, and the deviations in A15
precipitate sizes have to be attributed to the specific enthalpy
7in Of the Cry/Al5 interface. This enthalpy increases with the
increase in the misfit of the lattice parameters. This was higher
for ternary and quaternary alloys than the binary system
(see Figure 5 and 6). For example, for annealing at 1350 °C, the
ranking of the smallest A15-precipitate size concerning the mean
value is Crg;Sig < CrogSigMo, < Crg;Si;Ge, < CrgoSi;Ge,Mo,.
This goes well with the change in lattice misfit (see Figure 8)
and can be solely related to this; as all samples show a compara-
ble concentration of A15-phase former in Crg (see Table 2 and
Table S3, S4, Supporting Information). Hence, all ternary,
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quaternary, and quinary alloying increases the A15-precipitate
size and, therefore, its coarsening rate compared to the binary
alloys. However, Ge and Mo cause a much slighter increase com-
pared to Pt. For Ge, this increase appears to be independent of
temperature in the investigated range, which ranges from 1050
to 1350 °C. This increased microstructural coarsening by substi-
tuting Si with Ge agrees with former studies on different ternary
compositions of Crg,(Ge,,Si,_1)16 alloys annealed at 1350 °C.[22

For Mo, the lower temperature maintains a fine and homo-
geneously distributed microstructure as the amount of dissolved
elements in Cry is decreased by Mo addition. Combining Mo
and Ge and thereby the over A15-phase fraction, the precipitate
sizes increase for the higher temperatures again, while at
1050 °C the low ¢, again limits the fast growth. Hence, especially
for lower temperatures such as 1050°C, low Mo additions
can be used to counteract microstructural coarsening in Cr-rich
Cr-Si alloys.

4.3. Elemental Effect on Hardness

In previous studies, pure Cr was found to have a hardness
between 1.1 GPa and 2.33 GPa depending on the purity and
the amount of grain boundaries.***% The purity of the material
in this study is in the range of the former studies, and the mate-
rial is polycrystalline with grain sizes that are comparable to the
material used in the previous studies and which obtained more
than 2 GPa (grain size ~35 pm, purity 99.8%).1* Hence, in this
study, it is shown that the hardness of the matrix phase increases
significantly by solid solution hardening when alloyed with Si
(see Figure 7a). This is even more obvious when the nanohard-
ness of Cry is correlated to the concentration of A15-phase for-
mer (c(Si) + c(Ge) + c(Pt)) dissolved in Crg. Both values align
perfectly telling of a strong correlation (see Table 4).

The measured Vickers hardnesses of the Cr-Si alloys also
agree with the former studies. The values measured for the alloys
lie between the hardness of pure Cr (HV0.2 ~144, average grain
size ~653.1pm) and the Cr;Si Al5-phase (HV0.3 ~1200, no
grain size given). The nanoindentations of the Al5-phase
show that the Al5-phase is around three times harder than
the Cry matrix phase. Even though two alloys, Crg,Sig and
CrgSigMo,, stand out with a much-decreased A15-phase hard-
ness, the microhardness measurements fit well with the linear
dependence on Al15-phase fraction (see Figure 6b).27*!
Hence, the anomaly of measured Al5-phase hardness must
be attributed to an effect on the microscale that is superimposed
on a macroscopic scale.

Mo-containing alloys show a deviation between dissolved
elements in the solid solution and an increase in solid solution
hardening (compare Table 4). With respect to the limited com-
positions investigated, no clear trend could be found. Recently,
room temperature ductility was reported for a single-phase solid
solution, Crs;Mos4Si; alloy, attributed to a deformation twinning
mechanism and a large difference in lattice parameters between
Cr and Mo.”®! If the change in hardness can be attributed to a
similar change in deformation mechanism with Mo-addition
from, for example, dislocation slip to deformation twinning
has to be proven in the future.
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Considering the grain size, Cro;Siy and CrgoSigMo, were
found to have the highest grain sizes. However, concerning
the Vickers hardness measurements, the behavior shows no
direct correlation to grain size. The explanation for this is
straightforward because the Vickers indents have a size of
around 20 pm. This value is below the average grain size
(compare Table 3); therefore, the grain size plays a minor
role in the measured hardness. Considering the sizes of the
A15 precipitates (see Figure 5) and the measured Vickers
hardness, the hardness increases with increased precipitate size.
As it is known that the coarsening of precipitates decreases the
material’s hardness, the variations in hardness could not be
related to the A15-phase coarsening. It is concluded that neither
the A15 precipitate size nor the grain size defines the alloy’s
hardness determination in this study but rather the solid solution
hardening of the Crg; matrix phase and the overall A15-phase
fraction.

5. Conclusion

A binary BCC-A15 microstructure was found for Cr-rich Cr-Si
alloys (Cr > 89 at%) alloyed with Si, Ge, Pt, and Mo and annealed
for 400 h at 1050°C, 100 h at 1200 °C, and 100 h at 1350 °C.

The microstructural effects of the different alloying elements
on Al5-phase fraction, partitioning, microstructural stability,
grain size, and hardness were described and, for example, room
temperature hardness was shown to be dominated by the solid
solution hardening of the Crg matrix. The A15-phase fraction
was correlated to Si.q developed based on the partitioning behav-
ior of individual elements. The contribution of each element with
respect to the investigated alloy compositions can be summa-
rized as follows.

5.1. Silicon

Si is the strongest A15-phase former. With increasing Si concen-
tration, the A15-phase fraction and microhardness increase line-
arly in the investigated composition range. The microstructures
of the binary Cr-Si alloys were found to be the most stable
considering coarsening due to the lowest lattice mismatch and
a comparable low solubility of Si in Crg compared to the more
complex systems.

5.2. Germanium

Ge acts as Al5-phase former with a Si.q of 0.89. It slightly
increases the hardness of Cry; as it slightly increases the solubil-
ity co of the A15-phase former in Cry. However, the increase of
Co, in turn, affects the microstructural stability because the higher
Al5-phase former concentration in Crg increases the coarsening
rate. However, this is not the whole story as for 1350 °C, compa-
rable ¢y concentrations to other alloys were found, but again a
slightly increased size in Al5 precipitates. Another reason is
the larger misfit of the Crg matrix and Al5 precipitates which
also causes an increase in microstructural coarsening by Ge
addition.

Adv. Eng. Mater. 2025, 27, 2401818 2401818 (11 of 12)

www.aem-journal.com

5.3. Platinum

Among the investigated A15-phase former, Pt is the weakest. Its
Sieq is determined to be 0.51, leading to a good approximation for
the investigated property correlations; however, its partitioning
depends on the overall alloy composition. Pt is known to thermo-
dynamically destabilize the Crg/A15-phase interface because it
segregates to the interface. These segregations are also visible
in the A15-phase areas and lead to faster coarsening of the micro-
structures when alloyed with Pt. The increased segregation and
coarsening can be counteracted by adding Mo, as was demon-
strated for the quinary CrgySi;Ge,Mo;Pt; alloy. In the absence
of Mo, Pt was found to increase the hardness of the alloys, which
is mainly attributed to an increased hardness in Crg. Hence, Pt
addition must be well balanced because of the increased
coarsening.

5.4. Molybdenum

Mo shows mutual partitioning behavior in both solid solution
and intermetallic A15 phase. Its effect on hardness is not as pro-
nounced as in the case of Pt, but it also increases the hardness of
Crgs. Mo-containing alloys tend to show a fine microstructure
comparable to the Ge-containing alloys at 1200 and 1350°C
and can counteract the increased coarsening of Pt. At 1050 °C,
the Mo-containing alloys stand out by the formation of much
finer A15 precipitates compared to the binary Cro;Siy alloy.
The effect on the lattice mismatch of Mo was found to be neglect-
able. The effect of the decrease in A15 precipitate sizes is related
to the decreased solubility limit of A15-phase forming elements
in the Cry by adding Mo.

More alloying elements are needed to optimize the mechani-
cal properties of Cr-Si alloys. Mo, so far, is the most promising
alloying element for the Cr-Si system.
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