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Abstract

Solute segregation to grain boundaries in polycrystalline metals and ceramics is a well-known
phenomenon that reduces the total energy of the material. In this letter, the segregation of the
solvent (Au) to grain boundaries in a binary Aui«Ptx (x = 0.15 to 0.18) alloy is demonstrated.
After heating in the range of 500 °C to 600 °C and quenching to room temperature, grain
boundaries in the alloy are enriched in Au at a mean level of ~ 4 atoms/nm?. When the alloy is
annealed at 300 °C and quenched, the mean grain boundary composition is closer to the bulk
composition. When the alloy is reheated to 500 °C, the segregation is reestablished,
demonstrating that the transformation from the strongly segregated complexion to the weakly
segregated complexion is reversible. The driving force for the solvent segregation is likely the

lower grain boundary energy of Au in comparison to Pt.
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The chemical compositions of grain boundaries in polycrystals of multicomponent materials
usually differ from the bulk, a phenomenon known as grain boundary segregation [1]. Grain
boundary segregation often alters materials properties with a wide variety of possible outcomes,
depending on the material. For example, the segregation of Ga to grain boundaries in Mg
increases the ductility of the alloy [2] while the segregation of Bi to grain boundaries in Ni
makes the alloy more brittle [3]. Grain boundary segregation is thought to stabilize
nanocrystalline structures [4] and improve the strength of Ni-base alloys [5].

The composition of a grain boundary in an alloy, determined by segregation, is one
characteristic of the grain boundary complexion, sometimes called the grain boundary phase [6,
7]. Controlling the grain boundary complexion is viewed as a tool to control the properties of
polycrystalline materials [8, 9]. In all prior observations of grain boundary segregation in binary
alloys, it is the minority component of the alloy (solute) that segregates to the grain boundary [1].
This is because the partitioning of the solute in the grain boundary typically reduces the free
energy of the material by reducing the grain boundary energy. However, it is also possible that
solvent enrichment reduces the grain boundary energy. In the past, this phenomenon has been
described as antisegregation and while not documented experimentally, has been predicted by
simulations [10]. Here it is referred to as "solvent segregation" as this term is more descriptive
and the natural opposite of solute segregation.

Udler and Seidman [11] simulated segregation to a grain boundary in a dilute Au-Pt alloy
and predicted that the solvent, Au, would segregate. Murdoch and Schuh [12] used a Miedema-
type model to estimate segregation enthalpies for about 2500 binary alloys and found that = 1/5
of the total, including Au-rich alloys containing Pt, were expected to exhibit solvent segregation.

More recently, density functional theory calculations of Au-Pt alloys by Yao et al. [13] also



predicted the segregation of Au in Au-rich Au-Pt alloys. While grain boundary segregation in Pt
rich Au-Pt alloys is well studied and Au (the solute) is known to segregate [14-17], grain
boundary segregation in Au-rich alloys has not been studied experimentally. Here we describe
solvent (Au) segregation to grain boundaries in a AuixPtx (x = 0.15 to 0.18) alloy after heating in
the range of 500 °C to 600 °C. A distinct grain boundary complexion, with negligible
segregation, results from heating the alloy at 300 °C. The experiments described here
demonstrate that there is a reversible transition between the strongly segregated and weakly
segregated complexions.

50 nm thick Aui«Ptx thin films were co-sputtered onto rotating substrates at room
temperature from angled Au and Pt targets in a Kurt Lesker Pro Line PVD75 DC Magnetron Co-
Sputtering deposition system with a base pressure of 5x107® torr. To achieve the desired
composition, the growth rate as a function of power was calibrated for each target. The films
were deposited on 10 nm thick silicon nitride membranes supplied by Norcada and thermal E-
chip devices with 40 nm thick silicon nitride membranes (E-FHDS-VO) from Protochips for ex-
situ and in-situ experiments, respectively. For the in situ experiment, the film was sputtered
through a shadow mask, so that the film did not create a continuous electrical path that could
short the circuit. Energy dispersive X-ray spectroscopy (EDS) conducted in the scanning
transmission electron microscope (STEM) indicated that the Pt compositions of the films
deposited without the shadow mask corresponded to x = 0.15 and those with the mask were x =
0.18. This difference is thought to result from the geometry of the shadow mask and the metal
sources, inadvertently allowing less Au through the aperture in the mask compared the blanket

films where there was no mask.



The portion of the Au-Pt phase diagram relevant to the current studies is shown in Fig. 1(A),
with the position of the phase boundary consistent with the results of Xu et al. [18]. The samples
were initially heated in air to 500 °C for 2 h. This led to the microstructure illustrated in Fig.
1(B), which has an average grain size of 125 nm and no sign of dewetting. Because the grain
size is more than twice the film thickness, the majority of the grains extend through the thickness
of the film. Diffraction patterns (see Fig. S1) indicate that the material is single phase with the
structure of the fcc Au solid solution (at these temperatures and compositions, the phase diagram
indicates that the Pt-rich solid solution should make up as much as 7 % of the film). Films
heated at 300 °C and 400 °C for 2 h were also single phase. These observations suggest that
there is a kinetic limitation in this nanocrystalline film that suppresses the nucleation of the Pt-
rich phase in the time scale of this experiment, the position of the phase boundary is incorrect, or

there is a systematic error in the EDS quantification.
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Figure 1. Composition and microstructure of the Au-Pt films. (A) Portion of the Au-Pt binary
phase diagram [18]. The locations of the annealing experiments are marked with red circles. (B)
Bright field TEM image of a Auo.ssPto.15 thin film heated for 2 h at 500 °C.



To evaluate the local compositional variation, STEM images and EDS elemental maps were
recorded in a Thermo Fisher Themis 200 G3 aberration-corrected STEM operated at 200 kV.
Data were collected with a high angle annular dark-field (HAADF) detector, a probe
convergence angle of 17 mrad, and a camera length that results in acceptance angles from 70 to
200 mrad. Note that under these imaging conditions, the HAADF images are dominated by
diffraction contrast (as very little compositional contrast is expected between Au and Pt).
Iterative elemental maps of 512 x 512 pixels are acquired with a dwell time per pixel of 10 ps at
200 keV over 360 frames using a Super-X EDS detector. The total electron screen current was 1
nA, resulting in a total dose per frame of the order of 10% e/A2. Elemental maps are plotted
using the ratio between the Au and Pt L, X-ray emission line intensities after background

subtraction. The Pt grain boundary excess (I'p) was calculated according to [19, 20]:

[pe = NW [(ﬂ)gb — (ﬁ)bulk] (1),

Cau Cau
where N is the gold density in atoms/nm? and W is the width of the grain boundary analyzed (~ 4

bulk
. . (C . Cpe -
nm). The bulk Pt and Au concentration ratio (—CP t) is calculated as the average of —CP L in the
Au Au

two neighboring grains (see supplementary information for more details).

A HAADF image and corresponding composition map of the sample after annealing at 500
°C for 2 h in air are presented in Fig. 2A and 2B. The composition map in Fig. 2B shows linear
features with enhanced Au concentrations relative to the bulk. A close comparison with the
image in Fig. 2A shows that the positions of the lines correlate with grain boundaries. Tests to
determine if the beam exposure influenced the segregation (See Fig. S3) indicated that the Au
concentrations were constant with time. There are also some grain boundaries where no

segregation is evident. Low energy grain boundaries are expected to resist segregation, so this is



not unexpected [21-24]. For example, one of the grains in Fig. 2A is bisected by a very straight
boundary that, based on its morphology, is likely a twin boundary (see arrow). Twins have the
minimum grain boundary energy in Au [25] and no segregation is detected at this boundary. The

small black features in the HAADF images have been identified as pores (see Fig. S4).

Figure 2. Microstructure images (HAADF) and composition maps (EDS data) of Aug.ssPto.15 thin
films. (A&B) Film annealed at 500 °C for 2 h. (C&D) The same film after annealing at 300 °C
for 2 h. (E&F) The same film after annealing at 500 °C for 1 h.
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After analyzing the film annealed at 500 °C, it was annealed at 300 °C for 2 h in air and
quenched to room temperature. A similar (but not identical) area of the film was examined and
the results are presented in Fig. 2(C&D). While there are a few locations that appear to have
elevated Au concentrations along lines (see arrows), the composition appears to be more uniform
than what was found after the 500 °C anneal. To assess reversibility following these analyses,
the sample was heated for 1 h at 500 °C in air, and another area was examined and the results are
shown in Fig. 2(E&F). The composition map in Fig. 2F again shows enhanced Au
concentrations along lines correlated to a subset of the grain boundaries. These results suggest
that there is a reversible transition between a grain boundary complexion at 500 °C, where a
majority of the grain boundaries have an enhanced Au (solvent) concentration and 300 °C where
the majority of the grain boundaries have concentrations that are nearly equivalent to the bulk.

While it seems clear that there is enhanced Au segregation to the grain boundaries in
Auo.ssPto.15 at 500 °C, it is also clear that it is not uniform. To quantify the mean amount of
segregation and the variation, the compositions of at least 40 individual grain boundaries were
measured and the results are summarized in Fig. 3. The ratio of the Pt and Au concentration
(Cpy/Cau) was measured within a well-defined area, at every grain boundary in the image, and
from an identical area in the adjacent grains. The Pt excess at the grain boundary was then
calculated using Eq. 1. Histograms of the Pt grain boundary excess are shown in Fig. 3A for the
three different annealing conditions and the same data are represented using a box and whisker
plot in Fig. 3B. The data clearly show a negative excess of Pt in the grain boundaries after
annealing at 500 °C; the negative Pt excess reflects an excess of Au, which we refer to as solvent

segregation. On the other hand, the Pt excess of the grain boundaries after annealing at 300 °C is



close to zero, indicating limited segregation. The results show that the transition from the

strongly segregated state to the weakly segregated state is reversible.
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Figure 3. Pt grain boundary excess at grain boundaries in Auo.gsPto.15 after different annealing
conditions. (A) Histogram of Pt excess after a 2 h anneal at 500 °C (top), after a 2 h anneal at
300 °C (middle) and after a 1 h anneal at 500 °C (bottom). (B) Box and whisker plot of the
distributions. The line is the median, the boxes are the nearest two quartiles of data, the bars
indicate the other two quartiles, and the dots are outliers.

We attempted a fully in situ heating experiment to track the composition of individual grain
boundaries. However, rapid sublimation of the sample into the microscope’s dynamic vacuum
[26] made this impossible. Quantitative estimates of the sublimation rate are provided in the
supplemental information (see Fig. S5). It was possible, however, to conduct the following
partially in situ measurement in which the Auo.s2Pto.1s sample deposited on the heating chip was

initially annealed in air outside of the microscope (to reduce sublimation) at 600 °C and air

quenched. The 600 °C anneal was used so that grain growth would not occur during subsequent



anneals at lower temperature. Subsequent heat treatments at or above 500°C were also carried
out in air, while heat treatments at 300°C could be carried out inside the microscope vacuum,
assuming the estimated sublimation rate of 2 X 10~ monolayers/min at 300 °C (see Fig. S5) is
correct.

As demonstrated in Fig. 4B, excess Au is found at a subset of the grain boundaries for the
sample annealed at 600 °C, consistent with what was observed for the sample heated ex situ at
500 °C. To facilitate examination of the exact same population of grain boundaries, the sample
was then heated at 300 °C for 2 h while still in the microscope. As in the ex situ experiment, the
localized concentration of Au at the grain boundaries decreases to nearly the same as the bulk Au
concentration except for a few examples, (see Fig. 4D). After heating the sample to 575 °C for
0.5 h in air, again to prevent sublimation, and returning it to the microscope, the Au
concentration at the grain boundaries is found to increase. It is mostly the same grain boundaries
that concentrate Au during the first 600°C anneal (Fig. 4B) that also concentrate gold during the
second 575°C anneal (Fig. 4F), demonstrating the reversibility of the complexion transition.

Note that after the 300 °C anneal in the microscope, some Pt-rich regions develop (see
dashed arrows in Figs. 4C and 4D). These regions are precipitates of the Pt rich phase. Because
they were not found in any of the ex sifu experiments, it is assumed that sublimation of Au in the
microscope at 300 °C was larger than estimated and further enriched these areas in Pt and
promoted phase separation. Nevertheless, the same reversible transformation of the grain
boundary compositions was observed.

The distribution of boundary compositions in this experiment (analogous to Fig. 3) are
presented in Fig. S6. To illustrate the reversibility of the transition at a single grain boundary,

the composition of the grain boundary labeled with the double headed white arrow in Figs. 4A,



4C and 4E was quantified at the three temperatures. Line profiles of the Cau/Cp; ratio were
averaged in this region following the three anneals, and these profiles are illustrated in Fig. 5.
The solvent segregation maximizes at the grain boundary after the anneals at 600 °C and 575 °C,

but the segregation is very weak after the 300 °C anneal.

Figure 4. Microstructure images (HAADF) and composition maps (EDS data) of Auo.s2Pto.1s
thin films. (A&B) Film annealed at 600 °C for 2 h. (C&D) The same film after annealing at 300
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°C for 2 h. (E&F) The same film after annealing at 575 °C for 0.5 h. The white double headed
arrows in A, C, and E mark the boundary whose composition is illustrated in Fig. 5.
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Figure 5. Composition changes at a single boundary in the Auo.s2Pto.1s sample with different
heat treatments. Composition of the grain boundary at the 600 °C, 300 °C, and 575 °C at the
position of the white arrows in Fig. 4A, 4C, and 4E.

The results clearly show that at temperatures between 500 °C and 600 °C, the solvent (Au)

segregates to grain boundaries in AuixPtx. Gold segregation was predicted by computer

simulations [11], empirical models [12], and DFT calculations [13], but was not previously

observed. Furthermore, there are no known experimental reports of solvent segregation in any

binary alloy. This is despite predictions by Murdoch and Schuh [12] that = 1/5 of all binary

alloys should show solvent segregation. We recognize that segregation sites at grain boundaries

have a spectrum of segregation enthalpies and that some sites prefer solvent atoms and others

prefer solute atoms [27]. A recent calculation of the spectrum of segregation enthalpies in Au-Pt

reports that the mean segregation enthalpy is 8 kJ/mol and the standard deviation is 13 kJ/mol,
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meaning that the majority of sites promote solvent segregation [28]. This agrees with the prior
work predicting solvent segregation [11-13]. We should also mention that there are some well-
documented examples of solute concentrations in grain boundaries falling below the solvent
concentration in ternary and more complex alloys, but this is the result of a third strongly
segregating component excluding the solute from the grain boundary [1]. A well-documented
example occurs in ternary Fe-Si-P alloys where Si and P are the dilute components. In the
ternary alloy, P strongly segregates and excludes Si from the boundaries [29]. However, in the
binary Fe-Si alloy, Si segregates to the boundaries [30].

There are a variety of factors that contribute to the segregation enthalpy and promote solvent
segregation. The most important factors are the interaction energy between Au and Pt, their size
difference (which contributes to the elastic energy), and the grain boundary energy. Au and Pt
are immiscible and do not form binary compounds [18, 31], implying that they greatly favor Au-
Au and Pt-Pt bonds compared to Au-Pt bonds. Au and Pt differ by only one atomic number and
their sizes differ by only 4 %, so the elastic contribution is small. On the other hand, the surface
and grain boundary energies of Au and Pt are significantly different. Surface energies are
closely related to grain boundary energies [32]; the experimentally determined surface energies
of Au and Pt are 1.14 J/m? and 1.71 J/m?, respectively, at their melting points [33]. Selected
grain boundary energies calculated at 0 K for Au are less than half of those for Pt [13]. The
lower grain boundary energy in Au means that Au-rich grain boundaries are energetically
preferred over Pt-rich boundaries, even at the cost of sustaining Au-Pt bonds in the bulk.

Using the McLean isotherm [34] for grain boundary adsorption and the computed mean
segregation enthalpy (8 kJ/mol [28]), we can compute the expected grain boundary composition

(see Fig. S7). This simple model predicts that the ratio of Au to Pt in the boundary is about 16 at
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500 °C; the boundary in Fig. 5 has a ratio of 7 to 8. Note that the different segregation to each
boundary makes quantitative comparisons difficult, but the simple prediction assuming a
segregation enthalpy of 8 kJ/mol over-estimates the observed amount of segregation at the
average grain boundary. The simple models also predict an increase in enrichment at lower
temperature, but this is not what is observed. This is because of the complexion transition [7].
An increase in the concentration of segregant cannot be predicted by the McLean isotherm [34]
because it does not account for multilayer absorption or interactions between adsorbates. More
advanced models [35-38] predict that when the interactions between segregating atoms is strong,
there can be first order transitions that increase the concentration of the segregating atoms at the
interface. That is consistent with what is observed here.

The results presented here also provide the first direct evidence that a complexion transition
involving a composition change is reversible. The reversibility of grain boundary faceting
transitions that do not involve changes in composition has been documented [39]. Previously,
the only experimental report of the reversibility of a transition involving a composition change
was indirect, through the observation of grain boundary thermal grooves from microstructures
with different grain sizes [40]. The transition from solvent segregation to no segregation and
back occurs on a time scale on the order of 30 to 120 minutes, presumably limited only by the
time for atomic diffusion. The bulk self-diffusion coefficient of Au at 300 °C is 3 X 10"!7 cm?/s
and at 500 °C is 2.3 x 10°!3 cm?/s [41]. This leads to diffusion distances of 11 nm (300 °C) and
1000 nm (500 °C). The distance at 500 °C is greater than the grain size, so transport is not a
problem. The distance at 300 °C, while much smaller than the grain size, is likely sufficient,
even without short circuit diffusion on the surface [42]; these alloys contain more than 48 Au

atoms/nm?, so the surface excess (4 Au /nm?) could be sourced from a thin region near the grain
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boundary. This is another interesting difference between solvent and solute segregation, because
longer range diffusion might be required to equilibrate solute distributions in dilute alloys.

It is recognized that the grain boundary complexion transition described here encompasses
most, but not all, grain boundaries. Between 500 °C and 600 °C, not all grain boundaries have
Au enrichment. Likewise, at 300 °C, there is no detectible segregation to most, but not all, grain
boundaries. This is consistent with past theories [43] and experiments on complexion transitions
[23]. It has been concluded that at any given temperature, it is the highest energy grain
boundaries (those where the greatest amount of energy can be eliminated) that are most likely to
transform. Therefore, those that retain some Au segregation at 300 °C are expected to be the
highest energy grain boundaries and those that remain unsegregated at the highest temperatures
are expected to be the lowest energy grain boundaries. According to recent calculations [13],
grain boundary energies in Au vary from a minimum of 0.004 J/m? (60°/[111]|(111)) to 0.415
J/m? (36°/[100]|(310)), which can plausibly account for the observed differences.

In summary, compositional mapping of AuiPty (0.15 <x <0.18) thin films after annealing
at > 500 °C demonstrates solvent segregation — the enrichment of Au at the grain boundaries.
This is opposite to the commonly observed phenomenon of solute segregation. While this has
not previously been documented, it might be common in alloys of metals with very different
grain boundary energies and provide a potential new avenue for grain boundary engineering.
The strongly solvent segregated complexion can transform to a weakly segregated complexion
by annealing at 300 °C. The transition between these two states is reversible and has been

observed ex-situ by heating in air and in situ by heating in the microscope.
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