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Highlights: 

 

 Ag-In alloys are susceptible to internal oxidation at relatively low temperatures 

 Increasing indium concentration leads to increase in nodule size and area density 

 Area density of nodules on the surface can be a function of grain orientation 

 Grain boundary misorientation angle affects its internal/intergranular oxidation 

 A porous oxide structure, and two different nodule structures were observed 

 

1 Abstract 

Internal oxidation of Ag-xIn alloys (x =10, 13, 16 at%) was studied in an air atmosphere at a relatively 

low homologous temperature (240 °C), where lattice diffusion is negligible. After exposure, metallic Ag 

nodules were present on the surfaces of all alloys, expelled to relieve stress due to internal oxidation, 

confirming that such coarse morphologies can be produced by short-circuit transport. Crystallographic 

orientation and grain boundary misorientation were found to influence nodule expulsion tendency, and 

the propensity for internal or external oxidation. Further analytical TEM characterization was used to 

study the nanoscale morphology and chemistry of nodules and internal oxide(s).  

Keywords: Internal oxidation, EBSD, TEM, crystallographic orientation, grain boundary misorientation 

 

2 Introduction 

Internal oxidation occurs in alloys consisting of a more noble solvent element and, in most cases, a 

relatively low concentration of a less noble solute element(s) (e.g., Ag-In, Ni-Al, Ni-Cr, etc.) in high 

temperature gaseous environments. In order for this phenomenon to happen, the oxygen diffusivity and 

solubility in the solvent metal should be significant and the oxide of the solute metal should be more 

stable than the solvent metal oxide. Under such conditions, inward diffusion of oxygen can dominate the 

outward diffusion of reactive solute alloying elements (e.g. In, Al, Cr). The high compressive stress from 

the volume increase by oxide production beneath the surface is sometimes relieved by expulsion of the 

noble metal to the surface and has been reported for Ag and Ni alloys with dilute concentrations of 

reactive elements [1, 2, 3]. In addition, the volume change due to internal oxide formation was found to 

be equivalent to the volume of noble metal expelled in Pd-Ag (with dilute reactive elements), Ni-Al and 

Ni-Al-Si alloys [4, 5].  

Internal and intergranular oxidation are important in many applications. For example, in the nuclear 

industry, internal/intergranular oxidation is proposed as a possible mechanism for stress corrosion 

cracking (SCC) in Ni based alloys [6, 7, 8, 9, 10, 11, 2] at relatively low temperatures in reducing 

environments (~300 °C hydrogenated water, or hydrogenated steam at < 500 °C). A more typical example 

is high temperature gas systems (~1000 °C), where internal oxidation can cause failure in some 

commercial Fe-Ni-base and Ni-base Cr2O3-forming alloys in air [12] and oxygen atmospheres [13] due to 

the embrittling nature of oxide(s) formed beneath the surface. Moreover, in future advanced nuclear 

energy systems, internal oxidation may be a threat for materials performance due to the need to operate at 

higher temperatures (>500 °C). Generally, Ni-based alloys containing Al, Cr, and Si are a major focus in 

studies investigating internal oxidation because of their wide industry applications. However, in order to 

Jo
ur

na
l P

re
-p

ro
of



3 

 

study the science behind this phenomenon, the Ag-In alloy system has been used, particularly by Rapp et 

al. [1, 14, 15]. Ag-In provides a simple model system to study the fundamental processes governing 

internal oxidation, since silver metal is thermodynamically stable in air (i.e., 0.21 atm O2) at temperatures 

> 148 °C [16], while indium is a reactive solute element, forming a stable oxide (In2O3). 

The transition from internal to external oxidation for Ag-xIn (x = 0.93 to 16.3) alloys at a relatively high 

temperature (550 °C) and varying oxygen partial pressures was studied by Rapp [14]. It was found that the 

transition to external oxidation happens when the concentration of indium exceeds a critical value, and 

varied with surface finish (e.g., electroetched, electropolished, or mechanically polished). Similar 

investigations have also been performed evaluating high temperature (> 1000 °C) internal oxidation in Ni-

based alloying systems, such as Ni-Cr, Ni-V, and Ni-Al [17, 18, 19, 20, 21, 22, 23] (< 10 at% of reactive 

alloying elements). As mentioned, these studies and the work by Rapp et al. [14] were performed at high 

homologous temperature (TH), where the effect of bulk diffusion was significant and internal oxidation 

could be induced with relatively low concentrations of solute elements. It should be noted that TH is often 

used as a first approximation for comparing the change in diffusivity between alloying systems with the 

same crystal structure relative to their melting points (e.g. Ag-based and Ni-based alloys) [24]. In 

addition, internal oxidation of Ni-Cr alloys (5-30 wt%Cr) in gaseous CO2
 and CO2-H2O environments at 

650-700 °C was recently studied by Xie et al [25, 26, 27, 28]. At their temperatures of exposure, lattice 

diffusion rates could not be considered negligible and thermodynamic conditions were in the NiO stable 

regime, which led to external and internal oxidation. However, metallic Ni nodule formation was possible 

in alloys with < 15 wt.% Cr in wet CO2 environments at 650 °C due to decreased lattice diffusion rates. 

Also, with external oxide growth, the partial pressure of oxygen at the oxide/metal interface could change 

over time and is different from the bulk gas. At the oxide/metal interface, the PO2 may have dropped 

below the Ni/NiO equilibrium dissociation pressure and resulted in internal oxidation and nodule 

expulsion [28]. 

The possibility of internal and intergranular oxidation at relatively low temperatures, where lattice 

diffusion is negligible, has been studied in Ni-Al [8, 29], Ni-Cr [8, 30] and Ni-Fe-Cr [2] alloys in 

hydrogenated steam and water at temperatures < 500 °C. Experiments by Persaud et al. [31, 32], Scenini 

et al [33], and Bertali et al. [34] were performed on Ni-9Fe-16Cr and Ni-10Fe-30Cr alloys in 480 °C 

hydrogenated steam (lattice diffusion negligible) at an oxygen pressure below the dissociation pressure of 

NiO; under these conditions, internal oxidation was possible up to at least 30% Cr. These studies 

investigated the effect of solute alloying element concentration, temperature, surface finish, oxide 

chemistry, and texture on internal/intergranular oxidation with correlations to SCC initiation. 

Furthermore, diffusion-induced grain boundary migration (DIGM) was also extensively studied as a 

consequence of internal/intergranular oxidation. The application of advanced ex-situ and in-situ 

characterization methods were a focus, particularly by Bertali et al. [7, 34, 35]. While internal oxidation 

was possible in these studies, intergranular oxidation predominates at ‘lower’ temperatures (i.e., < 500 °C 

in Ni-alloys) due to bulk diffusion rates being magnitudes lower than intergranular diffusion [36]. In 

addition, internal oxidation was shown to be possible at solute reactive element concentrations up to 30 

at% (e.g., Cr [37]), which is much higher than conventional internal oxidation studies on Ni-based alloys 

at temperatures > 800 °C [21]. The purpose of this study is to investigate ‘low’ temperature 

internal/intergranular oxidation phenomena in an alloy other than Ni-based materials. Internal oxidation 

of Ag-In alloys has been of great interest at high TH (>500 °C) [1, 14]; in this work, we perform oxidation 

experiments at ‘low’ TH to evaluate whether internal oxidation is feasible, noting that diffusivity of In in 

Ag at the given temperature is several magnitudes higher than Cr in Ni (discussed further in Section 3.1). 

We also evaluate whether internal oxidation is possible at high In concentrations (up to 16 at. %). 
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Crystallographic information, such as texture, is a key factor which influences internal/intergranular 

oxidation. Studies have investigated the effect of grain boundary character on internal oxidation of Ni-Fe-

Cr alloys [38], the effect of grain boundary structure on intergranular SCC of Ni super alloys (e.g., X-

750) [39], and the relationship between Coincident Site Lattice (CSL) boundaries and intergranular SCC 

of Ni-Fe-Cr alloys exposed to various environments [40]. Moreover, research on the effect of 

crystallographic orientation on external oxidation behavior of Ni and Cr has been studied [41]. However, 

the effect of crystallographic characteristics on internal oxidation has not been investigated 

comprehensively, especially at low TH.  

In this study, internal oxidation is investigated at relatively low temperatures in Ag-xIn alloys (x 

=10,13,16 at%) exposed to air at 240 °C. This simple model system is used to study the fundamental 

mechanism(s) and variables which influence internal and external oxidation, such as crystal orientation 

and grain boundary character. Comparisons with high temperature oxidation phenomena and other 

alloying systems are also discussed. 

 

3 Materials and Methods 

3.1 Materials, sample preparation, and experimental conditions 

Ag-xIn (x=10, 13, 16 at%) arc-melted buttons were procured from the Materials Preparation Center of the 

Department of Energy, Ames Laboratory, sectioned into appropriate quantities, and remelted using an 

Arcast induction melter. The alloys were cut into flat coupons. Samples were annealed in argon 

atmosphere at 700 °C for 3 h followed by grinding and polishing to a 0.05-micron colloidal silica finish.  

Since the induction melted Ag-In specimens were soft, scratches were unavoidably present on the surface 

after this polishing stage. In order to minimize the effect of these surface defects, a 24-48 h vibratory 

polish was applied. Additionally, ion milling of the sample surfaces for 15 minutes was performed in 

order to get reasonable surface finish for EBSD data collection. A PIPS II equipped with two penning ion 

guns, with a beam energy of 4 keV and tilt angle of 8◦ was used. The logic behind the selected model 

alloy compositions was to approximate the concentration of Cr in Alloy 600 (Ni-9Fe-16Cr) which was 

found to be susceptible to internal and/or intergranular oxidation at relatively low temperatures (480 °C) 

[2], where lattice diffusion was negligible compared with the size scale of the features produced during 

oxidation. Moreover, experiments for investigating the transition from internal to external oxidation 

performed by Rapp [14] used samples with In concentrations up to 16 at%. Accordingly, model Ag-xIn 

alloys with x = 10, 13, and 16 at% were selected for experiments, in order to make direct comparisons to 

prior studies on Ag-In alloys at higher temperatures, and qualitative comparisons to Ni alloys exposed to 

reducing gaseous environments at similar TH. 

Polished Ag-xIn samples were exposed to 240 °C still air environments for 7 days in a tube furnace. This 

estimate for experiment temperature was chosen based on the concept of homologous temperature [24] 

(i.e. qualitatively comparing diffusion in alloys relative to their melting points as a first approximation). A 

temperature of 240 °C for silver correlates to the equivalent TH of 480 °C in nickel-based alloys. A 

second key aspect for comparison to Ni-based alloys is lattice diffusivity, which is negligible at 480 °C.  

Similarly,  the bulk lattice diffusivity of In in Ag-In alloys at 240 °C is extremely low, on the order of 10-

18 cm2/sec [42, 43]. Furthermore, the self-diffusivity of Ag at the same temperature is on the order of 10-22 

cm2/sec [44]. Using the random walk equation (𝑥 = √𝐷𝑡), for a preliminary approximation, it is shown 

that at 240 °C and for 7 days, the net displacements of In and Ag are extremely low, on the order of 10 

and <1 nm, respectively. The negligible lattice diffusion rate is comparable with the chromium diffusivity 

in Ni alloys [45], and nickel self-diffusivity [46] at 480 °C, for which the diffusion coefficients of both 
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are on the order of 10-20 cm2/sec. Lattice diffusivities of oxygen in silver (at 240 °C) [47, 48, 49] and 

nickel (at 480 °C) [2] are on the order of 10-8 and 10-17 cm2/sec, respectively, meaning the inward oxygen 

diffusive flux dominated the outward reactive element (Cr, In) diffusion. The low magnitude of lattice 

diffusivities mentioned here suggests that inward and outward diffusive fluxes of metal atoms and oxygen 

may be dominated by short-circuit pathways, such as dislocation pipe diffusion or oxide-metal interface 

diffusion. To summarize, 240 °C has been selected as the temperature for experiments to allow for 

comparison with previous research at similar TH and low bulk lattice diffusivity of alloying elements. 

3.2 Analysis methods and equipment 

Before exposure, Electron Backscatter Diffraction (EBSD) was used to obtain crystallographic 

information of the sample surface. This allows for post-exposure investigation of texture and grain 

boundary character effects on internal/external oxidation in the same area. The EBSD maps were taken 

using a BRUKER detector on a FEI NanoSEM. A 70 ◦ pre tilted sample holder was used and the 

accelerating voltage and working distance were 10-15 kV and 15 mm, respectively. MTEX-5.1.1 toolbox 

and MATLAB R2018b were used to analyze the data obtained from EBSD maps. Figure 1 shows a 

Scanning Electron Microscopy (SEM) image of the sample surface and equivalent EBSD map of the Ag-

10% In prior to exposure. 

After a 7-day exposure at 240 °C, FEI NanoSEM and NVision 40 SEMs were used for imaging the 

surface of the samples. Secondary electron (SE) imaging mode and an accelerating voltage of 5 kV were 

used. 

In order to produce Transmission Electron Microscopy (TEM) cross-section samples from site-specific 

regions (based on grain boundary misorientation), a standard lift out procedure was applied using a SEM 

(NVision 40, Carl Zeiss, Germany) equipped with a Ga+ Focused Ion Beam (FIB) to extract a cross 

section of the material. Energy Dispersive x-ray Spectroscopy (EDS) was performed using a FEI 

ChemiSTEM system with 4 Si drift detectors at an accelerating voltage of 20 kV. 

 

4 Results 

4.1 Nodule size and surface coverage 

After exposing Ag-xIn (x=10,13,16 at%) samples at 240 °C in an air atmosphere for 7 days, SEM 

imaging of the surface was performed and is shown in Figure 2. The presence of nodules on the surface 

was evident for all three model alloy compositions, consistent with internal oxidation [1, 2]. This finding 

confirms that internal oxidation can happen at relatively low TH for Ag-In alloys. It was also generally 

observed that with increasing In concentration, the size and surface coverage of nodules increased. On the 

Ag-10%In sample, nodules were very small with considerable distance between them. Increasing the In 

content to 13% resulted in a visual increase in nodule size and surface coverage, with the trends extending 

to the Ag-16%In samples, which had the largest nodules and visual area coverage. 

4.2 Effect of grain orientation 

The SEM images and EBSD maps shown in Figure 3 highlight the crystallographic orientation 

dependence of nodule surface coverage in different grains. This observation was consistent in several 

regions of Ag-10%In samples, and we provide two regions with several grains in Figure 3 as evidence. 

The observations and comparisons reported here should be considered qualitative, based on visual 

imaging of the surface in the SEM. For the Ag-10%In sample, grains close to {111} have a higher area 

density of nodules in comparison with grains close to {001} and {011} (it should be noted that grains 
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with {011} orientation were not abundant in EBSD maps of the Ag-10%In sample) . However, the other 

two compositions, of 13 at% and 16 at% In, did not exhibit the same behavior and the nodule surface 

coverage was uniform throughout the surfaces. 

4.3 Effect of grain boundary misorientation angle 

The oxidation behaviors of Low Angle Grain Boundaries (LAGB), High Angle Grain Boundaries 

(HAGB), and CSL boundaries were evaluated. As reported elsewhere [24], generally, a < 10-15° 

misorientation angle (θ) is considered a LAGB, where energy increases with increasing misorientation 

angle, while greater than 15° is regarded as a HAGB, which has an open structure and a higher amount of 

misfit, and its energy is independent of misorientation angle. However, HAGB energy does not behave 

monotonically with increasing misorientation angle; there are CSL boundaries (Σ3, Σ5, Σ7, Σ9, etc.) 

which have a lower energy despite having a high misorientation angle.  

A SEM image with its equivalent grain boundary misorientation map for Ag-10%In is shown in Figure 4. 

Grain boundary oxidation behavior was consistent across the three model alloys and the Ag-10%In 

sample is used here to demonstrate results. In Figure 4, which is a secondary electron SEM image 

representative of the sample surface, HAGBs, LAGBs <10°, LAGBs of 10-15°, Σ3 (twin boundaries), and 

Σ9 boundaries are shown. It was observed that HAGBs were generally externally oxidized; a back scatter 

electron (BSE) image of a HAGB junction (region 1) is also shown in Figure 4 with the dark contrast 

confirming the presence of an element with lower atomic number at HAGBs, likely evidence of In 

oxidation. Twin boundaries (Σ3), LAGBs (< 10°), and Σ9 boundaries exhibited the same behavior as the 

bulk material (i.e. indistinguishable from intragranular internal oxidation, and no nodule alignment or 

nodule free zones). Transitional boundaries, between LAGBs and HAGBs (10 to 15°), did not exhibit 

consistent behavior; a mixture of intragranular internal oxidation, intergranular oxidation, and/or nodule 

depleted zones was observed. For example, Figure 5 shows a higher magnification analysis of the dashed 

rectangle highlighted in Figure 4 (b). This region captures the transition from a LAGB to a HAGB. It 

shows the formation of nodules lined up adjacent to, or directly upon, the LAGBs, transitioning to a clear 

Nodule Free Zone (NFZ) in the vicinity of HAGBs. Additionally, the behavior of scratches is shown in a 

BSE image of region 2 in Figure 4 (a). It is observed that, similar to HAGBs, scratches were externally 

oxidized, with evidence of adjacent nodule alignment. 

In addition to the general trends in oxidation behavior reported in Figures 4 and 5, there were exceptions. 

For some HAGBs it was observed that the NFZ around the boundary did not exist. The conformity of 

these HAGBs with any of the CSL boundaries (Σ3- Σ35) was examined, using the Brandon Criterion [50] 

to find acceptable deviation; however, analysis confirmed that they were not included in this category of 

boundaries. An example of this case is shown in Figure 6; in this paper we designate these boundaries as 

‘special case’ HAGBs. The length proportion of these ‘special case’ boundaries for all the three alloys 

were about 5-10% of the total length of HAGBs, excluding the twin boundaries. 

4.4 FIB extraction and TEM/EDS characterization 

Following top surface SEM and EBSD characterization of inter- and intragranular oxidation behavior, 

three regions, each including two different boundary types, were selected for extraction using a FIB for 

production of TEM samples. The goal was to further study the oxidation processes occurring at and 

beneath the surface. Figure 6 shows an area from the Ag-16%In sample with the region chosen for FIB 

extraction highlighted; the region contained a LAGB and HAGB. A notable point about this image is the 

appearance of the LAGB in Figure 6-b; the misorientation angle for this boundary is 14.5° which is close 

to a HAGB transition. Comparing the misorientation map and SEM image in Figure 6-b, it can be seen 

that almost half the boundary is covered with nodules, while the other half may be externally oxidized.  
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The SEM image taken during FIB extraction is shown in Figure 7. The presence of a coalesced internal 

oxide leading to possibly an external oxide scale can be seen on this image. In this sample, two different 

nodules were also included for further study. The two sectioned nodules in addition to a LAGB and a 

HAGB are labeled on the image. Internal oxide penetration depth is on the order of 10s to 100s of nm and 

the oxide has a porous structure, discussed further later.  

The STEM/EDS images of some selected areas are shown in this report to demonstrate general findings 

with regards to oxide and nodule chemistry. Ag, In, and O were the three elements detected and all maps 

should be considered relative to the base metal compositions of Ag, In, and O; Ag and In were consistent 

with model alloy compositions while O is assumed to be near 0 at. % in the base metal. Note that bright 

regions in maps indicate areas of enrichment relative to the element concentration in the base metal. Also, 

original black and white maps for each element are provided, along with a combined color map, which is 

brightness and contrast adjusted to highlight particular findings. 

It can be observed in the EDS elemental maps of Figure 8 and Figure 9 that the construction of the two 

nodules is different. Nodule 1 was close to the sample edge (thicker region of the foil), but EDS analysis 

was still possible. Based on the EDS maps, this nodule is composed of metallic silver with very minor In 

present. The second nodule (Figure 9) is enriched with silver in the center, surrounded by a porous, 

external indium oxide; furthermore, this nodule was very close to a HAGB and as can be observed in 

Figure 7, there was a large internally oxidized region beneath the nodule.  

Figure 10 shows EDS elemental maps at the LAGB shown in Figure 7. The maps highlight the presence 

of a continuous internal oxide layer which has transitioned to external oxidation after coalescence of 

internal oxides, similar to observations of Langelier et al. in Ni-Fe-Cr alloys using atom probe 

tomography, discussed later [51]. The oxide layer is enriched in In and O with a fluctuating oxide-metal 

interface. Small Ag-rich nodules were also present in the oxide layer. It should be noted that ‘trapped’ 

nodules in the oxide layer were consistently observed in several regions.  

Figure 11 is from the Ag-10%In sample and the region contained both a HAGB and ‘special case’ 

HAGB. It is observed that, although two regular HAGBs have a NFZ, the other exhibits no NFZ and a 

narrower oxide on the surface of the grain boundary. The SEM images taken during FIB extraction from 

both sides of the sample are shown in Figure 12. The original thickness was approximately 2 μm and 

Figure 12(a) is taken after milling ~1 µm and shows no grain boundary migration for the ‘special case’ 

HAGB, while migration is apparent for the HAGB. The original boundary could be seen in the image and 

is highlighted with a red arrow. However, viewing the sample from the other side (Figure 12(b)), grain 

boundary migration for the ‘special case’ HAGB is apparent. Side 2 also shows that migration of the 

HAGB has happened, but to a lower magnitude compared with Side 1. This observation demonstrates that 

it is not possible to conclude from a 2D TEM foil how the entire length of a grain boundary is behaving 

(from a migration or chemistry perspective), since the behavior can change even within a FIB/TEM 

sample thickness change of < 1 μm. The appearance of grain boundary migration in Ag-xIn alloys aligns 

with a wealth of reported observations in Ni-Fe-Cr alloys exposed to 480 °C hydrogenated steam [34, 7], 

which also indicate that 3D analysis is required to study the phenomenon [52]. While 3D characterization 

is underway, from the present analysis it can be stated that DIGM does occur in Ag-xIn alloys at low 

homologous temperatures and the phenomenon may be influenced by grain boundary character which is 

briefly explained later.  

Figure 13 shows EDS elemental maps of the HAGB highlighted in Figure 12(b). Observations include the 

presence of a superficial indium oxide layer (initial internal oxide that has coalesced and possibly 

transitioned to external oxidation), and intergranular oxidation to the depth of ~200 nm. The former is 
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enriched in O and In, close to the boundary, penetrates to a depth of approximately 400 nm, and has a 

porous structure. The initial discontinuous internal oxide that would have formed (resulting in Ag 

expulsion) has entirely coalesced.  

The third TEM sample (not shown) was taken from a Ag-16%In sample and included a HAGB and 

‘special case’ HAGB. An SEM image taken during FIB sample extraction is shown in Figure 14. The 

mentioned migration of the HAGB is apparent while the ‘special case’ HAGB is very close to the surface. 

Internal oxide penetration depth varies across the section with a maximum depth of ~350 nm and the 

oxide clearly exhibits a porous structure.  

Generally, the internal oxide penetration was not homogeneous across the cross sections (10s to 100s of 

nm); this was likely due to oxygen (and In) diffusion being facilitated mostly by short-circuit pathways 

(i.e., dislocation structures or oxide-metal interfaces). Note that the TEM results shown here for internal 

and intergranular oxidation are provided as a general summary for the consistent results observed from 

analysis of multiple grain boundaries from all TEM samples. 

 

5 Discussion 

5.1 Thermodynamics and diffusion kinetics 

The following chemical reactions for Ag and In oxide formation are relevant to the conditions in this 

work:  

2𝐴𝑔(𝑠) +  
1

2
𝑂2(𝑔) ↔ 𝐴𝑔2𝑂(𝑠)    (1) 

 

2𝐼𝑛(𝑠) +  
3

2
𝑂2(𝑔) ↔ 𝐼𝑛2𝑂3(𝑠)         (2)   

The equilibrium oxygen partial pressure for equation (1) can be calculated to determine the 

thermodynamic stability of Ag2O(s) in the 240 °C air environment used in this study. The following 

relationship can be applied: 

Δ𝐺𝑓,𝑀𝑥𝑂𝑦

0 =  −𝑅𝑇𝑙𝑛 (
1

(𝑃𝑂2,𝑒𝑞𝑚)𝑏
)        (3) 

Where R is the ideal gas constant, T is the temperature of experiments (in K), b is the stoichiometric 

coefficient of O2(g), Δ𝐺𝑓,𝑀𝑥𝑂𝑦

0  is the free energy of formation for a metal oxide (MxOy), and 𝑃𝑂2,𝑒𝑞𝑚 is the 

equilibrium oxygen partial pressure. The free energy of formation for Ag2O (Δ𝐺𝑓,𝐴𝑔2𝑂
0 ) [16] can be 

estimated from equation (4): 
 

Δ𝐺𝑓,𝐴𝑔2𝑂
0 =  −30540 + 66.11 𝑇    (𝐽/𝑚𝑜𝑙)  (4) 

 

Substituting equation (4) into equation (3) allows for calculating the equilibrium oxygen partial pressure 

for silver at 240 °C. The nominal equilibrium oxygen partial pressure is on the order of 4 atm for Ag2O(s) 

stability. Δ𝐺𝑓,𝑀𝑥𝑂𝑦

0  of In2O3(s) in Ag-In solid solution was not available in the literature (i.e., metallic In is 

a liquid at these temperatures). Based on previous researches [1, 14], in the air environment used for this 

study (0.2 atm oxygen partial pressure), metallic Ag(s) and In2O3(s) would be energetically stable, 

satisfying the thermodynamic conditions for internal oxidation.  

As described in the experimental conditions of Section 3.1, it is expected that lattice diffusion of Ag and 
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In in the 240 °C air environment can be considered negligible over experimental timescales (< 10 nm).  

The kinetics of internal oxidation can be predicted by solving the Fick’s second law diffusion equation 

since this phenomenon is a diffusion-controlled process [53]. Internal oxidation in the absence of an 

external scale has been investigated by many researchers [54]. According to Wagner [55], the internal 

oxidation depth (ε) has a parabolic relationship as a function of time. There are two solutions for the 

Fick’s second law diffusion equations, based on assumptions detailed by Wagner [55] and Rapp [53, 14]. 

Their simplified model considers that  
𝐷𝐵

𝐷𝑂
≪

𝑁𝑂
(𝑠)

𝑁𝐵
(0) ≪ 1 and is applicable under conditions where the 

advance of the internal oxidation front is essentially dependent on the inward diffusion of oxygen into the 

base metal, while component B (the reactive solute element, in this case In) has very limited mobility. 𝐷𝑂 

and 𝐷𝐵 are the diffusion coefficients for oxygen and component B in the base metal, respectively. 𝑁𝐵
(0)

 

and 𝑁𝑂
(𝑠)

 are the mole fraction of element B and oxygen in the bulk alloy, respectively. As mentioned, in 

the experiments of the present study, at 240 °C, the lattice diffusivity of In is negligible (see Section 3.1) 

and it can be assumed that the internal oxidation is controlled by inward diffusion of oxygen, i.e., this 

model applies; for this model, the internal oxidation depth (ε) can be described by equation (5) [55]: 

𝜀 ≅ (
2𝑁𝑂

(𝑠)
𝐷𝑂𝑡

𝜈𝑁𝐵
(0)

)

1
2

    (5) 

Where t is the time of the experiment (7 days) and 𝜈 is number of oxygen atoms per indium in indium 

oxide (𝜈=1.5). 

The approximate depth of original internal oxide penetration, noting the layer has coalesced, can be 

estimated from the SEM and TEM cross section images (Figures 7, 12, 14), and varies in localized 

regions from approximately 100 nm to 800 nm. For this analysis we will apply the minimum depth in 

order to avoid locally deep penetration of internal oxides; deeper regions of internal oxide penetration are 

likely governed by short circuit diffusion paths, which are not applicable to equation (5). Substituting 

values for 𝜀, 𝑡, 𝜈, and assuming 𝑁𝐵
(0)

=0.1-0.16  in equation (5), yields an estimated value for 𝑁𝑂
(𝑠)

𝐷𝑂 on 

the order of 10-17 cm2/sec. A parallel calculation using the measured values available in literature for 𝐷𝑂 

[47, 48, 49] and 𝑁𝑂
(𝑠)

 (~ 3×10-5
 at%) [16, 49] in silver at 240 °C, results in an 𝑁𝑂

(𝑠)
𝐷𝑂 value on the order 

of 10-14 cm2/sec. Therefore, the product of 𝑁𝑂
(𝑠)

𝐷𝑂 for the Ag-xIn alloys in this study is not in agreement 

with measurements of other researchers. A similar comparison was reported by Verfurth and Rapp [56]; 

they found that in internally oxidized dilute Ag-In alloys (in air and T=500-800 °C) the product of 𝑁𝑂
(𝑠)

𝐷𝑂 

measured from equation (5) agrees with the values of 𝐷𝑂 and 𝑁𝑂
(𝑠)

 in silver [47, 48, 49]. It is known that 

equation (5) is applicable at relatively high temperatures, where lattice diffusion of alloy elements is 

relevant and when simple stoichiometric precipitate particles form [53]. Any deviation from ideal 

kinetics, such as at relatively low temperatures with negligible solute mobility, results in deviation from 

experimental results. This deviation from classical Wagner oxidation kinetics has also been reported for 

the oxidation behavior of Ag-Al (at 350-850 °C) [53], and Ag-Cu (300 °C) [57]. Therefore, it is likely 

that the 𝑁𝑂
(𝑠)

𝐷𝑂 calculated using experimental data from this work is not consistent with measured data 

due to the diffusion kinetics of alloy elements and oxygen at low homologous temperature being 

governed primarily by the availability of short-circuit diffusion pathways.  

The critical concentration of reactive element (In) required to transition from internal to external 

oxidation is a key parameter that can be estimated using equation (6). This relationship was first outlined 
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by Wagner [55], who suggested that the transition occurred when the 𝑁𝐵
(0)

 value is increased to a critical 

concentration.  

𝑁𝐵
(0)

= (
𝜋 𝑔

2 𝜈
𝑁𝑂

(𝑠) 𝐷𝑂 𝑉𝑚

𝐷𝐵𝑉𝑜𝑥
)

1
2

    (6) 

Where g is a factor describing the volume fraction of oxide required for internal-to-external oxide 

transition, 𝐷𝐵 is the diffusivity of component B in the base metal, and 𝑉𝑚 and 𝑉𝑜𝑥 are the molar volumes 

of the alloy and oxide, respectively. However, equation (6) is only applicable under conditions where 𝐷𝐵 

is sufficient to contribute to formation of internal oxide at the oxidation front via lattice diffusion of 

alloying element B. Therefore, since lattice diffusion is negligible, equation (6) cannot be applied for the 

internal oxidation of Ag-xIn alloys at 240 °C. As mentioned, the critical concentration of In required for 

transition to external oxidation in this study is likely dependent on the density of short-circuit diffusion 

pathways (i.e., dislocation structures and oxide-metal interfaces). Given that external oxidation is also 

observed, it is likely that the volume fraction of oxide required for transition is eventually exceeded (after 

an initial internal oxide process, evident by Ag nodule expulsion). The internal to external oxide 

transition is a competitive process determined by the inward and outward diffusive fluxes of oxygen and 

metal atoms, respectively. In this work, initially an internal In oxide forms beneath the alloy surface by 

solid state oxygen diffusion. At low TH, these have been observed in Ni-Fe-Cr alloys as closely spaced, 

discrete, nano-scale oxides [51]. Due to the compressive stress imparted by initial internal oxide 

formation, Ag nodule expulsion occurs, oxide-metal interfaces increase, and additional dislocations are 

produced. With production of these short-circuit pathways, over some period of time, the outward In 

diffusive flux becomes sufficient to form a network of oxide, interconnecting discrete internal oxide 

precipitates [58]. Eventually the critical volume fraction for external oxide formation [54, 55, 58] is 

reached and this leads to a transition from internal to external oxide, and the structure observed in Figure 

9, with an external In oxide on top of the Ag nodule formed by initial internal oxidation. As mentioned, 

short-circuit pathways have been proven to accelerate oxygen diffusion inward (dislocation pipe 

diffusion) and metal atom diffusion outward (oxide-metal interfaces) in Ni-Fe-Cr alloys exposed at low 

homologous temperature by Langlier et al. using atom probe tomography [51]. Further signs of this 

internal to external oxide transition can be observed in the SEM images taken during FIB and TEM/EDS 

maps, see Figures 7, 10, 12-14. As expected, the transition to external oxidation is more apparent in the 

alloy with highest In concentration (Ag-16%In) due to the increased outward In diffusive flux. 

Similar analysis has recently been applied by Xie et al [26, 25] to study internal and external oxidation in 

Ni-xCr (5-30 wt.%) alloys in gaseous CO2 and CO2-H2O environments at temperatures from 650 to 800 

°C. They determined the critical concentration of Cr to form an external oxide layer (𝑁𝐵
(0)

) and maintain it 

𝑁𝐵
(1)

 [59] (𝑁𝐵
(1)

> 𝑁𝐵
(0)

). They concluded that temperature significantly affected the required critical 

concentration of Cr required to produce and maintain a stable Cr2O3 scale. Their experimental 

measurements showed good agreement with Wagner oxidation theory for determining the critical Cr 

concentration for external oxidation. It was reported that at the lower end of their experimental 

temperature range in dry CO2 gas atmosphere, 650 °C, none of the model Ni-xCr alloys produced a 

protective scale. However, at higher temperatures such as 800 °C, Ni-20Cr and Ni-30Cr (wt%) produced 

an external oxide. It should be noted that the TH used for the experiments of Xie et al. (~0.55 to 0.65) was 

much higher compared to the TH for Ag-xIn alloys in the 240 °C air environments of the present study 

(~0.45). Therefore, lattice diffusion was more relevant in the experiments of Xie et al. (with reduced 

kinetics at 650 °C), supporting calculations using equation (6), whereas lattice diffusivity is essentially 

negligible for experiments in the present study, and short-circuit pathways influence the total diffusion 
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phenomena.  

 

5.2 Composition and grain orientation effects  

As mentioned before, indium oxide formation results in a high amount of volume increase beneath the 

surface. The molar volume of silver (𝑉𝐴𝑔), indium (𝑉𝐼𝑛) in FCC solid solution, and that of In2O3 (𝑉𝐼𝑛2𝑂3
) 

are 10.28 cm3, 13.18 cm3, and 38.99 cm3
 respectively [4]. Since two mole of indium are required to form 

one mole of In2O3, the volume increase as a result of indium oxide formation is about 48% [4]. However, 

the total molar volume (𝑉𝑇) of the internal oxidation zone would be calculated using the following 

equations provided by Yi et. Al. [5]. 

VT =  VAg(1 − NIn
o ) +  NIn

o VInO1.5
      (7) 

Where the NIn
o  is the atomic percent of In in the alloy. Therefore, having the molar volume of alloy before 

oxidation (Valloy), the total volume increase as a result of In oxidation in Ag matrix (∆V) can be calculated 

by: 

Valloy =  VAg(1 − NIn
o ) +  NIn

o VIn       (8) 

∆V =
VT − Valloy

Valloy
         (9) 

The calculated values of total volume increase for Ag with 10%, 13% and 16% indium in the internal oxidation 

zone are 5.97%, 7.71%, and 9.41% respectively.   

 Based on the images in Figure 2, it can qualitatively be seen that increasing In concentration led to an 

increase in the size and surface coverage of nodules formed on Ag-xIn (x=10, 13, 16 at%) alloys after 

exposure to air at 240 °C for 7 days. This observation is in agreement with the work of Guruswamy et al. 

on Ag-xIn alloys (x=3.5 and 5.8 at%) exposed to air at 700 °C which showed an increase in nodule size 

with increasing In concentration [1]. However, this work has demonstrated that the relationship can be 

extended to internal oxidation of Ag-In alloys with higher In concentrations and in conditions at a lower 

temperature where lattice diffusion of alloy elements is negligible. Refer to Section 3.1 for the 

quantification of lattice diffusivity of Ag and In in Ag-In alloys as it relates to the 240 °C temperature 

chosen for this study.  

The increase in nodule size and surface coverage with higher In concentration suggests an increase in 

internal oxidation beneath the surface (lateral and depth growth). This produces higher compressive stress 

and results in more short-circuit oxide/metal interfaces and dislocations as high diffusivity pathways. 

These short-circuit paths would lead to more Ag diffusion to the surface, similar to prior observations in 

Ni-Fe-Cr alloys [51]. This observation also aligns with the observations of Mackert et al. and Yi et al. 

who confirmed that the volume change due to internal oxide formation is equivalent to the volume of 

more-noble metal expelled [4, 5]. The increase in surface nodule size could also be due to coalescence of 

smaller nodules on the surface with continued Ag expulsion in order to reduce surface energy. This would 

be consistent with the work of Mackert et al. [4] who studied the effect of temperature (up to 1010 °C) on 

the surface nodular structure formed on a Pd-Ag alloy, with Sn and In (< 10 at%) added as reactive 

elements, exposed to 0.1 atm air for a short time (< 20 min). They observed that 95% of surface nodules 

coalesced at 1010 °C, possible due to surface diffusion at higher temperatures. The possibility of nodule 

coalescence by surface diffusion in Ag-xIn alloys in air at the low temperature of 240 °C is currently 

being investigated using interval imaging during experiments and in-situ environmental SEM techniques.  
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A potential reason for the observed nodule surface coverage variance in Ag-10%In as a function of grain 

orientation may be related to a change in the stress relief mechanism; the direction of dislocation emission 

and kinetics of inward oxygen diffusion may change with grain orientation. Assuming the diffusion 

kinetics are governed by availability of short-circuit pathways, this would change the propensity for 

internal oxide formation and the pathway for Ag expulsion. It is notable that the orientation dependence 

of nodule area density was only observed for the Ag-10%In alloy, and nodule distribution for the Ag-In 

alloys with higher In concentration was nearly uniform on all grains. The reason for this may be attributed 

to the high amount of stress produced beneath the surface of Ag-13%In and Ag-16%In as a result of 

higher In concentration. In other words, the internal oxide may be more dispersed in Ag-10%In, 

distributing the stress more evenly compared with Ag-13, 16 at%In, which form a more connected 

internal oxide due to higher concentration of In being available for internal oxide formation. The higher 

stress from increased internal oxide formation at high In content may be sufficient to dominate the effect 

of grain orientation and result in Ag expulsion being relatively favorable in all directions. 

 

5.3 Grain boundary migration  

Stored strain energy in the material may be a driving force for grain boundary migration. However, the 

rate of migration is dependent on many factors including temperature, grain boundary misorientation 

angle, presence of impurities, etc. [60]. It has been suggested that grain boundary migration could also act 

as a stress relief mechanism, or promote diffusion or accumulation of reactive elements to grain 

boundaries, (i.e., DIGM as reported in many studies on Ni based alloys [7, 52, 61, 62]). The dependence 

of DIGM on grain boundary structure or misorientation has been investigated by other researchers [63, 

64, 60]. Studies on Cu-Zn alloys [64] have shown that LAGBs are resistant to DIGM (consistent with the 

behavior of LAGB shown in Figure 7) and the rate of migration for HAGBs is much higher and can be 

very variable while boundaries with high degree of lattice coincidence are less susceptible to DIGM. As 

shown in Figures 7, 12, and 14, grain boundary migration generally happened at HAGBs, consistent with 

the results from literature on misorientation dependence of DIGM [63, 64, 60] and higher grain boundary 

mobility of HAGBs [60, 65]. However, discussion on grain boundary migration is kept relatively brief 

here due to mentioned uncertainties with migration in thin TEM foils (see Figure 12) and the need for 3D 

analysis to produce reliable data [52]. Further exploration of DIGM is beyond the scope of this work and 

larger-scale 3D analysis is planned (e.g., FIB serial sectioning and reconstruction). 

 

5.4 Grain boundary misorientation 

As highlighted in Figure 4, HAGBs had a surface oxide form (or minor intergranular oxide penetration), 

while LAGBs with misorientation angles < 10°, Σ3, and Σ9 boundaries behaved like bulk material (i.e., 

internal oxidation with Ag nodule expulsion). This grain boundary misorientation dependency can be 

explained using the concept of grain boundary energy. The free energy of coherent twin boundaries, non-

coherent twin boundaries, and HAGBs of silver at 900 °C are reported to be 8, 126, and 377 ergs/cm2, 

respectively [60]. The higher energy and free volume lead to a higher tendency for external oxidation at 

HAGBs (i.e., accelerated outward intergranular diffusion kinetics of In). Other CSL boundaries also have 

a lower grain boundary energy due to lower amount of misfit in comparison with regular HAGBs. The 

BSE image, region 1 in Figure 4 (a), shows the oxide formed in or on the HAGBs due to enhanced 

diffusion kinetics at the grain boundaries. The BSE image of region 2 in Figure 4 (a) shows a scratch 

which is also externally oxidized, with amount of oxidation varying with scratch depth; alignment of 

nodules along some scratches was also observed. Scratches are regions with high dislocation density, 
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which provide a short-circuit for diffusion of In to the surface or O to the material. This also provides 

further support to the idea that diffusion at low TH is mostly along short circuits. 

In addition to being oxidized, NFZs were apparent adjacent to HAGBs (see Figures 5, 6, and 11). The 

NFZ has also been observed by other researchers in Ni-Fe-Cr alloys [31, 38] and by Rapp in Ag-In at > 

500 °C [1]; however, the effect of different grain boundary misorientation on this behavior has never been 

explored. One possible factor that may be contributing to the appearance of a NFZ around HAGBs is that 

grain boundaries provide a short-circuit diffusion path for In leading to production of a continuous 

external oxide extending from the surface which could prevent further internal oxidation. Moreover, the 

grain boundary itself may provide a sink for Ag as a stress relief mechanism (i.e., silver can accumulate 

in the free volume ahead of grain boundaries and at adjacent oxide-metal interfaces). In other words, the 

grain boundary itself acts as a free surface for Ag accumulation, resulting in less Ag diffusing to the 

surface near grain boundaries (and smaller nodules). An interesting observation in Figures 6 and 11, is 

that there is a considerable number of small Ag nuclei adjacent to HAGBs. This suggests that nuclei 

formed close to HAGBs are limited in their ability to grow. This may also be linked to the reasons 

explained for appearance of a NFZ around HAGBs.   

LAGBs with misorientation angles between 10-15° are observed to be in a state of transition with regards 

to oxidation behavior, exhibiting similarities to both LAGB at < 10° misorientation and HAGBs, resulting 

in inconsistent behavior; Figure 5 (from a Ag-10%In sample) highlights this behavior, evident in the 

change of the NFZ. However, Figure 6 shows a similar boundary in a Ag-16%In sample, which exhibits 

different behavior; approximately half of the grain boundary is covered with nodules (similar to LAGB < 

10°), while the other half has a small NFZ consistent with observations at HAGBs. Moreover, as 

mentioned before, there are ‘special case’ HAGBs with different oxidation behavior and no NFZ, that are 

not categorized as CSL boundaries. It should be noted that EBSD maps were taken before experiments. 

The high amount of stress produced beneath the surface during experiments due to internal oxidation 

could be of influence. This issue has been explored for more severe deformation of materials under much 

higher stress [66, 67]. For example, the effect of plastic deformation on the change in grain boundary 

characteristics of titanium under compressive stress was studied by Salishchev et al. [66]. They showed 

that all grain boundary types are susceptible to changing misorientation angle in the presence of plastic 

deformation. In the present study, the local large increase in the dislocation density and high local plastic 

deformation in the vicinity of grain boundaries due to internal oxide formation may alter the 

misorientation angle, possibly providing an explanation for the partly oxidized LAGB shown in Figure 

6(b) and elsewhere on the samples in the present study. However, further work is required to properly 

characterize the local dislocation density change with internal oxidation and the effect on grain boundary 

character. 

 

5.5 Ag nodule formation 

The nodule morphology observed is governed by nucleation and growth. Nucleation may occur once a 

critical internal In oxide volume is formed beneath the surface which generates sufficient stress to 

promote the formation of small Ag nodules on the surface. Although stress as the driving force is 

generally accepted, the noble metal diffusion mechanism is still uncertain, and has been suggested to be 

Nabarro-Herring creep [2, 4], and/or dislocation pipe diffusion [1, 2, 5]. To evaluate the mechanism of 

Ag nodule expulsion in the present study, Ashby deformation maps for silver can be applied [68, 69]. 

Considering the low TH in the current experiments, the diffusional flow region of the silver Ashby 

deformation mechanism maps can be disregarded [68, 69], i.e., the Nabarro-Herring mechanism should 
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not be applicable for the current case (the effect of grain size can be ignored). The second report by Frost 

and Ashby [68] on deformation mechanism maps introduced a dislocation core-diffusion (pipe-diffusion) 

controlled creep mechanism known as “Low temperature creep” [69]. Assuming that the amount of stress 

due to internal oxidation beneath the surface is sufficient to impart local plastic deformation of the matrix 

material, it can be said that dislocation pipe diffusion is an active mechanism of silver nodule expulsion in 

the current experiment which is in agreement with other works on Ag-In [1] and Ni-Al/ Ni-Si-Al alloys 

[5].  

It should be noted that dislocation pipe diffusion can enhance both silver outward expulsion and oxygen 

inward diffusion. In the present study, discrete internal oxide particles were not directly observed, but 

must have occurred initially to allow for Ag nodule expulsion. Although the near-surface dislocations as a 

result of surface mechanical polishing steps have a significant effect on the inward diffusion of oxygen at 

the onset of oxidation, later, when the interconnected oxide structure is formed, the oxide/metal interface 

may play a more significant role. The evidence for the proposed oxide-metal interface and dislocation 

pipe diffusion mechanisms have been observed in Ni-Fe-Cr alloys by Langelier et al. [57]; APT 

reconstruction on Ni-Cr-Fe alloys at the same TH provided evidence for Ni-rich channels at oxide-metal 

interfaces, continuous from the nodule into the matrix material. The continuous interface provided a high 

diffusivity path for Ni expulsion to the surface. In addition, Langelier et al. [57] reported diffusion of 

oxygen along dislocations and discrete, nanoscale oxide particles. Therefore, diffusive fluxes for oxygen 

inward and Ag and In outward in the present study are likely governed by short-circuit oxide-metal 

interfaces and dislocation pipe diffusion. 

The formation mechanism of the In-oxide surrounded Ag nodule shown in Figure 9 is less clear, but can 

be explained as a change in dominant diffusive flux over time. Initially, internal In oxidation and Ag 

nodule expulsion occurs. Eventually, In diffusion via the mentioned high diffusivity short-circuit 

pathways becomes sufficient to form an interconnected network of oxide, exceeding locally the volume 

fraction required for external oxidation. The transition from internal to external oxide results in In oxide 

being formed on top of the Ag nodule or on grains. As mentioned before, the nodule in Figure 9 is very 

close to a HAGB and its externally oxidized region and the effect of increased diffusion rates in the 

vicinity of the grain boundary might be important.  

 

5.6 Internal oxidation front 

As can be seen in Figures 7, 10, and 12-14, the internal oxidation front has varying depth and the 

oxide/metal interface is observed to fluctuate. Moreover, the presence of pores at the oxide/metal 

interface and a porous internal oxide structure is apparent in some regions. This phenomenon has been 

studied for Ni-Al alloys, where the large difference in diffusive flux of Ni and Al resulted in pore 

formation at the interface [70, 71, 54]. The appearance of such pores could be attributed to the Kirkendall 

effect [72] which happens due to a difference in diffusivity of species. When reactive metal atoms move 

outward towards the internal oxide region, vacancies are injected at the metal/oxide interface. 

Coalescence of these vacancies at the interface produces pores [54, 73, 74]. The location of pores 

generally depends on the exact transport mechanisms [54]. In the current experiment, pores appeared at 

the interface and within the internal oxide structure itself. Pores initially present at the oxide-metal 

interface will eventually incorporate in the internal oxide structure as new internal oxide particles are 

produced and the oxidation front progresses. The diffusivity of In in silver at 240 °C [42, 43] is about 104 

times that of silver self-diffusivity at the same temperature [44]. The diffusivity difference between In and 

Ag is four magnitudes higher compared with the diffusivity difference between Ni and Cr at 480 °C (as 
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mentioned in section 3.1). Therefore, the Kirkendall effect could be applicable to the Ag-In system due to 

the large difference in diffusion coefficients for silver and indium. However, at the low temperature of 

experiments of this study, where lattice diffusivity is negligible, the Kirkendall-like effect would be 

dependent on the difference in diffusion rates of Ag and In along short-circuit pathways (e.g, dislocations 

or oxide-metal interfaces).  

Another observation was ‘trapped’ silver nodules in the internal oxide layer, as seen in Figure 10. It is 

possible that the fluctuating oxide-metal interface is a preferential region for silver deposition as a 

mechanism of stress relief. As the internal oxidation front progresses to larger thickness, the deposited Ag 

at the original oxide-metal interface would remain ‘trapped’. Also, the presence of the porous internal 

oxide structure itself could play a role; pores in the internal oxide would be favorable regions for silver 

deposition to relieve compressive stress of the growing internal oxide. Once a pore is filled, silver would 

then continue to diffuse to the surface for stress relief. Future in-situ environmental TEM experiments are 

planned to better clarify the precise mechanism for the Ag nodule expulsion within the internal oxidation 

zone. 

 

6 Conclusions 

 Ag-In alloys are susceptible to internal oxidation at relatively low temperatures (240 °C), where 

lattice diffusion is negligible, at In concentrations of up to 16 at.%. This observation supports 

that ‘low’ temperature internal oxidation is not specific to Ni-base alloys and is applicable to 

other alloying systems. 

 Increasing indium concentration led to a general increase in nodule size and surface coverage, 

due to the larger volume of internal oxide(s) formed which produced a higher amount of 

compressive stress beneath the surface. 

 For Ag-10%In samples, the area density of nodules on the surface was a function of grain 

orientation while for the other two alloys, with 13% and 16% In, the area density of nodules was 

uniform throughout the surfaces.  

 It was observed that LAGBs with misorientation angle <10°, twin boundaries, and Σ9 boundaries 

behaved like bulk material (internal oxidation and Ag nodule expulsion). Conversely, HAGBs 

oxidized externally and exhibited a NFZ, except for some special cases. LAGBs with 

misorientation angles of 10-15° showed a transitional and inconsistent behavior.  

 Analytical TEM characterization confirmed a porous oxide structure, and two different nodule 

structures: one of almost pure silver, and one with a silver core surrounded by indium oxide. The 

latter indicates that internal oxidation and Ag nodule expulsion occurs initially, but the transition 

from internal to external oxidation eventually becomes favourable, likely due to the production 

of short-circuit pathways which accelerate In diffusion outward. 
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Figure 1. Ag-10%In sample surface before exposure: (a) SEM image (secondary electron mode) and (b) EBSD map. The small 

artefacts on the surface are produced by ion milling. 
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Figure 2. SEM images (secondary electron mode) of the Ag-xIn samples after 7 days of exposure to air at 240 °C, for (a) Ag-

10%In, (b) Ag-13%In, and (c) Ag-16%In. An increase in size and area density of nodules is apparent with increasing In 

concentration. 
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Figure 3. Ag-10%In sample after 7 days of exposure to air at 240 °C: (a and c) SEM images (secondary electron mode) and (b 

and d) EBSD maps of the same areas. The colored lines on the SEM image highlight the difference in nodule area density as a 

function of grain orientation, correlated to the EBSD map. This observation was consistent in several regions of Ag-10%In 

samples.   
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Figure 4. Ag-10%In sample after 7 days of exposure to air at 240 °C. (a) is a SEM image (secondary electron mode) and (b) is 

a grain boundary misorientation map of the same area extracted from EBSD data before exposure. The oxidation behavior of 

LAGBs, HAGBs, Σ3 and Σ9 boundaries can be observed. Misorientation angles of LAGBs are highlighted on (b). The blue 

arrows refer to corresponding grain boundaries shown in (b). The two parallel lines are minor scratches on the surface. The 

BSE images of regions 1 and 2 are also shown. The dashed region is a transition region between LAGBs and HAGBs and is 

shown at a higher magnification in Figure 5. 
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Figure 5. A higher resolution SEM image (secondary electron mode) of the dashed rectangle region highlighted in Figure 4 

which shows the transition from a LAGB, where nodules are very close to the boundary, to a HAGB, which exhibits a nodule 

free zone (NFZ).   

  

Jo
ur

na
l P

re
-p

ro
of



29 

 

 

Figure 6. The SEM image (secondary electron mode) of Ag-16%In sample surface showing (a) a FIB extraction region which 

includes a HAGB and LAGB, and (b) the LAGB at lower magnification. The dashed red line shown is an equal length in the 

two images. Misorientation angles are provided. 
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Figure 7. SEM image (secondary electron mode) taken during the FIB sample preparation process for a Ag-16%In TEM 

sample extracted from the region shown in Figure 6. The sample includes a HAGB, a LAGB, and two nodules in the cross 

section. 
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Figure 8. HAADF image and EDS elemental maps for Ag, In, and O from nodule 1 shown in Figure 7 from the Ag-16%In 

sample. Bright areas indicate regions of elemental enrichment relative to the base metal compositions of Ag, In, and O. 
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Figure 9. HAADF image and EDS elemental maps for Ag, In, O from nodule 2 shown in Figure 7 from the Ag-16%In sample. 

Bright areas indicate regions of elemental enrichment relative to the consistent base metal compositions of Ag, In, and O. 
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Figure 10. HAADF image and EDS elemental maps for Ag, In, and O from the LAGB region shown in Figure 7 from the Ag-

16%In sample. Bright areas indicate regions of elemental enrichment relative to the base metal compositions of Ag, In, and O. 
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Figure 11. The SEM image (secondary electron mode) of Ag-10%In sample surface showing the region selected for FIB 

extraction and production of a TEM sample; the region includes a HAGB and special case HAGB. 
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Figure 12. SEM images (secondary electron mode) taken during the FIB sample preparation process at 1 micrometer thickness 

for the Ag-10%In sample from the region shown in Figure 11. The sample includes a HAGB and a ‘special case’ HAGB; (a) 

side 1, and (b) side 2 are shown to demonstrate changes in grain boundary migration behavior over a small grain boundary 

distance (i.e., with change in thickness of the FIB foil). The red dashed line shows the original boundary position before 

migration. 
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Figure 13. HAADF image and EDS elemental maps for Ag, In, and O from the migrated HAGB region shown in Figure 12(b) 

from a Ag-10%In sample. Bright areas indicate regions of elemental enrichment relative to the base metal compositions of Ag, 

In, and O. 
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Figure 14. SEM image (secondary electron mode) taken during FIB sample preparation for a Ag-16%In TEM sample extracted 

from a region which includes a HAGB and a ‘special case’ HAGB. 

 

Jo
ur

na
l P

re
-p

ro
of


