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Abstract: This study focuses on the practical relevance of the Al-Ag bonding interface in electronic
device fabrication, particularly in wire bonding, which is crucial for enhancing component reliability
and performance. Experiments involved Al/Ag/Al diffusion couples, annealed at 703 K, revealing
two stable intermediate phases, µ and δ. Characterizing the intermediate phases’ compositions
and concentration profiles exposed a vital transition at the δ-Al interface. We used high-voltage
electron microscopy (HVEM) to examine crystal structure evolution, identifying a (hexagonal close-
packed) hcp structure in the intermediate phase between δ and Al, matching the δ phase. Notably,
a substantial microstructural transformation occurred within the Ag-Al diffusion couple, as nano-
sized precipitates transitioned from spherical to plate-like, along specific {111} planes, reflecting the
evolution from off-stoichiometric, disordered phases to ordered ones. Mapping the concentrations of
intermediate phases on the Al-Ag phase diagram revealed shifted and narrower solubility ranges
compared to the calculations. This study provides insight into the crystal structure and microstructure
changes during diffusion in Al/Ag/Al diffusion couples, holding implications for electronic device
fabrication. Understanding intermediate phase behavior and evolution is vital in this context,
potentially influencing materials development and process optimization in the electronic components
industry, and thus, enhancing device performance and reliability.

Keywords: Ag-Al system; intermediate phase; HVEM; Ag2Al; metastable phase; EPMA

1. Introduction

The investigation of the Ag-Al bonding interface holds substantial significance within
materials science and engineering, driven by a myriad of compelling rationales: The pro-
found relevance of comprehending the intricacies of the Ag-Al bonding interface becomes
conspicuous in the context of electronic device manufacturing [1,2]. Silver, lauded for its
superior electrical conductivity, is ubiquitously employed in electronic devices [3]. Con-
versely, aluminum often serves as the substrate material. An exhaustive grasp of the
Ag-Al interface is indispensable for ensuring the efficacy and dependability of electronic
connections. In electronic packaging and interconnections, the compatibility of dissimilar
materials emerges as a paramount concern. Delving into the intricacies of the Ag-Al bond-
ing interface facilitates the determination of whether these materials can coexist without
inauspicious repercussions, such as corrosion or mechanical failures [1]. This discernment
assumes critical importance in the design of electronic components with extended longevity
and reliability. Exploration into the formation of intermetallic compounds at the Ag-Al
interface furnishes invaluable insights into the intricate reactions and transformations that
unfold upon the convergence of these metallic entities. These intermetallic compounds can
exhibit unique properties, exerting a discernible influence on the overarching performance
of electronic devices. Efficient thermal management constitutes a pivotal facet of electronic
device design. Attaining a comprehensive understanding of the behavior of the Ag-Al
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interface under elevated temperatures is imperative for forecasting and regulating heat
dissipation, a parameter with profound ramifications for device performance and longevity.

Diffusion bonding techniques involving dissimilar metals find extensive applications
across various industries. The Ag-Al system has emerged as a promising candidate for
interconnections between electronic devices and substrates, alongside the well-studied
Au-Al and Cu-Al systems [4,5]. Isothermal annealing of diffusion couples composed of
dissimilar metals at suitable temperatures leads to the formation of stable compounds
as interfacial layers driven by reactive diffusion processes [6,7]. Previous studies have
experimentally examined the growth behavior of intermetallic compounds resulting from
reactive diffusion in the binary Au-Al and Cu-Al systems [4,5].

In a previous study [5], sandwich diffusion couples were meticulously prepared
using a diffusion bonding technique and annealed at solid-state temperatures. In Au/Al
diffusion couples, the interface exhibited the presence of three distinct compound layers,
Au8Al3, AuAl, and AuAl2, even though five stable intermetallic compounds exist at the
experimental temperatures. Of note, Au8Al3 was predominantly formed in the initial stages
and was gradually replaced by AuAl and AuAl2 in the later stages. The identification
of a transition in the rate-controlling process for intermetallic layer growth occurred at
specific temperatures, and the volume fraction of each compound exhibited variation
with annealing time and temperature. In contrast, the formation of all five intermetallic
compounds was observed in Cu/Al diffusion couples, and their growth behavior and
diffusion kinetics were thoroughly investigated through experimental approaches [4].

Turning our attention to the binary Ag-Al system, the phase diagram indicates the
presence of two stable intermediate phases, µ and δ, at temperatures below 723 K [8,9]. Ear-
lier work by [10] using electron microscopy in Ag/Al thin film diffusion couples annealed
at 473 K exclusively identified the Ag2Al phase between the Ag and Al thin films, charac-
terized by elongated crystals aligned along the diffusion direction. Subsequent research
by Roy and Sen [11] at 523 K for 1 h, employing electron micrograph and selected-area
diffraction (SAD) patterns, corroborated the presence of Ag2Al precipitates, a conclusion
further affirmed by XRD analysis. Schleiwies and Schmitz [12] discerned grain boundary
diffusion in Al/Ag thin films through tomographic atom probe analysis, revealing that
rapid grain boundary transport of Al into the Ag layer dominated the initial reaction steps.
In later stages, a dense layer of metastable Al67Ag33 alloy formed, and the final product
Ag2Al precipitated.

Additionally, several investigations have sought to elucidate the crystal structure
and ordering of metastable γ′-Ag2Al and equilibrated γ-Ag2Al precipitates within Al-rich
Ag-Al alloys (Howe et al., 1985; Moore & Howe, 2000; Pang et al., 2012; Zhang et al.,
2019) [13–16]. These studies have consistently reported hcp structures for both γ′ and γ

precipitates, with a stoichiometric ratio of Ag2Al [17]. The binary Ag-Al alloy system is
a straightforward example of a phase transformation entailing a shift in crystal structure
from face-centered cubic (fcc) to hcp [7,18]. Neumann [19] examined the crystal structure
of hcp Ag2Al using X-ray scattering data from a single-crystal Ag-33.2 at.% Al alloy,
revealing substantial compositional short-range order (SRO) within the basal plane of hcp.
Howe et al. [15] proposed an alternative structure characterized by alternating layers with
100 at.% Ag in one plane and 33 at.% Ag in the next, based on their study of plate-shaped
hcp γ′ precipitates. Through simulation, Zarkevich et al. [7] investigated off-stoichiometric
disorder in metastable Ag2Al γ′ nano-precipitates within an fcc Al matrix.

In addition to elucidating the crystal structure and ordering of intermediate phases,
our study holds paramount importance in advancing materials science and metallurgy, par-
ticularly in the context of electronic device fabrication. Investigating intermediate phases,
such as metastable γ′-Ag2Al and equilibrated γ-Ag2Al precipitates within Al-rich Ag-Al
alloys, is crucial for several reasons. Intermediate phases often possess unique properties
that can significantly impact the overall performance of materials. By understanding the
growth behavior and characteristics of these phases, we can harness their properties to
improve the performance of electronic devices. Insights into intermediate phases provide
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valuable information for materials development. These phases can be engineered and
tailored to meet specific requirements, creating advanced materials with enhanced elec-
tronic properties. Understanding the growth behavior of intermediate phases enables us
to optimize manufacturing and fabrication processes. This knowledge can lead to more
efficient and cost-effective production methods for electronic components. Intermediate
phases can influence the reliability and durability of electronic devices. Studying their
behavior allows us to design devices with improved longevity and stability. Investigating
intermediate phases contributes to our fundamental understanding of materials and phase
transformations. This knowledge not only aids in practical applications but also enriches
our comprehension of the underlying principles of materials science.

In the present study, we experimentally investigate the growth behavior of inter-
mediate phases within the binary Ag-Al system by annealing Ag-Al diffusion couples
at 703 K. The formation of intermediate layers through precipitates is observed using
various advanced techniques, shedding light on this critical aspect of materials science
and metallurgy.

2. Materials and Methods
2.1. Preparation of Diffusion Couples and Equilibrated Alloy Specimens

Polycrystalline pure Al plate specimens, measuring 14 × 5 × 1.2 mm3 and possessing
a purity level of 99.99%, underwent mechanical grinding using #600-2000 emery papers.
One of the polished surfaces received additional mechanical polishing using #4000 emery
paper and was subsequently finished with alumina particles of 1 µm diameter. The Al
plate specimen was promptly immersed in ethanol following this surface treatment. Poly-
crystalline pure Ag sheet specimens, measuring 20 × 7 × 0.4 mm3, were obtained from a
commercial pure Ag sheet with a thickness of 0.4 mm and a purity of 99.99%. Each Ag sheet
specimen underwent mechanical grinding and polishing, utilizing alumina particles with a
diameter of 1 µm. These Ag sheet specimens were then sandwiched between two prepared
Al plate specimens in ethanol, employing a technique previously documented [20]. Each
resulting sandwich diffusion couple was thoroughly dried and subsequently subjected
to isothermal heat treatment for diffusion bonding within an evacuated silica tube, main-
tained at 703 K for 24 h, followed by air cooling. The diffusion couples were individually
encapsulated within evacuated silica capsules and subjected to isothermal annealing at
the same temperature for varying durations, up to 189 h, followed by water quenching
without capsule rupture. A binary Ag-Al alloy, containing 25.6 at.% of Ag, was fabricated
as a button ingot through Ar arc melting of pure Al and Ag, each boasting a purity level of
99.99% [21]. This alloy specimen was sectioned and subsequently subjected to isothermal
annealing within an evacuated silica capsule, sustained at 703 K for 641 h, with subsequent
water quenching without capsule damage.

2.2. Observation and Identification of Phases at the Interface

Cross-sections of the annealed diffusion couples were meticulously prepared by me-
chanical polishing using #1500-4000 emery papers and alumina particles measuring 0.05 µm
in diameter. Final surface finishing was accomplished using colloidal silica [22,23]. The mi-
crostructure of these cross-sections was examined using a differential interference contrast
optical microscope (DICOM). Concentration profiles across the intermediate layers between
Ag and Al were quantified via electron probe microanalysis (EPMA). For the equilibrated
Ag-Al alloy, the specimen underwent the same polishing techniques described above.
Cross-sectional microstructure observations were conducted using back-scattered electron
imaging (BEI) via scanning electron microscopy (SEM). To ascertain the crystal structure of
the intermediate phases in the Ag-Al diffusion couple, a Hitachi H1250S high-voltage elec-
tron microscope (HVEM) [24] was employed, operating at 1020 kV. The HVEM presented
distinct advantages, particularly its ability to tilt relatively thick specimens and facilitate
wide-range observations. The de Broglie wavelength was calculated to be 0.86 × 10−12 m at
1020 kV, with a camera length of 1.39 m [25]. Thin foiled specimens for HVEM examination
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were predominantly prepared from annealed diffusion couples through mechanical and
electrolytic polishing. The diffusion couples, comprising intermediate layers approximately
120 µm thick, were mechanically thinned to approximately 40 µm thickness for thin foil
preparation perpendicular to the interface direction. Subsequently, the thin foils underwent
electrochemical polishing utilizing perchloric acid at 12 V and around 253 K. In cases
where the phase was unidentified, specimens were prepared using the H-bar technique
via a focused ion beam (FIB) [26]. This technique facilitated the precise localization of
each intermediate layer within the diffusion couple, albeit within a limited observable
area. X-ray diffraction (XRD) analysis was conducted using a Rigaku Smartlab instrument
to determine the crystal structure [6] of the equilibrated Ag-Al alloy. The X-ray source
wavelength employed in our XRD analysis was Cu Kα radiation, with a wavelength of
1.5406 Å. We used a standard Bragg-Brentano geometry for our XRD measurements. In this
configuration, the incident X-ray beam strikes the sample at a specific angle (θ) and is then
diffracted at the same angle (2θ) by the crystal lattice planes within the sample. The detector
records the intensity of the diffracted X-rays at various angles to produce the diffraction
pattern. We utilized a crystal monochromator to select the Cu Kα wavelength to ensure
monochromatic X-ray radiation. This monochromator narrows down the wavelength range
for precise diffraction measurements, enhancing the accuracy of our analysis [6].

3. Results
3.1. Microstructure and Compound Growth at the Interface

A representative DICOM photograph of the cross-section of the annealed diffusion
couple is depicted in Figure 1a. Specifically, Figure 1a indicates the cross-section of the
diffusion couple subjected to annealing at 703 K for 30 h. In this representation, the left
region corresponds to the Ag component, while the right region signifies the Al component.
Notably, discernible intermediate layers are observed between the Ag and Al constituents.
To characterize each of these intermediate layers, concentration profiles across the inter-
mediate regions, normal to the initial interface, were meticulously measured using EPMA,
as depicted in Figure 1b. Figure 1b elucidates the concentration profile for the diffusion
couple annealed at 703 K for 48 h. In this representation, the ordinate denotes the mole
fraction yi of component i (where i = Ag and Al), while the abscissa represents the distance
x. Three intermediate layers exhibiting discontinuous chemical compositions are distinctly
discerned between Ag and Al.

Figure 1. (a) Cross-sectional DICOM photograph of Al/Ag/Al diffusion couple annealed at T = 703 K
and t = 30 h. (b) Concentration profile of Ag and Al across the intermediate layers for the diffusion
couple annealed at T = 703 K for t = 48 h. (c) The total thickness of the intermetallic layer l versus the
annealing time t shown as red circles for T = 703 K. Solid line indicates the calculation from Equation (2).

However, by the binary Ag-Al phase diagram [8], only two stable intermediate phases,
referred to as µ and δ, are expected to exist between Ag and Al. A comparison of the
composition range observed via the EPMA results and the phase diagram establishes that
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the intermediate phase on the Ag-rich side corresponds to the µ phase. In contrast, the
middle phase among the three intermediates is identified as the δ phase. The intermediate
phase on the Al-rich side aligns with an unknown phase, which we define as φ, unaccounted
for in the binary Ag-Al phase diagrams [7,8,14,27].

The total thickness l of the intermetallic layer was quantitatively evaluated from
DICOM photographs akin to Figure 1a, employing the equation:

l = A/w (1)

Here, w signifies the total length parallel to the initial Ag/Al interface, and A represents
the total area of the intermetallic layer on the cross-section. The results of this analysis are
presented as red circles in Figure 1c. To determine the average thickness, we adopted an
approach involving calculating the intermetallic compound’s area within the cross-section
of each diffusion zone sample. Subsequently, we divided this area by the horizontal length
w. This method provides us with more dependable average thickness data compared to the
conventional technique of repeatedly measuring lengths at various positions. However, it
is worth noting that this approach does not incorporate error bars since it does not entail
the repetitive collection of data points. In this figure, the ordinate portrays the logarithms
of l, while the abscissa corresponds to the logarithms of t, signifying the annealing time.
Evidently, l exhibits a monotonous increase with rising annealing time t. Furthermore, the
plotted points align well along a linear trajectory. Consequently, l is aptly described as a
power function of t, expressed as follows [28–30]:

l = k(t/t0)
n (2)

Here, t0 denotes the unit time, which is 1 s, adopted to render the argument t/t0 dimen-
sionless. The coefficient k shares dimensions with the thickness l, while the exponent n
remains dimensionless. Employing the least-squares method, k and n were computed
from the data points, as indicated by the dashed line in Figure 1c. Notably, the exponent
n in the power function slightly exceeds 0.5. In cases where the growth of the inter-
mediate layer is governed primarily by volume diffusion, n equals 0.5. Consequently,
inserting “n = 0.5” into Equation (2) yields an alternate expression of a parabolic re-
lationship [31–33]. However, when interface reactions predominantly influence layer
growth, n assumes a value of 1 [34]. Hence, the results suggest that volume diffusion pre-
dominantly dictates layer growth, with interface reactions partially contributing to the
rate-controlling process. The mixed-rate controlling process is observed in the growth of
the intermetallic compounds (IMCs), where both volume diffusion and interface reac-
tions jointly govern the growth rate [35–37]. This phenomenon is commonly encountered
in heterogeneous interfaces, particularly at the boundary between two distinct phases.
In such cases, the overall reaction rate is constrained by the slower of the two processes,
namely, volume diffusion and interface reactions. Volume diffusion, a process reliant
on the concentration gradient of reactants within the material, operates simultaneously
with interface reactions hinge on the surface area of contact between the phases involved.
Consequently, the mixed-rate controlling process of IMC growth emerges as a complex
interplay during the formation of IMCs between two metal substrates.

Within this intricate process, IMC growth is concurrently influenced by the rate of
atom diffusion through the bulk of the metal and the rate at which atoms are delivered
to the interface shared by the two metals [38]. Critical determinants of this mixed-rate
controlling process include different materials that possess unique atomic structures and
properties that profoundly impact the rate of atomic diffusion and the kinetics of interface
reactions [39]. Some materials may readily engage in chemical reactions at the interface,
while others may exhibit slower reaction kinetics but faster atomic diffusion rates. The
thermodynamic driving forces governing volume diffusion and interface reactions are
contingent on the local composition and the stability of involved phases. Regions near
compositional equilibrium may favor interface reactions, while regions with compositional
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deviations may elevate the prominence of volume diffusion. The presence of defects, grain
boundaries, and other microstructural features can significantly affect the rate-controlling
process. These structural attributes can serve as preferential sites for interface reactions or
impede atomic mobility, thereby promoting volume diffusion.

To elucidate the enigmatic phase situated between the δ phase and the Al matrix
within the context of the diffusion couple experiment, an Al-25.6Ag alloy was meticulously
prepared through arc melting. Figure 2a offers a representative micrograph, utilizing
BEI, capturing the cross-section of the Al-25.6Ag alloy following annealing at 703 K for
641 h. Within this micrograph, discernible bright coarse grains are observed, randomly
distributed, and interconnected within a dark matrix. To ascertain the nature of equilibrated
phases within this alloy, XRD analysis was conducted on the Al-25.6Ag alloy, as illustrated
in Figure 2b. The XRD pattern of the Al-25.6Ag alloy unequivocally confirms the presence
of the stable Ag2Al phase and the coexistence of the Al matrix. The identity of the third
phase within the equilibrated Al-25.6Ag alloy remains elusive.

Figure 2. (a) Back-scattered electron image and (b) X-ray diffraction result of cross-section for
Al-25.6Ag alloy annealed at 703 K for 641 h.

3.2. Direct Observation of the Ag/Al Diffusion Couple Using HVEM

For the direct observation of the Ag/Al diffusion couple, specimen preparation was
meticulously conducted across three distinct regions corresponding to the Ag-Al interme-
diate phases within the diffusion couple subjected to annealing at 703 K. In Figure 1a, the
continuous line within the intermediate phase, marked by arrows, represents the initial
interface. Specimens were separately prepared at various distances from this interface,
facilitating the characterization of each area, including the δ phase, the unidentified phase,
and the Al side adjacent to the interface between the intermediate phase and the Al matrix.
This sequential approach enabled the identification of microstructural changes during the
growth of the intermediate phase within the diffusion couple. To ensure precise specimen
preparation from the designated location within the diffusion couple, the H-bar technique
involving a FIB was employed.

3.2.1. δ Phase

Figure 3 showcases the microstructures and diffraction patterns of the δ phase in the
diffusion couple that underwent annealing at 703 K for 48 h. As evident in Figure 3a,b,
the δ phase exhibits plate-like structures comprising refined grains within the structure.
Diffraction patterns of the hcp structure in the [031] and [011] zones were obtained from the
δ phase within the Ag/Al diffusion couple, achieved through sample preparation involving
mechanical and electrolytic polishing. Due to small grains within the δ phase, diffraction
spots often result from double diffraction, as illustrated in Figure 3b. Consequently, the
faint extra spots are displaced from the main pattern of the [011] zone by reflection vectors
associated with the small grains within the structure. The hcp structure was unequivocally
identified within the δ phase, as indicated by the indices in Figure 3.
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Figure 3. (a) Bright-field micrograph and diffraction pattern of a [031] zone. (b) Bright-field micro-
graph and diffraction pattern of a [011] zone taken in δ phase of the Ag/Al diffusion couple annealed
at 703 K for 48 h.

3.2.2. Intermediate Phase between δ Phase and Al Matrix

Figure 4 presents the microstructure and diffraction patterns near the initial Ag/Al
interface within the diffusion couple annealed at 703 K for 70 h. This figure provides a
representative micrograph of the intermediate phase between the δ phase and the Al matrix.
As depicted, this phase is characterized by hcp lamellar structures. The diffraction patterns
in the [100] zone exhibit streaking between diffraction spots within this intermediate phase.
The streaking is observed to run perpendicular to the stacking directions of the lamellar
structure. Various factors, such as stacking faults, platelets, thin ordered phases, and thin
precipitates, which maintain coherence with the matrix, can contribute to the observed
diffused streaking in the diffraction patterns [40]. Thin layers of the lamellar structure,
exhibiting streaking between diffraction spots, are presented from a different zone axis in
Figure 4b, where the diffuse streaking is superimposed with other diffraction spots. The
intensity of the streaking serves as a measure of stacking disorder, indicating changes in
the ordering of the plate-like lamellar phase during its growth. Similar diffraction patterns
have been reported by Jomni et al. [41] for ultrathin Au/Co multilayers with thicknesses
of approximately 1–2 nm. These patterns bear resemblance to Figure 4b. Notably, Co and
Au possess distinct crystal structures, specifically hcp and fcc, respectively, yet the global
microstructure resembles the lamellar phase within the matrix.

Figure 4. (a) Bright-field image showing the microstructure of hcp lamellar phase of a [100] zone.
(b) Bright-field image showing the microstructure of hcp lamellar phase in fcc matrix with a typical
diffraction pattern of thin multilayers. Specimen was prepared in the intermediate phase between δ

phase and Al matrix the diffusion couple annealed at 703 K for 70 h.
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3.2.3. Intermediate Phases in the Al Side within 40 µm from the Initial Ag/Al Interface

Observations of plate-like precipitates on the Al side, adjacent to the interface between
the newly identified intermediate phase and Al within the diffusion couple, are presented
in Figure 5. The presence of diffraction patterns with streaking indicates the formation
of plate-like hcp phases along the <111> planes within the Al matrix. Notably, the initial
spherical nano-sized Guinier–Preston (G-P) zones [42], presumed to be spherical particles
within the Al matrix, transform a plate-like shape, growing along specific <111> planes
during the diffusion process. This evolution involves the change from spherical G-P zones
to faceted plate-like structures along the <111> planes as the precipitates grow [43,44].

Figure 5. (a) Bright-field images showing the microstructure of plate-like γ precipitate in Al matrix
observed in Al-rich side of the diffusion couple annealed at 703 K for 70 h and the diffraction pattern
of a fcc [011] zone. (b) Bright-field image showing the microstructure of plate-like γ precipitates
viewed along <110> in Al-rich side of the diffusion couple annealed at 703 K for 189 h. (c) An enlarged
view of the plate-like γ precipitates embedded within the Al matrix by magnified image of plate-like
γ precipitates with Moire-fringes in Al matrix, indicating complex structural interactions within
the microstructure.

Figure 5 provides insights into the microstructures of these plate-like intermediate
phases, revealing their existence within the Al matrix alongside various Moire fringes. In
this context, the incident beam is directed along the <110> direction of Al, with two <111>
planes among four observed edge-on and the remaining two planes inclined by an angle
of 30◦. The existence of several variants of Moire fringes in this figure is magnified in
Figure 5c, indicating that the basal planes of hcp precipitates are not perfectly aligned along
the <111> planes of the fcc matrix. This phenomenon results from deviations during the
transformation process.

To further discern the origin of the diffraction patterns, especially the + shaped diffrac-
tion spots, a through-focus dark-field image shifts method (2 1

2 ) [45] was employed, as
depicted in Figure 6a,b. This method facilitated the sorting and identifying of the four
<111> planes when viewed in stereo. Figure 6c presents a typical diffraction pattern as-
sociated with partially coherent particles. In hcp precipitates with parallel close-packed
planes and directions in an fcc matrix, the precipitate diffraction occurs according to its
crystal structure rather than due to matrix distortion. The streaking of the precipitate spots
in the diffraction pattern suggests the thin nature of the precipitates, resulting in a complex
diffraction pattern. The microstructures and crystal structures of the precipitates align
with findings related to γ precipitates in Al-rich Ag-Al alloys, as reported by Moore and
Howe [14].
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Figure 6. (a,b) Through-focus dark-field image pairs showing the microstructure of spherical precipi-
tates in Al matrix observed in Al-rich side of the diffusion couple. (c) The diffraction pattern of the
partially coherent precipitates nearly annealed at 703 K for 70 h.

Various research on precipitation in Al-rich Ag-Al alloys (Howe et al., 1985; Moore &
Howe, 2000; Neumann, 1966; Zhang et al., 2019) has shown that the initial microstructural
evolution involves a transition from spherical G-P zones to metastable γ′ precipitates
with stacking faults parallel to the basal plane of the hcp structure. These precipitates
subsequently grow into equilibrium γ precipitates through discontinuous precipitation.
The exact areas of G-P zones and γ phases within the diffusion couple were confirmed using
the FIB technique, which ensures precise localization within the diffusion couple despite
introducing FIB-induced damages and heat effects. Figure 6b displays the microstructures
of small hcp plate-like phases observed in the specimen prepared using the FIB technique.
These precipitates exhibit a growth stage more advanced than that shown in Figure 6a, yet
similar diffraction patterns are observed, as depicted in Figure 6c. These patterns reveal
a slight deviation from the <100> zone axis, incorporating the zeroth-order Laue zone
(ZOLZ) and the first-order Laue zone (FOLZ) of the [100] reciprocal lattice [46]. Satellite
spots and diffraction pattern streaking confirm the presence of precipitates formed along
the <111> planes within the fcc matrix in platelets, as illustrated in Figure 6c.

3.3. Crystal Structure Analysis of Each Phase

The precise crystal structure, including the ordering and Ag concentration, of the G-P
zones and γ precipitates in Ag-Al alloys has been an ongoing debate since their discovery.
Numerous research efforts have sought to identify the crystal structure and order of the
metastable γ′ and the equilibrium γ precipitates in Al-rich Ag-Al alloys. Both precipitates
are reported to have a stoichiometric composition of Ag2Al and exhibit a hcp structure [15].
The metastable γ′ precipitates display varying degrees of long-range order (LRO) along
the c-axis in the hcp structure. This LRO ranges from a highly ordered arrangement of
Ag and Al atoms on alternate basal planes to a disordered arrangement, as demonstrated
by previous work by Howe et al. [15]. To align with composition analysis, Howe et al.
also proposed another structure characterized by alternating layers, with one plane of
100 at.% Ag and the next layer comprising 33 at.% Ag, particularly relevant in studies of
plate-shaped hcp γ precipitates [15].

Conversely, Ag-rich Ag-Al alloys exhibit a bulk equilibrium hcp phase known as the
δ phase, accommodating a broad composition range of 23–42 at.% Al [8]. To determine
the short-range order (SRO) of the δ phase, the chemical structure of Ag2Al was studied
and proposed by Neumann [19], employing X-ray scattering data. Kitano et al. [47] also
investigated the SRO of a disordered δ phase using X-ray and electron diffraction methods.
Various simulation techniques were employed to ascertain the stability and ground-state
structure of Ag2Al precipitates [18,48,49]. These studies have indicated that the bulk
equilibrium δ phase and γ precipitates share an hcp structure with off-stoichiometric
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disordered characteristics but exhibit distinct ordering arrangements within the basal
planes of the hcp structure.

In this study, meticulous electron diffraction analysis achieved the clear identification
of the crystal structure for each phase. Specifically, regarding the δ phase, distinctive
diffraction patterns, emblematic of the hcp structure, were prominently evident. These
patterns confirmed the hcp structure and provided compelling evidence of the progressive
emergence of well-defined diffraction spots, as visually demonstrated in Figure 4. Similarly,
the plate-like γ phase, situated between the δ phase and Al matrix, exhibited an hcp
structure accompanied by satellite spots resulting from the precipitates, as depicted in
Figure 5b,c. Metastable γ′ precipitates were observed within the Al matrix, taking the form
of plates that likely grew from G-P zones.

Notably, Moire fringes were observed on the plate-like precipitates, and these plates
exhibited a slight inclination from the fcc {111} planes, as demonstrated in Figure 5. This
indicates that the microstructure transforms, transitioning from spherical G-P zones to
plate-like shapes along specific {111} planes upon growth [50].

The lattice parameters were meticulously determined from the diffraction patterns.
The camera constant, denoted as 2λL0, was calculated using the formula:

dD = 2λL0 (3)

In this study, the Hitachi H1250S microscope operated at 1020 kV, resulting in a
wavelength (λ) of 0.86 × 10−12 m and an effective camera length (L0) of 1.39 m. The lattice
parameters for the δ phase were determined as follows: a = 0.2875 nm and c = 0.4782 nm,
with a c/a ratio of 1.6633. It is worth noting that the lattice parameters of the δ phase can vary
with the composition of Al. The measured results are consistent with the lattice parameters
expected for the δ phase and are in good agreement with Ag-Al lattice parameter data.
In contrast, for the γ phase, the lattice parameters were determined to be a = 0.2937 nm
and c = 0.4511 nm, resulting in a c/a ratio 1.536. Notably, the length of the c-axis in the
γ phase was found to be shorter than that in the δ phase. Within the Al-rich region, the
lattice parameter of the Al matrix exhibits a wide range, spanning from a = 0.4087 nm
to 0.4158 nm. This variation is consistent with previous findings [16], who reported that
the lattice parameters of Al in Ag-Al alloys increase from 0.40496 nm to 0.41057 nm with
increasing Ag composition from 0 to 14.6 at.%. The measured lattice parameter of the Al
matrix aligns well with the existing literature data and is considered reasonable.

4. Discussion

The observation of an exponent n slightly exceeding 0.5 carries significant implications
for understanding the rate-controlling process governing intermetallic layer growth. An n
value of 0.5 suggests that the primary factor controlling the growth of the intermediate layer
is volume diffusion [51]. This indicates that the movement of atoms within the material
is the dominant mechanism influencing the growth process. Conversely, when n equals
1, it implies that interface reactions take precedence in driving layer growth. Interface
reactions refer to chemical interactions between different materials at the boundaries or
interfaces [34]. Based on the experimental findings, it is evident that volume diffusion
predominantly governs the growth of the intermetallic layer. However, it is also clear that
interface reactions play a secondary, albeit noteworthy, role in influencing the growth rate.
This nuanced understanding sheds light on the underlying mechanisms contributing to the
rate-controlling process, providing valuable insights into the interplay between volume
diffusion and interface reactions in intermetallic layer growth.

The investigation of phase transformations and the identification of specific phases
within alloy systems are essential for understanding material behavior and optimizing
material properties. To elucidate the nature of a hitherto unidentified phase located between
the δ phase and the Al matrix within the context of a diffusion couple experiment, an Al-
25.6Ag alloy was carefully prepared through arc melting and subjected to detailed analysis.
The microstructure of the Al-25.6Ag alloy following annealing at 703 K for 641 h was
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examined using BEI, as depicted in Figure 2a. Within this micrograph, distinctive features
are readily discernible. Bright coarse grains, characterized by their irregular distribution
and interconnected configuration, are prominently observed within a darker matrix. This
microstructural insight provides an initial understanding of the alloy’s composition and
structure. Notably, the XRD analysis provides unequivocal evidence of the presence of
the stable Ag2Al phase within the alloy. Additionally, it confirms the coexistence of the Al
matrix. These findings are consistent with prior knowledge of the alloy’s expected phases.
However, the most intriguing aspect of this investigation lies in the identity of the third
phase within the equilibrated Al-25.6Ag alloy. Despite the unambiguous confirmation
of the Ag2Al phase and the Al matrix, the nature and characteristics of this unidentified
phase remain elusive. This enigmatic phase presents a compelling scientific challenge, as
its properties, crystal structure, and role within the alloy system are yet to be determined.

The concentrations of the stable intermediate phases were plotted on the binary Al-Ag
phase diagram, as shown in Figure 7. Interestingly, the solubility range of these intermediate
phases was shifted and narrower compared to the calculated phase diagram. This shift
implies that the behavior of intermediate phases, particularly their formation and stability,
does not conform to the theoretical predictions of the phase diagram. This discrepancy
raises intriguing questions about the underlying mechanisms that govern the formation of
these phases in real-world conditions. The narrower solubility range of the intermediate
phases has practical implications. It means that these phases may be more sensitive
to changes in temperature and composition than previously thought. This sensitivity
could be harnessed for various applications, such as in controlling the microstructure and
properties of materials, which is crucial in industries like electronics, where precise control
over material properties is essential. Understanding the solubility range of intermediate
phases is paramount in materials design and engineering. The narrower solubility range
suggests that precise control over these phases is feasible, enabling the development of
novel materials with unique characteristics [52].

Figure 7. Stable intermediate phases in the present study were plotted using the solid line with color
circles on the binary Al-Ag phase diagram calculated by ThermoCalc.
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The δ phase exhibits plate-like structures with a refined grain arrangement, confirmed
to possess an hcp structure in the [031] and [011] zones. The fine-grained nature occasionally
leads to double diffraction, resulting in faint extra spots. In contrast, the intermediate phase
between the δ phase and the Al matrix reveals hcp lamellar structures. Diffraction patterns
in the [100] zone exhibit streaking perpendicular to the stacking directions, attributed to
factors like stacking faults and thin-ordered phases. The intensity of streaking indicates
changes in lamellar phase ordering during growth, with similar patterns observed in other
materials. On the Al side, near the interface between the intermediate phase and the Al
matrix, plate-like precipitates are observed. These are identified as plate-like hcp phases
along the <111> planes within the Al matrix. The transformation from initial spherical nano-
sized G-P zones to plate-like structures is discussed, emphasizing growth and alignment
along specific planes [53]. Using experimental techniques like the FIB method enhances the
credibility of these observations. Overall, this analysis of each layer in the diffusion couple
enhances our understanding of microstructural changes and phase transformations within
the Ag/Al diffusion couple, setting the stage for further analysis and discussion.

Microstructure evolution at the interface of the diffusion couple is a complex and
dynamic process driven by diffusion, phase transformations, and the interaction between
different materials. In the case of the Ag/Al diffusion couple, several key stages in mi-
crostructural evolution can be identified. At the onset of the diffusion experiment, there is
a well-defined interface between the Ag and Al materials. This initial interface is typically
smooth and devoid of any intermediate phases or microstructural changes. As the diffusion
process begins, Ag atoms migrate into the Al matrix, forming an intermediate phase known
as the δ phase. This phase appears as plate-like structures with refined grains. Electron
diffraction patterns reveal that the δ phase adopts a hcp structure. The region between the
δ phase and the Al matrix undergoes significant changes. It features hcp lamellar struc-
tures, indicating the presence of a different phase or microstructure. Diffraction patterns in
this area exhibit streaking, which is attributed to various factors, such as stacking faults
and thin-ordered phases. The intensity of streaking provides insights into changes in the
ordering of the lamellar phase during growth. On the Al side of the interface, closer to
the Al matrix, plate-like precipitates become evident. These precipitates are identified as
plate-like hcp phases and are aligned along specific <111> planes within the Al matrix. The
growth of these precipitates involves the transformation of initially spherical nano-sized
G-P zones into plate-like structures. The G-P zones likely serve as nucleation sites for
the plate-like precipitates. The microstructural evolution at the interface is a function of
both time and temperature. Prolonged annealing at elevated temperatures allows for fur-
ther growth and development of these intermediate phases. The microstructural changes
observed over time provide valuable insights into the kinetics of phase transformations
and diffusion processes. Advanced techniques, such as FIB methods, are employed to
characterize these microstructural changes precisely. These techniques ensure accurate
specimen preparation and localization within the diffusion couple despite potential FIB-
induced damages and heat effects [54]. In summary, the evolution of microstructure at
the interface of the Ag/Al diffusion couple involves the formation of intermediate phases
(e.g., δ phase and plate-like precipitates), changes in grain structure, and diffraction pattern
variations. These observations provide a detailed understanding of the complex interplay
of diffusion, phase transformations, and microstructural changes at the interface. This is
essential for comprehending the behavior of such diffusion couples in various applications
and materials systems.

Figure 8 illustrates a schematic diagram detailing the evolution of precipitates and
phase growth resulting from reactive diffusion. It is assumed that Ag atoms initially form
spherical G-P zones within the Al matrix during diffusion in the Al side of the Ag/Al
diffusion couple. As the influx of Ag atoms progresses, it is hypothesized that these G-P
zones undergo growth, transforming into γ′ plates. Concurrently, the diffusion process is
expected to induce the formation of Ag-rich stacking faults and metastable γ′ precipitates
within the Al matrix, as demonstrated in Figure 5a. Subsequently, plate-like γ precipitates
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emerge through the further growth of the initially formed γ′ precipitates. This growth
occurs along the basal plane of the hcp phase, giving rise to a lamellar structure oriented
along the {111} planes of Al. As a result, the intermediate phase identified by EPMA
between the δ phase and Al matrix can be attributed to the coexistence of the equilibrium
γ phase, characterized by its hcp lamellar structure, and the precipitation of γ′ phase.
The outcomes of successive observations, from the Al matrix to the δ phase, align with
the growth characteristics of γ precipitates observed in Ag-Al alloys, as reported in prior
studies [14,19]. These investigations collectively point to a growth process involving
heterogeneous and homogeneous mechanisms within the mutual diffusion couple.
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This study could impact the electronic component design field significantly. Delving
into the behavior and properties of intermediate phases within the Ag-Al system opens the
door to developing novel materials with precisely tailored properties [55]. This knowledge
promises to create electronic components that exhibit superior performance, increased
durability, and enhanced reliability. Furthermore, the insights garnered from this research
can revolutionize manufacturing processes for electronic components. The ability to control
the growth and characteristics of intermediate phases provides manufacturers with the
means to produce components that function with enhanced capabilities and exhibit reduced
defects. In addition to benefiting manufacturers, electronic component designers and
engineers can benefit from a broader array of materials. The findings from this study expand
our understanding of the Ag-Al system, introducing fresh possibilities for material selection
in the realm of electronic device fabrication. The fine-tuning of material properties, which
this research facilitates, directly influences the performance of electronic devices. With
these newfound insights, designers can craft components that offer superior conductivity,
improved thermal characteristics, and heightened resistance to corrosion. In essence, this
study has the potential to drive the development of electronic components that are more
reliable and durable and deliver enhanced performance. Such advancements will ultimately
redound to benefit the entire electronic device industry.

5. Conclusions

In conclusion, this research utilized high-voltage electron microscopy (HVEM) to
investigate the dynamic evolution of microstructures and the growth of intermediate
phases within Ag/Al diffusion couples. Comprehensive observations of various regions
within these diffusion couples provided valuable insights. The δ phase was identified as
having a plate-like lamellar structure characterized by a fine-grained internal composi-
tion. Similarly, the intermediate phase between the δ phase and the Al matrix exhibited
a hexagonal close-packed (hcp) lamellar structure. Plate-like precipitates were observed
near the boundary between the intermediate phase and the Al matrix. These nano-sized
precipitates, believed to originate as spherical Guinier–Preston (G-P) zones within the
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Al matrix, transformed into plate-like structures as they grew along specific {111} planes
during diffusion. Furthermore, electron diffraction techniques were employed to determine
the crystal structures and lattice parameters of each phase, and the results consistently
align with prior research findings. Key discoveries from this study include the plate-like
lamellar structure of the δ phase, the hcp lamellar structure in the intermediate phase, and
the transformation of nano-sized G-P zones into plate-like precipitates. This study clearly
explained the evolutionary processes and growth mechanisms of Al-rich intermediate
phases within Ag/Al diffusion couples. The proposed sequence suggests that transferred
Ag atoms initially manifest as spherical G-P zones within the Al matrix. Over time, these
G-P zones mature into metastable γ′ precipitates. Simultaneously, the heterogeneous for-
mation of γ′ precipitates occurs along stacking faults within the Al matrix, resulting in the
development of an hcp lamellar structure along the {111} planes of Al. Consequently, this
research identifies the progression from off-stoichiometric disordered intermediate phases
to ordered phases at the interface of Ag/Al diffusion couples. This study holds significant
promise in the field of electronic component design. Exploring intermediate phases in the
Ag-Al system paves the way for developing customized materials, leading to electronic
components with enhanced performance and durability. It also offers potential advance-
ments in manufacturing processes, allowing for better control of component characteristics
and reduced defects. These findings expand the range of materials available to designers,
resulting in electronic components with superior conductivity, thermal properties, and
corrosion resistance. Ultimately, this research has the potential to yield more reliable and
high-performance components, benefitting the electronic device industry.
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