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Abstract
Diffusion bonding with Au, Cu and Sn is a technique that can be used to manufacture printed circuit boards. The mecha-
nisms of reactive diffusion and Kirkendall void formation were studied in the Cu–Au–Sn–Cu sandwich system. The initial 
thickness of the Au and Sn layers was a few micrometers, corresponding to 57 mol.% Au and 43 mol.% Sn. The experiments 
were conducted in situ in a transmission electron microscope (TEM). The TEM thin diffusion couple was heated to 240°C 
at a rate of 6.5°C/min and then held at 240°C for approximately 2 h. The Au-Sn interaction and progressive enrichment 
in Cu induce the nucleation and growth of different phases. After heating to 230°C, only binary intermetallic compounds 
are formed. Between 230°C and 240°C, the ternary phase B develops, replacing the other phases. Over longer periods at 
240°C, phase B is progressively consumed on each interface with Cu and replaced with  AuCu3. The diffusion path theory is 
used in the ternary Au-Cu-Sn diagram to analyze the chemical evolution of the system and the flux of elements through the 
interfaces. The nucleation and growth of Kirkendall voids are observed in parallel with reactive diffusion at both interfaces. 
The formation of Kirkendall voids appears to be primarily related to the growth of phase B. Mechanisms based on different 
diffusion rates for the elements are proposed to explain the formation of these voids.

Keywords Au–Cu–Sn system · intermetallic compounds · reactive diffusion · growth · voids evolution

Introduction

Diffusion bonding is an assembly technique that is widely 
used in advanced industries such as aerospace, aeronautics, 
automotive and microelectronics. This technique is of par-
ticular interest for the printed circuit boards (PCB) industry 
to produce interconnects in a multilayer printed circuit. This 
allows the manufacturing of cost-effective and highly com-
plex 3D structures which allow one, for instance,1

• To perform internal connections without drilling a hole 
through the entire stack (facilitate design by reducing the 
number and diameter of holes),

• To manufacture and assemble several simple PCB to 
form complexes circuits, reducing the cost of waste, and

• To extend the maximal thickness and number of layers 
of the PCB.

The elements to be connected must be covered with a 
layer of copper. Each interface to bond is then covered with 
a different metal .1 The elementary printed circuits are stack 
together under a few tens of bars, and the assembly is heated 
at a temperature of about 200°C to end up with diffusion 
at the solid-state and the formation of a joint within the 
metallic parts. An arrangement in which one Cu layer is 
coated with Au while the other is coated with Sn, both at the 
micrometer scale, has shown promising results.1

This paper focused on an industrial Cu/Au/Sn/Cu succes-
sion of layers when bonded at 240°C. Most of the studies 
concerning diffusion in the Au-Cu-Sn ternary system have 
focused on interfacial reactions in diffusion couples in the 
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solid-state (Au–29 mol.% Sn/Cu,2,3 Sn–0.3 to 0.7 wt.% Cu/
Au,4 Au–20 to 80 mol.% Cu/Sn5,6) where the initial couple 
can be considered semi-infinite or in liquid/solid reactions 
(Au–29 mol.% Sn/Cu2,7,8). A limited number of studies have 
been carried out on microstructure evolution in sandwich 
samples (Cu/Au–29 mol.% Sn/Cu,2 Au/Sn/Cu,9 Sn/Au/Cu8). 
To our knowledge, no studies have been carried out on Cu/
Au/Sn/Cu samples during solid-state diffusion with Au and 
Sn layer thicknesses of only a few micrometers between 
two thick copper strips. During their lifetime, such multi-
layered printed circuits must endure vibrations and thermal 
cycles. Beyond the electrical properties, it is then of primary 
importance to optimize the microstructure of the bond in 
order to provide a high mechanical resistance to avoid any 
failure which could be detrimental. Among the microstruc-
tural parameters, the presence of voids and porosity, such as 
Kirkedall voids, in the bond strongly affect its mechanical 
resistance. The microstructure and damage evolve during the 
solid diffusion process and a better understanding of their 
evolution with the process parameters leads to a general 
improvement of the multilayered printed circuit.

Previous  studies2–10 show that the initial layers of the sys-
tem are consumed to form the reaction products and may 
even be consumed entirely in some cases. Diffusion of the 
elements is accompanied by the creation of intermetallic 
compounds (IMCs) found in the Au-Cu-Sn ternary sys-
tem.11,12 The typical microstructure obtained is composed of 
a succession of planar layers of IMCs such as  Cu3Sn,  AuCu3, 
(Cu, Au)6Sn5 and the ternary B phase (20 mol.% Sn, from 45 
to 60 mol.% Cu, balanced Au), which is present in almost all 
of the studies.3,5–7,10 The other two ternary IMCs,11 noted A 
(20 mol.% Sn, from 33 to 36 mol.% Cu, balanced Au) and C 
(32 mol.% Sn, ~30 mol.% Cu, balanced Au), are mentioned 
only once.7 Of course, the initial configuration and tempera-
ture (150 to 360°C) of the system have a significant impact 
on the microstructure and its evolution.

It is well known that differences in atom diffusion fluxes 
lead to a flux of vacancies, which can coalesce and form 
pores called Kirkendall voids.13 The formation of Kirkendall 
voids has been reported in binary Cu/Sn and Au/Cu diffusion 
couples.14,15 Recent studies have shown that the electroplat-
ing process for depositing thin layers of Cu and Au has a 
significant impact on pore formation when large quantities 
are involved.16–19 Since the reliability of the joints decreases 
in the presence of Kirkendall voids,20,21 it is essential to gain 
a better understanding of void formation. However, there are 
no experimental data on Kirkendall voids for ternary Au-Cu-
Sn systems. We, therefore, propose to study them using in 
situ transmission electron microscopy (TEM).

The use of in situ TEM experiments to study diffusion-
induced phase formation and transformation is a recent 
development.22–24 For the system of interest, Kotula and 
 Prasad25 studied the formation of Kirkendall voids in the 

Cu/Au diffusion couple by conducting an in situ TEM heat-
ing experiment. They demonstrated that columnar grain 
boundaries in Au coatings were fast diffusion pathways for 
Cu. The different diffusion rates of Cu and Au resulted in 
the formation of Kirkendall voids in Cu.

In summary, the present study aims to examine the mech-
anisms of reactive diffusion and Kirkendall void formation in 
the Cu-Au-Sn-Cu sandwich system. The experiments were 
conducted on diffusion couples heated in situ in the TEM to 
identify the fundamental diffusion mechanisms directly as 
they occur. To our knowledge, such a study has never been 
reported in the open literature for the Cu-Au-Sn-Cu system. 
The approach used is as follows:

(1) A thin Cu/Au/Sn/Cu sample is annealed at 240°C for 2 
h in situ in the TEM.

(2) in situ observations allow the formation of voids to 
be visualized. Analyses using energy-dispersive x-ray 
spectroscopy (EDS) were performed at various points 
during the heat treatment, after cooling to room tem-
perature, to determine the phases present.

(3) Reaction and pore formation mechanisms are proposed 
based on the interpretation of the observations made in 
conjunction with the chemical analyses performed.

Experimental Techniques

The experimental protocol aims to produce a thin Cu–Au–Sn–Cu 
diffusion couple and to observe its transformation when heated 
to 240°C in a transmission electron microscope (TEM). TEM 
sample preparation, diffusion experiments and the characteri-
zation procedure are described in Materials and TEM Sample 
Preparation and Diffusion Experiments and Characterization 
sections, respectively.

Materials and TEM Sample Preparation

Elvia PCB Group supplied Cu specimens coated with Sn and 
Au. The preparation starts with two sets of 30-µm-thick cold-
rolled Cu strips, electroplated with 10 µm of Cu (Cupracid 
TP1). The first set of Cu strips was then coated on both sides 
with an approx. 2–3-µm tin layer using the NTS UNISTAN 
chemical process, while the second set was electroplated 
on both sides with a 1.5-µm Au layer (AURUNA 550). The 
exact mean Sn and Au composition in the joint is determined 
by a material balance based on the joint analysis to account 
for the thickness variabilities related to the deposition pro-
cesses (Variations in Mean Joint Composition section).

Square specimens measuring 10 x 10  mm2 were cut from 
these strips and stacked alternately to produce a sequence 
of ten Cu–Au–Sn–Cu diffusion couples. These stacks were 
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then placed in a homemade pressure device to ensure good 
contact between the diffusion couple surfaces.

The stacks were placed in a furnace preheated to 50°C. 
They were heated to 230°C at a rate of 6.5°C/min then water-
quenched to preserve the high-temperature microstructure. 
By this step, the diffusion process had advanced sufficiently 
to bond all the diffusion couples together. The top surface 
of the assembly was then mechanically polished with SiC 
and mirror-polished with a 3-μm diamond suspension. An 
area of interest was selected by observation in a focused 
ion beam (FIB) scanning electron microscope (SEM) (dual-
beam SEM FIB HELIOS FEI NanoLab 660) (Fig. 1). A 
200-nm-thick TEM thin foil was processed using the FIB 
and extracted in this area perpendicular to the joint (Fig. 1b).

Diffusion Experiments and Characterization

The experimental protocol is described in Fig. 2, includ-
ing preliminary heating of the bulk specimen and lamellae 
extraction (Materials and TEM Sample Preparation section), 
followed by a thermal cycle and EDS analysis performed on 
the FIB foil.

The thin foil was soldered onto FUSION E-chips (Pro-
tochips) and placed in a probe Cs-corrected scanning 
transmission electron microscope (TEM/STEM TITAN-
FEI Titan3 G2 60-300) for the in situ thermal cycle. Before 
heating, dark field images and analyses were performed 

Fig. 1  (a) Schematic representation of the initial stack with Cu 
in brown, Au in yellow and Sn in grey, (b) FIB image showing the 
selected joint and the TEM thin foil extracted perpendicularly to this 
joint.

Fig. 2  Schematic illustration of the thermal cycle applied to the sam-
ple. The first step consists of heating the bulk sample to 230°C at a 
rate of 6.5°C/min to obtain the adhesion of the Cu/Au/Sn/Cu dif-
fusion couple (part shaded in orange). A TEM sample can then be 
extracted from the bulk sample and placed in the TEM. The thermal 

cycle undergone by the TEM sample (end of heating at 6.5°C/min 
from 230°C to 240°C and holding at 240°C for 131 min) reproduces 
a typical industrial thermal cycle (parts shaded in light green). Addi-
tional high-rate heating and cooling are required for EDS analyses 
and TEM images (Color figure online).
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using energy dispersive spectroscopy (4-detector Super-X 
EDS) at 300 kV to determine the initial state of the dif-
fusion couple. Diffusion starts during heating and a first 
reaction is needed between Au and Sn layers to join the 
two sides of the diffusion couple. This step is required 
to be able to easily machine a TEM thin foil normal to 
the joint. Previous trials have shown that, for a 6.5°C/min 
heating ramp, 230°C represents an adequate temperature 
which gives rise to a reference microstructure, which 
allows in situ study of the last part of heating to and hold-
ing at 240°C.

The thermal cycle used was chosen in order to reproduce 
an industrial diffusion bonding process consisting of heat-
ing at a rate of 6.5°C/min and holding at 240°C for 120 min. 
This thermal loading is representative of diffusion bonding 
in the PCB industry.1 As described in Materials and TEM 
Sample Preparation section, the TEM sample was extracted 
from a bulk specimen heated to 230°C, which corresponds to 
the initial state of the in situ experiment. For this reason, the 
TEM sample was heated to 230°C at a rapid rate of 120°C/
min, and the foreseen thermal cycle was then continued with 
the heating ramp to 240°C at 6.5°C/min followed by holding 
at 240°C for 131 min. The diffusion and phase transforma-
tion taking place during the second heating stage from room 
temperature to 230°C are negligible because of the rapid 
heating rate.

Images were acquired continuously in scanning mode 
(STEM) for the duration of the in situ experiment, 
with an acquisition rate of 2 Hz at the beginning of 
the experiment (up to 1min at 240°C), then 1 Hz (dur-
ing the 10 min at 240°C) and finally one frame per 
minute. The acquisition rate is decreased because the 
microstructure changes become slower and slower as 
the annealing time increases. The chemical compo-
sition was characterized by EDS analysis at various 
times after 240°C had been reached (0, 1, 10, and 120 
min). Since this type of measurement takes about 30 
min to obtain quantitative element maps, the sample 
was cooled down to room temperature at a rate of 
430°C/min prior to EDS analysis and then heated to 
240°C after analysis, to maintain the microstructure 
unchanged during analysis.

In short, the thin foil undergoes four cycles of heating 
at 120°C/min, slower heating at 6.5°C/min or holding at 
240°C, cooling at 430°C/min, and analysis (Fig. 2). The 
intermediate heating and cooling phases are very fast 
(120°C/min and 430°C/min respectively).

During heat treatment, void formation was observed. The 
area and number of these voids were quantified by image 
analysis using ImageJ  software26,27: a binarization was 
applied to all of the images taken during the in situ experi-
ment to differentiate voids (white) from matter (black). A 

conventional particle analysis was then performed with a 
minimum surface area of 0.01 µm2 to avoid noise.

For each EDS analysis, a complete mapping of the joint 
reaction zone was carried out. The EDS spectra were pro-
cessed quantitatively with the ESPRIT 1.9 (Brucker) soft-
ware using the Cliff-Lorimer method, which is suitable for 
quantitative analysis on thin samples. Large areas within 
each layer were extracted from the element maps to measure 
the average and the standard deviation of the composition 
of the different phases. Composition profiles perpendicu-
lar to the joint, also extracted from the element maps, were 
used to observe the composition gradients of the joints. 
The composition profiles are the average of ten profiles, to 
reduce the EDS measurement noise. Image processing was 
also performed to remove the quantification artefact of the 
EDS analysis in the voids, where composition must be zero.

Experimental Results

Initial State: Microstructure at 230°C

The sample was observed after initial heating to 230°C and 
before in situ annealing in the TEM (Materials and TEM 
Sample Preparation and Diffusion Experiments and Char-
acterization sections). First of all, a dark field (DF) image 
gives an overview of the thin foil (Fig. 3a). The left side of 
the sample corresponds to the gold deposition side (later 
referred to as the Au-rich side), while the right side is related 
to the tin deposition side (Sn-rich side). This reference will 
be kept constant throughout the presentation of the results. 
The interfaces appear to be less rough on the Au-rich side 
than on the Sn-rich side, probably due to the early stages of 
reactive diffusion below 230°C, which differ from one side 
to the other.

The heating rate is such that diffusion already occurs dur-
ing the temperature increase, creating a bond between the 
two sides of the diffusion couple. This part of the protocol is 
necessary for machining the thin TEM sample. A few cracks 
remain along the contact surface (black lines between layers 
2 and 3 in Fig. 3a), probably due to insufficient pressure on 
the stack. Nevertheless, more than half of the contact surface 
looks good and, as shown below, the diffusion process can 
take place under good conditions between the two sides of 
the diffusion couple.

EDS composition maps reveal that the microstructure of 
the joint is composed of a succession of four clearly defined 
layers, numbered 1 to 4 in Fig. 3a, with little variation in 
thickness (Table I). The chemical composition of each layer 
is almost constant (Fig. 3e). The quantitative analysis of their 
composition is presented in Table I. Layers 1 and 4 are com-
posed of the intermetallic compounds  Au3Cu and  Cu3Sn, 
respectively. The mean composition of layer 3 is close to 
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the binary compound  Cu6Sn5 with Au in substitution. It can 
be assumed that layer 3 is composed of (Cu, Au)6Sn5, even 
though it is slightly depleted in Sn (40 mol.% instead of 45 
mol.%). The mean composition of layer 2, positioned in the 
Au-Cu-Sn ternary diagram at 240°C11 (Fig. 9), is located 
in the two-phase domain between AuSn and phase A. If 
the system were in equilibrium, layer 2 would therefore be 
composed of phase A and AuSn. However, the composition 
of layer 2 is homogeneous (Fig. 3e), which suggests that it 
consists of a single phase. This metastable phase could be 
(Au, Cu)Sn slightly depleted in Sn. To go further, electron 
diffraction would have to be performed on a thinner TEM 
foil than the one used in the heating tests presented here. 
This is beyond the scope of the study.

Assuming that the cracks in the middle of the TEM foil 
correspond to the initial Au/Sn interface, it can be said that 
Au diffusion is low on the Sn-rich side. Indeed, about 12 
mol.% Au is found in layer 3 to the right of the cracks. Con-
versely, Sn is more homogeneously distributed within the 
joint as a whole (layers 2 and 3 containing 34 mol.% to 40 
mol.% Sn), other than in a thin layer along the initial Cu/Au 
interface where Sn is only slightly present (5 mol.%).

The melting temperature of Sn is 231°C, but after the first 
temperature rise to 230°C the Sn reacted to form intermetal-
lic compounds, which have melting temperatures higher than 
231°C. The joint is hence expected to be unable to undergo 
the transition to the liquid state upon subsequent annealing.

Microstructure Evolution During in situ Heating 
and Holding

The initial well-characterized joint is then heated to 240°C 
and maintained at this temperature in situ in the TEM 
(Fig. 2).

Figure  4 shows the high-angle annular dark-field 
(HAADF) images as well as the EDS maps of Au, Cu, and 
Sn during heating from room temperature to 240°C (Fig. 4a) 
and after holding at 240°C for 1 min (Fig. 4b), 11 min 
(Fig. 4c) and 131 min (Fig. 4d). Between the different results 
presented, it should be recalled that the sample is cooled 
down to room temperature to allow the EDS measurement 
(Fig. 2). Additional chemical analyses, corresponding to the 
horizontal black lines in Fig. 4, are given in Supplementary 
Material A Fig. S1 to show that the chemical composition 
of each layer is almost constant. Their mean composition 
is shown in Table II. The film of the in situ evolution of 
the thin sample can be found in Supplementary Material B 
(direct STEM acquisition with synchronization of thermal 
loading). in situ observation evidences the appearance of 
voids (in black in Fig. 4) that accompany the microstruc-
tural evolution of the joint at 240°C. These voids will be 
described in detail in Sect. 3.3. In this section, we focus on 
phase evolution within the diffusion couple.

Fig. 3  (a) Dark-field images and EDS mapping of (b) Au (c) Cu and 
(d) Sn after initial heating to 230°C and before in situ annealing in 
the TEM. The composition of the elements increases as the grey lev-
els change from black to dark grey, light grey, and white. The hori-
zontal black line in the Cu mapping (c) indicates the position of the 
linescan presented in (e). The composition of Au, Cu and Sn in each 
layer is homogeneous

Table I  Average and standard deviation of Au, Cu and Sn composi-
tion and average thickness of the four layers highlighted by the EDS 
analysis presented in Fig.  3. The corresponding possible phases are 
given in the last row

Layer number in 
Fig. 3a

1 2 3 4

Composition mol.% 
Cu

23 ± 3 17 ± 3 50 ± 4 75 ± 2

Composition mol.% 
Au

71 ± 5 50 ± 3 12 ± 3 1.0 ± 0.1

Composition mol.% 
Sn

5 ± 1 34 ± 1 40 ± 1 24 ± 2

Thickness (µm) 0.7 ± 0.1 1.7 ± 0.3 1.0 ± 0.2 0.4 ± 0.1
Possible phase Au3Cu (Au,Cu)Sn (Cu,Au)6Sn5 Cu3Sn
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The composition of the elements becomes more homo-
geneous in most of the joints (zone 1, Fig. 4a and Supple-
mentary Material A) when they are heated from 230 to 
240°C. Partial reactions can occur at temperatures below 
230°C during the heating step, although a high heating rate 
of 120°C/min has been chosen to minimize this contribution. 
The quantitative EDS analysis shows that the joint is formed 
mainly of a ternary compound, which can be attributed to 
the phase B reported in the  literature5,11 even if it contains 
less Sn than in previous studies (around 15 mol.% instead of 
20 mol.%) (Table II). This phase appears as a transformation 
of the first three layers (1, 2, and 3 in Fig. 3a) observed at 

230°C through a homogenization of the Au and Sn amounts 
with significant enrichment in Cu (Tables I and II). A thin 
layer of  Cu3Sn remains present along the initial Sn/Cu 
interface (layer 2, Fig. 4a). Its thickness has varied little, 
and its Au content has increased slightly from 1 to 4 mol.% 
(Tables I and II). No Au-rich intermetallic compounds were 
found at the initial Cu/Au interface (left).

After 1 min at 240°C, only a very thin discontinuous layer 
of  Cu3Sn remains (layer 2, Fig. 4b). On the Au-rich side, a 
new Sn-free phase appears locally (zone 3, Fig. 4b). These 
two phases are too small to perform a quantitative EDS anal-
ysis, but they are probably  Cu3Sn (detected at the beginning 

Fig. 4  HAADF images (top left) and EDS maps (Au top right, Cu 
bottom left and Sn bottom right) performed at the end of each step at 
240°C: (a) after reaching 240°C and after a holding time of (b) 1 min, 
(c) 11 min, and (d) 131 min. The analyses show the evolution of the 

phases present (1: phase B, 2:  Cu3Sn, 3:  AuCu3). The black parts vis-
ible at the two-phase interfaces with Cu are holes. The horizontal 
black line in the Cu maps indicates the position of the linescans pre-
sented in Supplementary Material A Fig. S1.



1574 L. Cornet et al.

1 3

of the heat treatment at 240°C, Fig. 4a) and  AuCu3 (detected 
over longer periods, Figs. 4c and 4d). Phase B constitutes 
the vast majority of the joint; its chemical composition has 
been depleted in Au by nearly 4 mol.% and enriched in Cu 
by 5 mol.% (Table II).

After 11 min at 240°C, the joint still consists mainly of 
phase B (zone 1, Fig. 4c). On the Au-rich side between Cu 
and phase B (zone 3, Fig. 4.c), the phase detected previ-
ously is now clearly visible. The EDS analysis indicates a 
composition close to  AuCu3, with a small amount of Sn. On 
the other side of the joint, the  Cu3Sn layer has disappeared 
completely or, at least, become so thin that it is no longer 
visible. On the same side, small areas of  AuCu3 are detected 
but do not yet form a continuous layer.

At the end of the in situ experiment, an  AuCu3 layer has 
developed on both sides. The thicker layer is on the Au-rich 
side (1.4 µm). It is the result of a decrease in Au content of 
5 mol. % in phase B, while the amount of Cu increases by 
4 mol.% (Table II). On the Sn-rich side, irregular growth of 
 AuCu3 is observed along the interface between the voids 
(zone 3 on the right side of Fig. 4d).

Evolution of the Kirkendall Voids

in situ observations revealed voids that appear black in 
Fig. 4 when the thin sample is heated to 240°C. We will 
now describe these voids, which are due to the Kirkendall 
effect as explained below, in greater detail.

No voids were observed after initial heating to 230°C in 
the bulk sample (Fig. 3). This means that Kirkendall voids 
are initiated and developed later in the temperature ramp 
from 230°C to 240°C and mainly during annealing at 240°C. 
These voids appear at the Cu/Au interface on the left and the 
Sn/Cu interface on the right. Figures. 5 and 6 show the vari-
ations in their number and the surface area they occupied as 
a function of the annealing time (up to 20 min in Fig. 5 and 
more than 20 min in Fig. 6). A reminder of the temperature 
profile is given at the top of Figs. 5 and 6. The annealing 
time corresponds to the cumulative time during which the 
thin sample undergoes a temperature profile (heating, hold-
ing and cooling). The time required for EDS measurements 
at room temperature is not counted in this time. Cooling to 
room temperature has no influence on the formation and 
evolution of Kirkendall voids at temperatures below 230°C, 
which means that reactive diffusion is negligible during 
these periods. Dark-field images corresponding to four key 
annealing times at the start of annealing at 240°C are shown, 
focusing on the voids (Fig. 5d).

A distinction is made between the initial Cu/Au and Sn/
Cu interfaces shown in the figures and below because the 
Kirkendall voids grow in different ways at the two interfaces.

Au‑Rich Side

At the Cu/Au interface, the voids are all formed at the 
end of the first temperature increase to 240°C (~ 5 min in 
Fig. 5). During this time, the surface area occupied by the 
voids increases and reaches a maximum. Kirkendall voids 
are characterized by a low density of nucleation sites and a 
growth rate of about 1.2 μm2min−1 with a mean variation in 
radius of 0.1 µm  min−1. The growth occurs without prefer-
ential orientation, resulting in a few large, almost equiaxed 
voids. After heating to 240°C, the voids are observed to be 
in phase B at the Cu/phase B interface. With this experi-
ment, it is not possible to locate exactly where the voids are 
nucleated because this position within the phases present 
can only be determined with EDS analyses. The voids have 

Table II  Mean composition of Au, Cu and Sn and average thickness 
of the three layers highlighted by the EDS analysis presented in Fig. 4 
for all annealing times at 240°C studied (0, 1, 11 and 131 min). NQ 
(not quantified) indicates that the phase exists but the volume it occu-
pies is too small to allow precise quantification by EDS, and n.d. (not 
detected) means that the phase does not exist

Annealing time 
at 240°C (min)

Layer number in 
Fig. 4

1 2 3

Possible Phase Phase B Cu3Sn AuCu3

0 Composition 
mol.% Cu

60 ± 3 75 ± 3 n.d.

Composition 
mol.% Au

24 ± 2 4 ± 1 n.d.

Composition 
mol.% Sn

15 ± 1 22 ± 2 n.d.

Thickness (µm) 4.3 ± 0.3 0.4 ± 0.2 –

1 Composition 
mol.% Cu

65 ± 2 NQ NQ

Composition 
mol.% Au

20 ± 3 NQ NQ

Composition 
mol.% Sn

15 ± 1 NQ NQ

Thickness (µm) 4.4 ± 0.3 – –

11 Composition 
mol.% Cu

66 ± 2 n.d. 74 ± 3

Composition 
mol.% Au

19 ± 1 n.d. 20 ± 3

Composition 
mol.% Sn

15 ± 1 n.d. 6 ± 1

Thickness (µm) 4 ± 0.2 – 0.5 ± 0.2

131 Composition 
mol.% Cu

70 ± 1 n.d. 77 ± 1

Composition 
mol.% Au

14 ± 1 n.d. 18 ± 1

Composition 
mol.% Sn

16 ± 1 n.d. 5.0 ± 0.3

Thickness (µm) 3.2±0.3 – 1.4 ± 0.5
0.6 ± 0.5
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already formed when the second EDS analysis is performed 
after the first holding at 240°C.

During the subsequent heat treatment, the number of 
Kirkendall voids remains almost constant and their surface 
area decreases slowly, with slower and slower kinetics, 
i.e. 0.022 µm2/min before 11 min (Fig. 5) and 0.002 µm2/
min thereafter (Fig. 6). The positions of the voids remain 
unchanged: embedded in the joint, in the newly formed 
 Au3Cu, at the interface with Cu.

Sn‑Rich Side

The evolution of the voids is more complex on the Sn-rich 
side.

The first step of void nucleation occurs at 230°C at the 
phase B/Cu3Sn interface. The voids expand rapidly (1.4 µm2/
min) along this interface, forming an almost continuous thin 
crack. When the temperature increases to 240°C, the thick-
ness of this crack decreases and the voids form a dotted 

Fig. 5  Evolution of Kirkendall voids in the thin Cu/Au/Sn/Cu sam-
ple as a function of the temperature profile (a) for times shorter than 
20 min, with (b) the number of voids, (c) the area occupied by these 
voids and (d) dark-field images corresponding to key annealing times 
at 240°C. The surface area of the voids increases faster on the Cu/

Au side (left) than on the Sn/Cu side (right). There are fewer voids 
on the Cu/Au side than on the Sn/Cu side for the first 10 min of heat 
treatment. Subsequently, the number of voids on both sides becomes 
comparable.
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line along the interface. The number of voids and their sur-
face area remain almost constant for about 1 min. Then new 
nucleation sites form inside the  Cu3Sn, close to the interface 

with the Cu, resulting in a large increase in the number of 
voids and a slight decrease in their surface area. This leads 
to a change in the location of the voids during subsequent 

Fig. 6  Evolution of Kirkendall voids in the thin Cu/Au/Sn/Cu sample 
as a function of the temperature profile (a) for times longer than 20 
min, with (b) the number of voids and (c) the area occupied by these 

voids. The surface area of the voids decreases slowly while the num-
ber of voids remains constant.

Fig. 7  Evolution of the voids in the thin sample during heat treat-
ment (a) from 230 to 240°C and at 240°C, (b) between 0 and 1 min, 
(c) between 1 min and 11 min, and (d) between 11 min to 131 min. 

A void or alloy present at the same location between two annealing 
times is light grey. A void that has formed appears white and a void 
that has been filled appears black.
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heating (Fig. 5d), as will also be shown in Sect. Apparent 
Movement of the Voids at Both Interfaces (Fig. 7) and the in 
situ recordings (see supplementary material B).

During the second heating and holding stage at 240°C, the 
number of voids decreases and their surface area increases. 
The density of the nucleation sites is higher than on the Au-
rich side, allowing neighbouring voids to coalesce as they 
grow (white rectangles, Fig. 5d).

During the third holding stage at 240°C, after 4 min at 
240°C, a dozen voids coalesce to form a succession of three 
large voids, covering almost the entire boundary between 
the joint and the Cu. This gives a maximum void area of 
1.2 µm2, which then remains constant. During the last rise 
to 240°C (between 11 min and 131 min of annealing), the 
surface area of the voids decreases from 1.2 to 0.8 µm2.

Apparent Movement of the Voids at Both Interfaces

Image processing is carried out to track the evolution of 
the voids (formation and filling) during heat treatment. To 
do this, the HAADF images shown in Figs. 3 and 4 are 
binarized and subtracted two by two to capture the changes 
between 230°C and 240°C (Fig. 7a), at 240°C between 0 and 
1 min (Fig. 7b), between 1 min and 11 min (Fig. 7c), and 
between 11 min and 131 min (Fig. 7d). The colour code for 
interpreting the results is as follows: a void or alloy present 
at the same location between two annealing times is light 
grey. A void that has formed appears white and a void that 
has been filled appears black.

The cracks initially present in the middle of the diffusion 
couple (Sect. Initial State: Microstructure at 230°C) are par-
tially closed at the end of the 230–240°C temperature ramp. 
Numerous voids form at both interfaces: some large ones 
at the Cu/Au interface and many small ones at the Cu/Sn 
interface. Between 0 and 1 min at 240°C (Fig. 7b), the voids 
appear to move towards the outside of the joint (to the left in 
the case of the Cu/Au interface and to the right in the case of 
the Sn/Cu interface). As the annealing time lengthens, the 
voids tend to close.

Discussion

In Sect. Experimental Results we described the transforma-
tion of the Cu/Au/Sn/Cu diffusion couple during heating to 
and holding at 240°C. Because of progressive enrichment in 
Cu, intermetallic compounds form and disappear in a com-
plex succession. Voids are observed to nucleate and grow in 
parallel with reactive diffusion. The mean composition of 
the joint is discussed first (Variations in Mean Joint Compo-
sition section). Reaction mechanisms that could explain the 
transformation of the joint and the formation of Kirkendall 

voids are then proposed based on the diffusion path theory 
and flux analysis (Sect. Variations in Joint Microstructure ).

Variations in Mean Joint Composition

The mean joint composition was calculated from the EDS 
element maps at the different annealing stages (230°C; 
240°C: 0 min, 1 min, 11 min, and 131 min). The results are 
shown in Fig. 8 with the grey dots plotted in the Au-Cu-Sn 
ternary phase diagram at 240°C (according to the assess-
ment  in11). The ratio of the molar fractions of Sn and Au 
xSn∕xAu is constant during joint transformation. From these 
measurements, it is then possible to estimate this ratio at 
0.75 ±0.01. The initial joint composition before any reac-
tive diffusion is, therefore, 57 mol.% Au and 43 mol.% Sn 
in our experiments (solid red circle on the Au-Sn side in the 
ternary diagram).

As the temperature is increased, the joint is gradually 
enriched in Cu. Therefore, the mean joint composition 

Fig. 8  Variations in joint phase composition at the various annealing 
stages (230°C ; 240°C, 0 min , 1 min , 11 min , and 131 min 

) in the Au-Cu-Sn ternary phase diagram at 240°C 11. The corre-
sponding mean joint composition is also given (dark grey dots). Dur-
ing annealing the joint is enriched with Cu, which induces nucleation 
and growth of different phases. The diffusion paths show the result-
ing microstructures with the interfaces at equilibrium (dashed-dot-
ted lines following the tie lines) or out of equilibrium (dotted lines) 
(Color figure online).
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follows the red dotted line (Fig. 8) from the initial state on 
the Au-Sn side (solid red circle where Cu has yet to diffuse) 
to pure Cu (infinite Cu enrichment). The variation in the 
mean joint composition as a function of annealing time (grey 
dots) confirms the Cu enrichment and the constancy of the 
Sn/Au ratio during the diffusion process.

Variations in Joint Microstructure

Figure 8 also shows the variations in joint microstructure at 
the different annealing stages (230°C; 240°C, 0 min, 1 min, 
and 131 min) in the Au-Cu-Sn ternary phase diagram at 
240°C.11 Each annealing step represented is associated with 
a colour, the solid dots corresponding to the composition 
of the layers analyzed in Sects. Initial State: Microstruc-
ture at 230°C and Microstructure Evolution During in-situ 
Heating and Holding. The empty dots correspond to a layer 
that exists but is too thin to be analyzed accurately (NQ in 
Table II).

To gain a better understanding of the reaction mecha-
nisms involved, the joint microstructure is visualized with 
diffusion  paths28,29 in Fig. 8. The diffusion path represents 
the variations in average composition in planes parallel to 
the original Cu/joint/Cu interfaces throughout the diffusion 
zone. The conventions used to draw the diffusion path are 
consistent with.28 When two phases are separated by a planar 
interface in local thermodynamic equilibrium, the diffusion 
path crosses the single-phase regions (–––) and the two-
phase region parallel to a tie line (–•–•–). The tie line ends 
give the composition of the phases in contact at the interface. 
In the present diffusion system, some phases in contact are 
not in local thermodynamic equilibrium. In this case, the 
diffusion path is drawn with a dotted line (••••).

Diffusion path theory will be used below to determine 
whether the interfaces between the phases that form are at 
local thermodynamic equilibrium and how the joint can 
evolve during Cu enrichment.

Initial State: Microstructure at 230°C

After heating the bulk diffusion couple to 230°C (orange 
squares and lines in Fig. 8), the sequence of the reactive 
layers is as follows: Cu/Au3Cu/((Au,Cu)Sn/(Cu,Au)6Sn5/
Cu3Sn/Cu (Sect. Initial State: Microstructure at 230°C). 
This result is highly consistent with the literature.11 The 
intermetallic compounds formed exist in the three binary 
diagrams, but not all binary compounds are present. This 
can be explained either by the limited amounts of Sn and 
 Au30 or by the particular geometry of the thin films, which 
induce control of nucleation and growth through the kinet-
ics of the interface reactions rather than through solid-state 
diffusion.31 In other words, it is not possible to say whether 
all the binary phases appeared before being consumed by the 

phases detected at 230°C or whether some phases did not 
nucleate at all (or are too thin to be observed).

Our measurements show that the composition of the 
phases detected differs slightly from the compositions indi-
cated in the ternary diagram at 240°C (Fig. 8, orange arrows 
in the online version). These differences can be explained 
by analysis uncertainty and by the fact that the joint phases, 
being continuously enriched in Cu, are not at thermody-
namic equilibrium.

The diffusion path at 230°C shows that the phase inter-
faces on the Sn-rich side are at local thermodynamic equi-
librium. Indeed, the Cu/Cu3Sn and  Cu3Sn/((Cu, Au)6Sn5 
interfaces are represented by the ends of two tie lines. How-
ever, on the Au-rich side, thermodynamic equilibrium is 
not reached at the interfaces (dotted line). In between, the 
diffusion path crosses the large domain between AuSn and 
 Cu6Sn5.4,32 In the present case, two distinct phases are found 
(Fig. 3). This result confirms that this large domain could 
instead be composed of two single-phase regions separated 
by a two-phase region, as has already been reported.5,11

Heating from 230°C to 240°C

As the foil temperature rises from 230°C to 240°C, the 
joint becomes enriched with Cu from about 30 mol.% (grey 
square, Fig. 8) to 60 mol.% (grey up-pointing triangle, 
Fig. 8), causing the  Au3Cu, (Au,Cu)Sn and (Cu,Au)6Sn5 
layers to disappear and phase B to form (Fig. 4a, Table II). 
At the same time, the  Cu3Sn layer moves to the right, with 
only a small variation in thickness (Tables I and II). This 
ternary phase B has been well characterized since the early 
work of Karlsen et al.12,33 The reactive diffusion reactions 
in the thin sample are too fast to reveal the sequence that 
occurs between 230°C and 240°C. Diffusion pathways and 
mechanisms are generally accelerated in thin films by several 
characteristics specific to small systems (high-density grain 
boundaries, residual stresses) and by the increased contribu-
tion of surface atom diffusion (due to the high surface-to-
volume ratio for small systems).25,31 To gain a better under-
standing of this transformation step, it is necessary to work 
on bulk samples. This is beyond the scope of the study.

The 240°C diffusion path shows that the phase interfaces 
on the Sn-rich side have again reached local thermodynamic 
equilibrium (Fig. 8, green path in the online figure). Indeed, 
the Cu/Cu3Sn and  Cu3Sn/B interfaces can be represented by 
the ends of two tie lines. Thermodynamic equilibrium is not 
reached at the Cu/phase B interface (dotted line).

The increase in joint thickness, due to the flux of Cu 
atoms, occurs mainly when the temperature rises from 
230°C to 240°C. Indeed, this step corresponds to the high-
est Cu enrichment in the joint. The position of the central 
voids does not change during annealing and these can be 
used as markers to measure interface displacements (Fig. 3a 
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et 4a). Between 230°C and 240°C, the Au-rich side inter-
face moves towards the copper over about 580±160 nm, 
while the displacement of the interface on the Sn-rich side 
is limited to 360±260 nm on average. It can thus be assumed 
that phase B results from the transformation and mixing of 
 Au3Cu, (Au,Cu)Sn and (Cu,Au)6Sn5 induced by the addition 
of Cu atoms, coming mainly from the Au-rich side and to a 
lesser extent from the Sn-rich side.  Au3Cu probably disap-
pears quite quickly because phase B is greatly extended on 
this side. The presence of the  Cu3Sn layer in the Sn-rich side 
may slow down Cu diffusion and explain the limited Cu flux 
from this side.

To continue the flux analysis, which is useful for analys-
ing the Kirkendall voids, the variations in the composition of 
the three elements during annealing measured by EDS can 
give a good-quality estimate of the direction and intensity of 
these fluxes. Indeed, an element diffusion results in a deple-
tion at its starting point and an enrichment at its endpoint. 
Figure 9 shows how this analysis is performed: the EDS 
maps of Cu, Au and Sn obtained at 240°C are subtracted 

from those obtained at 230°C during the first temperature 
increase (Fig. 5a, between 3 min 30 and 5 min). The cho-
sen colour map makes it possible to visualize the parts that 
are enriched or depleted for a given element: the white col-
our indicates no change in composition. A concentration 
increase is in red and a concentration decrease in blue (in the 
online figure). Figure 9d shows the difference in mol.% of 
Cu, Au and Sn between 230 and 240°C over the entire ele-
ment map (black line in Fig. 9a). To fully understand this, it 
must be borne in mind that the total thickness of the reactive 
zone increases as annealing proceeds, from 3.8 µm at 230°C 
(Table I) to 4.7 µm at 240°C (Table II).

At the Cu/Au interface, the voids are all formed between 
230 and 240°C, and the surface area occupied by the voids 
increases and reaches a maximum at the end of the first tem-
perature increase to 240°C (Fig. 5). As mentioned before, 
 Au3Cu is believed to disappear quickly and the phase 
sequence could be Cu/phase B/(Au,Cu)Sn during the growth 
of phase B. The formation of Kirkendall voids would, there-
fore, be related to the growth of phase B. Phase B growth is 

Fig. 9  Maps of (a) Cu, (b) Au and (c) Sn obtained by subtracting 
the EDS maps of each atom, measured at 240°C and 230°C. Colour 
code: no change in composition in white, concentration increase in 
red and concentration decrease in blue. The three images share the 

same colour bar (in mol.%). The differences in mole fractions of Cu, 
Au and Sn between 230 and 240°C along the black horizontal line 
(a) are shown in (d). The vertical dashed lines delineate areas with a 
homogeneous change in chemical composition (Color figure online).
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only possible through Sn and Au enrichment at the interface 
with Cu and through Cu enrichment at the interface with 
(Au,Cu)Sn. These diffusion fluxes occur in opposite direc-
tions, i.e. the Cu flux from the Cu side to the B/(Au,Cu)
Sn interface and the Sn and Au fluxes from the B/(Au,Cu)
Sn interface to the Cu side. Figure 9 seems to confirm this 
mechanism with the presence of a Cu-depleted layer in phase 
B on the left side (Figs. 9a and d between 0.6 and 1 µm). 
This layer is in the former Cu substrate where phase B devel-
oped and, logically, was depleted in Cu and enriched in Au 
and Sn. Interestingly, the voids are found within this layer 
at the Cu/phase B interface. We can deduce that the Cu flux 
is greater than the Sn and Au fluxes, with a difference offset 
by a large flux of vacancies required to form these voids. It 
is an interesting result for Au-Cu-Sn systems since this has 
not been mentioned in any previous study.

At the Sn/Cu interface, void formation occurs in two 
steps and at two distinct interfaces (bottom white rectan-
gles before and after 5 min in Fig. 5d). The first nucleation/
growth of voids occurs at the (Cu,Au)6Sn5/Cu3Sn interface 
from 230 to 240°C, and the second at the reactive zone/
Cu interface at about 240°C (Holding at 240°C section). 
EDS analysis, performed when the sample returns to room 
temperature, shows that the first voids, formed between 230 
and 240°C, are located at the phase B/Cu3Sn interface. The 
 Cu3Sn, the thickness of which remains constant during the 
temperature increase, probably has little involvement in the 
reactions. Therefore, it can be assumed that the voids are 
formed when (Cu,Au)6Sn5 transforms into phase B (Fig. 4a, 
Table II). This transformation is only possible through Cu 
and Au enrichment and Sn depletion (Fig. 8), as confirmed 
by the variations in the composition of the three elements 
during annealing (Fig. 9). Figure 9 can help to deduce the 
main direction of the diffusion fluxes: two Cu fluxes, the 
main one coming from the left and the other one crossing the 
 Cu3Sn layer, an Au flux coming from the left (blue to orange, 
Fig. 9b) and an Sn flux that seems to be mainly directed 
from right to left (strong Sn enrichment on the left, Fig. 9c). 
Sn is known to diffuse faster than Cu in  Cu6Sn5.34 This dif-
ference could explain the formation of Kirkendall voids. 
However, it is impossible to propose a precise mechanism 
to explain the formation of these voids without intermediate 
measurements.

Holding at 240°C

Within a short holding time, less than 1 min at 240°C,  Cu3Sn 
transforms into phase B on the Sn-rich side and  AuCu3 
nucleates at the interface between Cu and phase B on the 
Au-rich side. The resulting microstructure can be described 
by the dark blue diffusion path, suggesting that all the inter-
faces are at equilibrium. The mean joint composition (down-
pointing triangle in Fig. 8) is in the  AuCu3-phase B region 

in the phase diagram. It explains why  Cu3Sn practically 
disappears and  AuCu3 forms. The transformation of  Cu3Sn 
into phase B leads to the second stage of Kirkendall void 
nucleation at 240°C on the Sn-rich side, as mentioned pre-
viously (bottom white rectangle in Fig. 5d at about 5 min). 
At the end of the ramp to 240°C, the first voids are embed-
ded within phase B (white arrow in the Sn map, Fig. 4a), 
exactly where the neighbouring  Cu3Sn phase has just been 
consumed. Kirkendall void growth continues during the first 
few minutes of holding at 240°C (top white rectangle in 
Fig. 5d at about 7–8 min). The movement of the voids to 
the right (Sect. Apparent Movement of the Voids at Both 
Interfaces) is probably due to a dominant Cu flux from the 
right side (as the vacancy flux is in the opposite direction to 
the net atom flux).

Over a longer annealing time of between 11 and 131 min, 
 Cu3Sn completely disappears,  AuCu3 also nucleates at the 
initially Sn-rich side (confirmed by the EDS for 11 min at 
240°C), and the microstructure becomes Cu/AuCu3/phase 
B/AuCu3/Cu. Once again, all the interfaces are at equilib-
rium. Since the mean composition of the joint is in the phase 
B/AuCu3 binary domain (regular pentagon in Fig. 8), the 
disappearance of  Cu3Sn is expected. Because of the ther-
modynamic driving force, the atoms of the former  Cu3Sn 
phase should react to increase the amount of the more stable 
phases  (AuCu3 and Phase B).

The Kirkendall voids formed earlier in the transforma-
tion influence the growth of  AuCu3 at the end of the diffu-
sion process. On the Au-rich side the voids are spaced apart, 
allowing the reactive diffusion of atoms. In contrast, on the 
Sn-rich side, the voids cover a more significant part of the 
diffusion surface area and act as a diffusion barrier, which 
may explain the later formation of  AuCu3 (Fig. 5).

After 131 min at 240°C, the average composition of the 
joint is in the  AuCu3phase B/Cu3Sn three-phase region (grey 
star, Fig. 8). One would expect  Cu3Sn to nucleate again for 
longer times.

In the Au-rich side, the formation and growth of  AuCu3 
at the Cu / phase B interface induces a decrease in the size 
of the voids and even causes them to disappear, as shown 
clearly in Fig. 7c and d. The chemical reaction forming 
 AuCu3 from phase B and Cu implies that Au in phase B 
reacts with Cu. Au diffuses into  AuCu3 towards the Cu/
AuCu3 interface when  AuCu3 forms a continuous layer. The 
Cu atoms continue to diffuse through  AuCu3 in the opposite 
direction and may react with phase B to form  AuCu3 or dif-
fuse further into the joint. A higher diffusion flux of Au than 
of Cu in  AuCu3 could explain the gradual disappearance of 
the voids. If phase B reacts with Cu to forms  AuCu3, the 
Sn released may be included in the B-phase lattice, which 
appears to be undersaturated in Sn in our experiments (its 
Sn composition is lower than in previous measurements, see 
Fig. 8).
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Starting later, the process is similar in the Sn-rich side. 
The morphology of the voids is different; however, they now 
form a continuous layer that acts as a diffusion barrier. Con-
sequently, diffusion can only take place in a reduced area 
that is free of voids (Fig. 4c). This area tends to expand as 
the voids are gradually filled (Figs. 4d and 7d). A closer 
examination of the sample after 11 min of heating shows 
that the Sn-rich side comprises three vertical voids: a thin 
one in the middle and two thicker ones at the top and bot-
tom of the sample (Fig. 4c). Diffusion only occurs around 
the thin void in the middle, which is filled by  AuCu3 after 2 
h at 240°C (Fig. 4d).

Conclusion

The mechanisms of reactive diffusion and Kirkendall void 
formation were investigated in the Cu-Au-Sn-Cu sandwich 
system. The experiments were conducted in situ in a trans-
mission electron microscope.

A progressive enrichment in Cu induces the transforma-
tion of the Cu/Au/Sn/Cu diffusion couple during heating 
and holding at 240°C. For the present system, the evolution 
is as follows:

• After the bulk has been heated to 230°C, the phase 
sequence is only composed of binary compounds: Cu/
Au3Cu/(Au, Cu)Sn/(Cu, Au)6Sn5/Cu3Sn/Cu. The diffu-
sion paths in the Au-Cu-Sn ternary diagram show that the 
phase interfaces are in local thermodynamic equilibrium 
on the Sn-rich side and out of local thermodynamic equi-
librium on the Au-rich side (both phases and interfaces).

• During heating from 230°C to 240°C, the ternary phase 
B forms and the phase sequence becomes Cu/phase B/
Cu3Sn/Cu. Only the Cu/Phase B interface is not in equi-
librium.

• When the temperature is maintained at 240°C, the phase 
sequence becomes Cu/AuCu3/phase B/Cu, then Cu/
AuCu3/phase B/AuCu3/Cu. The phase interfaces of the 
latter sequence are at local thermodynamic equilibrium.

• As Cu enrichment continues,  Cu3Sn becomes stable for 
longer annealing times according to the thermodynamic 
equilibrium diagram.  Cu3Sn is then expected to nucleate 
again.

  Nucleation and growth of Kirkendall voids were 
observed in parallel with reactive diffusion at both inter-
faces and can be explained by different mechanisms:

• On the Au-rich side, Kirkendall void formation seems to 
be related to phase B growth and is characterized by a 
few large equiaxed voids.

• On the Sn-rich side, void formation occurs in two steps 
at two interfaces. The first nucleation/growth of voids 
occurs at the (Cu, Au)6Sn5/Cu3Sn interface from 230 to 

240°C and seems to be related to phase B growth from 
(Cu, Au)6Sn5. The second nucleation/growth of voids 
occurs at the reactive zone/Cu interface at about 240°C 
and seems to be related to the phase B growth consecu-
tive to the disappearance of the  Cu3Sn. In both steps, 
many small voids appear and merge together to form a 
continuous line of voids.

• Later in the heat treatment process,  AuCu3 formation on 
both sides induces a decrease in the size of the voids and 
even causes them to disappear.

Since the present work is devoted mainly to the formation 
and evolution of Kirkendall voids, some questions remain 
about the phase evolution in the joint, especially as a func-
tion of the initial Au and Sn content. This is part of a work 
in progress.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 021- 09390-w.
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