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Abstract : Silver (Ag) paste sintering is used as a die-bonding technology for the next generation of

power electronic modules as Ag offers a high melting temperature as well as excellent thermal and electrical

conductivities. Ag paste sintering is performed using specific conditions depending on the type of paste and

the users’ specifications (temperature, time, pressure), ending up in a porous joint. As a result, the properties

of those joints are heavily influenced by their densities (i.e. porosity). Despite the numerous studies reported

in the literature, the relationship between the density of the joint and its thermal conductivity remains

an issue since access to the density of an embedded thin joint is very challenging. Furthermore, little is

known on the evolution of the thermal conductivity in operating conditions. In this study, these issues were

investigated by developing self-standing specimens with microstructures representative of those of real

joints. In order to study a wide range of porosity, sintering was performed using a single time/temperature

under various pressures. The thermal conductivity was measured using 3D flash method, consisting in

applying a short non-uniform laser excitation on the surface of the sample, leading to three-dimensional

heat transfer. The relationship between porosity and thermal conductivity is established for the as-sintered

state and after aging up to 500 h at temperatures ranging from 150°C to 350°C and is compared to existing

models. The evolution of the thermal properties during thermal aging is discussed considering both the

elaboration conditions and the microstructure evolution.
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1. Introduction

Silver (Ag) paste sintering is used as a die-bonding technology for the next generation of power electronic

modules as Ag offers a high melting temperature as well as excellent thermal and electrical conductivities.

Ag paste sintering is performed using specific conditions depending on the type of paste and the users’

specifications (low temperature with or without applied pressure for a short time), ending up in a porous

joint. As a result, the properties of those joints are heavily influenced by their densities (i.e. porosity).

Overall, the reliability of sintered Ag joints depends on four factors: i) the silver paste in terms of particle

size, type of solvents and general formulation, and ii) the sintering process that affects both the porosity and

grain size, iii) the design in terms of thickness of the Ag joint and its interfaces with the substrate and the

device, and iv) the effect of thermal aging of sintered Ag and the interfaces within the electronic system.

All of these factors are critical for the lifespan of the electronic device. Actually, sintered Ag plays a key

role for the heat dissipation within the system but the influence of the time exposure at temperatures close

to in-service conditions on the thermal conductivity is not well documented in the literature. This must be

addressed since it may cause a drastic reliability issue if aging causes a loss of heat dissipation resulting in

overheating within the power module. While the relationship between density and mechanical properties

(Young Modulus, tensile properties) of sintered Ag is now relatively well established, the thermal properties

reported in the literature are very scattered [1–11]. The thermal conductivity of a porous material can be

estimated using Eq. (1).

λ = α ·ρ · c (1)

Where λ is the thermal conductivity, α is the thermal diffusivity, ρ is the density and c is the specific heat
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capacity. The accurate measurement of both the density (i.e. porosity) and heat capacity of the porous

material is then a key factor for estimating their thermal conductivity. The role of the sintering parameters

for various silver paste type (micropaste or nanopaste) on the microstructure and the thermal properties is

an active research topic. The specimen configuration (pure sintered Ag, Ag sintered on a substrate or Ag

embedded within a complex stack of known materials) depends on the measurement method used. Several

studies report the effect of various parameters, e.g. particle size, time, temperature and pressure, on the

thermal conductivity of sintered Ag [9, 12–19]. For example, Wereszczak et al. studied different types of

micrometric pastes and showed the influence of sintering time and temperature on the thermal conductivity

of relatively large sintered Ag specimens [16]. They observed that the longer the sintering time and the

higher the sintering temperature, the greater the density and therefore the greater the thermal conductivity.

Ras et al. showed that the sintering pressure is a first order parameter compared to the sintering temperature

for the thermal conductivity [15]. Other studies showed that sintering a paste with a bimodal particle size

distribution gives a denser joint resulting in a higher thermal conductivity [2, 6]. Furthermore, Suganuma al.

also showed that a relatively good thermal conductivity can be obtained even when sintering is performed at

low temperature without applying a stress if the sintering time is long enough [2]. Realistic configurations,

where the Ag joint is embedded within a stack of different materials, were used by Ordonez-Miranda et

al. to investigate the dependence of sintering parameters on thermal conductivity of the joint [13]. They

showed that: i) the density of the embedded sintered layer is difficult to estimate (in general, it is performed

by surface analysis using SEM images), ii) the heat capacity of the stack requires sintering a separate Ag

joint in the same conditions or, more simply, using the heat capacity of bulk Ag and iii) even if the thermal

conductivities of every other materials within the stack, but sintered Ag, are well known, the presence of

interfaces, with unknown thermal resistances, increases the scatter of the measurements. In addition to the

sintering parameters, thermal aging was shown to affect the thermal properties of sintered Ag. Qin et al.

proposed a model to study the influence of microstructures on thermal conductivity based on an evolution of
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the density during thermal aging reported previously [20, 21]. They showed that the conductivity increases

after a short thermal aging time, then decreases for longer aging time. They suggest that this evolution is

controlled by: i) an improvement of the densification at the begining of aging e.g. a decrease of the overall

porosity of the Ag joint thanks to the short thermal aging (the better density helps with the heat dissipation

hence a better thermal conductivity) followed by ii) the decrease of the thermal conductivity because of a

development of damages, resulting from the increasing the aging time. These aging damages are assumed

to promote an increase of the overall porosity of the joint.

Overall, while many studies report the influence of the elaborating conditions on the thermal conductivities,

the intrinsic relationship between porosity (density) and thermal conductivity is still not well established for

sintered Ag and the data are scattered. Furthermore, other microstructure parameters may have an impact on

the thermal conductivity and should be also considered [22–26]. The present study aims at addressing this

issue using an original experimental approach for which specific sintered Ag specimens are elaborated with

different sintering parameters to obtain a wide range of densities. The evolution of the thermal diffusivities

during thermal aging, up to 500 h over a wide temperature range, is also investigated considering the

evolution of the microstructure.

2. Experimental procedure

2.. 1. Material and sintering process

Self-standing rectangular specimens (50 × 50 mm2) were prepared using the McDermidAlpha

Argomax® 8020 silver paste. The sintering process followed the procedure described in [3]. This

elaboration method includes a first step dedicated to evaporating the solvent at room temperature under

vaccum prior to sintering at 270 °C. Both the time required for solvent evaporation and the sintering

temperature were determined by Differential Scanning Calorimetry (DSC, Q20, TA Instruments) [3]. After

solvent evaporation, the specimens were sintered for 5 min at 270 °C under different stresses (0, 2, 5 and
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10 MPa) in air in order to obtain a wide range of densities. During sintering, the load was applied along

the z-axis as shown in Fig.1. The thicknesses of the specimens range from 0.4 to 1.40 mm depending

on the applied stress. The density of each specimen was carefully determined from the classical mass to

volume ratio using a high-precision Sartorius MZ1 scale (with a resolution better than 10 mg) and an optical

profilometer with an accuracy better than 1 µm. The relative porosity p of each specimen was obtained from

the measured density ρ using Eq. (2)

p = 1−ρ/ρ0 (2)

Where ρ0 = 10.5 g.cm−3 is the density of dense Ag. As a result, the pore fraction was estimated to lie

within the range 25% to 75% ± 2% depending on the sintering conditions. The heat capacity of sintered

Ag was measured for each elaboration condition using DSC Modulated mode with a standard deviation of

5%. Isothermal aging was performed at 150, 250 and 350 °C under primary vacuum for 0, 50, 200 and

500 h. Primary vacuum was chosen to limit the oxidation of Ag during aging. Overall, 48 conditions,

including as-sintered state and aging were explored. Grain size evolution with aging time was monitored

using dedicated samples with dimensions of 10× 10× 0.4 mm3 sintered at 2 MPa and 10 MPa. They

were aged simultaneously to the specimens dedicated to the thermal conductivity measurements. Grain

size and pore fraction were measured using Back Scattered Electron imaging (BSE) in a JEOL 7000 field

emission gun scanning electron microscopy (FEG-SEM) operating at 20kV . Before and after each aging

step, a careful surface preparation, including a final step of chemo-mechanical polishing, was performed.

The grain size was estimated using ImageJ software. In particular, the average grain size was obtained

by analyzing over 400 grains distributed in 3 different zones for each specimen. In order to evaluate the

behavior of the density, grain size throughout aging, the standard oneway analysis of variance (ANOVA)

followed by Tukey’s test was used (with a significance level for rejection of null hypothesis at 5% means

comparison). This analysis was performed using OriginPro®.
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Fig. 1. Schematic diagram of flash 3D method used in this study.

2.. 2. Thermal conductivity measurement

The thermal conductivity was obtained by 3D flash method using the following procedure: (i)

experimental measurements providing the temperature fields at the surface of the sample Fig. 1, (ii)

mathematical modelling mimicking the experiment, and (iii) an estimation procedure (i.e. an estimator)

coupling the experimental and model results Fig. 2.

The experimental setup is similar to that described by [27]: the specimen is heated with a localized

and non-uniform thermal excitation obtained using a CO2 laser (DIAMOND GEM-Series by coherent,

10.6 µm). The pulsed excitation duration time is set at 10−3 s delivering a maximal excitation power of

130W . The surface temperature evolution is continuously measured using an infrared (IR) camera (FLIR

SC7000) set at a frequency of 1950 Hz and a spatial resolution of 80× 64 pixels. In the case of highly

conductive materials i.e. bulk metals, the monitoring duration time is set at 0.6 s, corresponding to 1200

frames. Prior to the measurements, the surface of each specimen was sprayed with a thin layer of black

matte paint (thickness < 10 µm) in order to increase the absorption of the pulsed laser beam without altering

the measurements. The maximum diameter after the initial excitation by the laser reaches 30 mm during

the heat transfer, which is well below the lateral dimensions of the specimens.

In the model, the heat transfer inside the samples is assumed to behave according to the 3D equation of

heat conduction in Cartesian geometry. The heat conduction equation and the boundary conditions are:
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Fig. 2. Estimation procedure associated with the 3D flash method.

ρC
∂T
∂ t

= λx
∂ 2T
∂x2 +λy

∂ 2T
∂y2 +λz

∂ 2T
∂ z2 (3)

−λx
∂T
∂x

= 0 f or x = 0 and x = lx (4)

−λy
∂T
∂y

= 0 f or y = 0 and y = ly (5)

−λz
∂T
∂ z

=−hT +φ(x,y, t) f or z = 0 (6)

λz
∂T
∂ z

= hT f or z = lz (7)

T = 0 f or t = 0 (8)

where φ(x,y, t) is the heat flux absorbed by the sample. A Laplace transform in time and a cosine Fourier

transform in space is applied to solve the system. The temperature field T (x,y,z, t) is then projected onto the

basis Xm(x) = cos(αmx) and Yn(y) = cos(βny) leading to the harmonics temperature field θ(αm,βn,z, p).
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θ(αm,βn,z, p) =
∫

∞

0

∫ lx

0

∫ ly

0
T (x,y,z, t)Xm(x)Yn(y)·e−ptdtdxdy (9)

where αm,βn are pulsations along-x and y-axis associated with harmonic (m,n) and p is Laplace variable.

On the top of the sample, at z = 0, and for a Dirac pulse type excitation (u(p) =
∫

∞

0 δ (t) · e−pt ·dt = 1), the

harmonics temperature field evolution [28] is obtained by:

θ(αm,βn,z, t) = QRm,n

[
2

∞

∑
k=1

ukZkz
u2

k +H2 +2H
e−τz u2

kt

]
·e−(τx m2+τy n2)π2 t (10)

where τx, τy and τz are the thermal characteristic diffusion times along the 3 axes and Rm,n the shape

function describing the spatial distribution of the excitation energy projected in the same basis as the

analytical solution. The parameters uk (solution of the transcendent equation), H (the Biot number) and

Zk(z) = ukcos(ukz/lz)+Hsin(ukz/lz) do not affect the estimation thanks to the procedure hereafter. The

estimator, known as ENH (Estimation by Normalization of Harmonics), used in this study was proposed

by [29–32] and improved by [28]. ENH consists in dividing the measurement by a reference harmonic, in

this work θ2,2, to transform the nonlinear inverse problem into a linear inverse problem relatively to the

characteristic diffusion times in the excitation plane (τx and τy). After linearization, both the characteristic

diffusion times components and the parameters associated to the non-uniform excitation are estimated

simultaneously.

The linearized model outputs Ym,n(z, tk) are then introduced:

Ym,n(z, tk) = ln
∣∣∣∣θm,n(z, tk)

θ2,2(z, tk)

∣∣∣∣ (11)

with tk the acquisition time for each frame k. Substituting Eq. (10) in Eq. (11) gives:

Ym,n(z, tk) =−(τxm2 + τyn2)π2tk + ln
∣∣∣∣Rm,n(z, tk)

R2,2(z, tk)

∣∣∣∣ (12)
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Eq. (12) shows that the model outputs Ym,n(z, tk) are linear with respect to time for every harmonic (m,n).

The odd harmonics (i.e. whose values of m and/or n are odd), are three order of magnitude smaller

than the even harmonics, due to the symmetrical nature of the excitation. The odd harmonics are then

not used in the estimation procedure. The harmonics exploited for the identification procedure are the

even and low frequencies harmonics, Ym,n where m,n combination corresponds to [0,2, ...,6]× [0,2, ...,6],

leading to a system of 4×4 = 16 equations. In-plane characteristic diffusion times τx and τy are estimated

simultaneously in order to minimize the system error. Both temperature fields were found identical when

measured in the front surface (where the laser flash is sent) and the back surface (corresponding to a measure

after that the heat generated in the front surface diffuses along the z-axis). The slight discrepancy between

the values in τx and τy directions lies within the standard deviation. Therefore, it is assumed that the

thermal behavior of sintered Ag is isotropic. In the following, the value of the characteristic diffusion time

τ corresponds to the arithmetic average of τx and τy.

The thermal diffusivity is then calculated α = lx · ly · τ to finally estimate the thermal conductivity using

the Eq. (1).

2.. 3. Calibration of the setup measurement with standard materials

In order to assess the reliability of the approach, measurements of the thermal conductivities were first

performed on 3 well-known standard bulk materials with high conductivities i.e. aluminum (Al, density

2.70 g.cm−3, purity 99.95%), copper (Cu, density 8.91 g.cm−3, purity 99.95%) and finally silver (Ag,

density 10.49 g.cm−3, purity 99.95%). The results are listed in Table 1. 20 Measurements were performed

for each bulk specimen using the same set of parameters to estimate the error and the variance of the

outcome results. Actually, these uncertainties may derive from all the experimental steps (experimental

measurements, calibration laws, model resolution and estimation method) [28, 33–35].

As seen in Table 1, the results agree very well with those found in the literature [36–38]. For each of

the sintered Ag specimens, the behavior of thermal conductivities during aging was scrutinized using the

9



Thermal conductivity (W.m−1.K−1)

This study References [31-33]

Ag 426.7 ± 25 426 - 433
Cu 398.9 ± 24 386 - 401
Al 236.7 ± 14 237 - 239

TABLE 1. Measured thermal conductivities of pure and dense reference silver, copper and aluminum samples.

Sintering pressure (MPa) 0 2 5 10

Density (g · cm−3) ± 2% 2.85 5.41 6.65 7.74

Heat capacity (J ·Kg−1 ·K−1) ± 5% 600 347 305 287

TABLE 2. Density and heat capacity as function of sintering pressure

standard oneway analysis of variance (ANOVA) followed by Tukey’s test with the same significance level

(5% means comparison).

3. Results

3.. 1. Thermal conductivity as a function of the density

As mentioned previously, the thermal conductivity is measured using Eq. (1). The results of the specific

heat capacities are listed in Table 2. Fig. 3 plots the thermal conductivity of as-sintered silver as function

of relative porosity. As expected, the thermal conductivity improves as the material density increases. It

can be pointed out that on the porosity range studied (from 25% to 75% ± 2%), the thermal conductivity

decreases by a factor of 4, from 222 to 66 W/m.K respectively.

Fig. 3 also plots the evolution of the thermal conductivities as a function of the porosity and pore shape

(spherical, cylindrical and pancake-shaped) using the model developed by Ordonez-Miranda et al. [13].

This model is based on the differential effective medium theory and provides a simple analytical description

considering the pores as ellipsoidal voids of different sizes randomly distributed and oriented in an Ag

matrix. Following this work, the effective thermal conductivity for different pore shapes and porosity is

calculated as follows:
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λe f f = λ0(1− p)n (13)

with n = 3L+1
6L(1−L) and

L =
ξ 2

2(ξ 2 −1)


1− cosh−1 (ξ )

ξ (ξ 2−1)1/2 , for ξ > 1

1+ cos−1 (ξ )

ξ (1−ξ 2)1/2 , for ξ < 1

(14)

with λ0 the thermal conductivity of the matrix and ξ = a/b the aspect ratio of the ellipsoidal pores of

semi-axis a and b. According to Eq. (13), the thermal conductivity λ is driven by the pore shape and

decreases according to a power law controlled by the parameter n. The values of n are 3/2, 5/3 and ∞

for spherical, cylindrical and flat pores shapes (pancake-shaped) respectively. It worth mentioning that the

spherical pores represent the upper bound for the thermal conductivity while the flat pores correspond to

the lower bound.

As observed in Fig. 3, our experimental results are in good agreement with the theoretical predictions as

they are somewhere between the two limits. However, it can be observed that the thermal conductivity of

i) the denser as-sintered specimens are close to the model involving flat shaped pores, ii) the most porous

specimens are closer to the model involving spherical pore shapes and iii) the specimens with intermediate

densities have intermediate values, lying close to the model involving cylindrical pores.

3.. 2. Effect of aging on thermal conductivity

Fig. 4 plots the evolution of the thermal conductivity as a function of aging temperature (150 °C, 250

°C and 350 °C), aging time (0 h, 50 h, 200 h and 500 h) and initial porosity i.e. corresponding to the one

measured in the as-sintered state (ranging from 25% to 75%).

As observed in Fig. 4, for a given initial porosity, the thermal conductivity increases with aging time

but the overall evolution seems independent of the aging temperature i.e. the increase remains relatively
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Fig. 3. Thermal conductivity of samples sintered at different pressure with respect to relative porosity (symbols)
compared to the theoretical prediction for different pore shapes (lines) [13].

Fig. 4. Thermal conductivities evolution with aging for 0, 50, 200 and 500 h at different temperature 150, 250 and
350 °C.

Fig. 5. Determination of ES1 for a specimen sintered under 10 MPa and aged at 150 °C.
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constant whatever the aging temperature. Most of the thermal conductivity increase happens within the first

50 h of aging (Evolution Stage 1 - ES1) except for the very porous specimens, elaborated using pressureless

sintering (0 MPa). In this latter case, the amount of evolution is limited over the aging time and the evolution

itself seems very slow. Interestingly, the thermal conductivity jump observed during ES1 seems directly

linked with the applied stress used during sintering: the higher the sintering load (i.e. the lower the porosity),

the higher the thermal conductivity jump. However, it must be mentioned that the values found for the

specimens sintered at 10 MPa and 5 MPa are very close to each other. This is probably linked with the

fact that the initial densities of those specimens are relatively close to each other. In order to monitor the

kinetic of ES1, a dedicated specimen was prepared using the highest sintering load and aged at the lowest

temperature (150 °C). In this condition, a slower evolution kinetic is expected. As observed in Fig. 5,

even at low temperature, the evolution kinetic is relatively fast since the thermal conductivity reaches its

maximum within the first 45 minutes (ANOVA Tukey P0−45min < 0.0001). Comparing Fig. 4 and Fig. 5 for

the same sintering conditions allows to conclude that in fact, the end of ES1 is around 45 minutes at 150

°C for the specimen sintered under 10 MPa. ES1 is expected to be even faster as the aging temperature

increases. Beyond ES1, a second evolution stage starts (ES2), during which, qualitatively, only a slight

evolution is observed for all the specimens compared to what happened during ES1. When the data are

analyzed using the ANOVA Tukey test over the entire aging range (0 h - 500 h), the evolution of the thermal

conductivity during ES2 seems significant either for the pressureless sintered specimen (P0MPa < 0.0001)

and the pressure assisted one (P10MPa = 0.037). However, for a given temperature, during ES2, the behavior

is nearly identical for all the specimens: the evolution depend neither on the elaboration procedure nor

on the density. It must be pointed out that even if the increase of the thermal conductivity is within the

same range (a few W/m.K), the values remains remarkably lower for the pressureless specimens than that

of the pressure assisted specimens (Fig. 4) hence the lower value of P0MPa. In contrast, while no difference

between aging temperatures are observed for shorter aging time (ES1), the amplitude of evolution of the
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Fig. 6. Relative density evolution of samples sintered at various pressure at different temperature : a) 150, b) 250 and
c) 350 °C.

thermal conductivity during ES2 is slightly larger for the specimens aged at 350 °C for 500 h (Fig. 5).

3.. 3. Density evolution during aging

Microstructure evolution during thermal aging, such as pore volume fraction i.e. densification, grain size

growth, may alter the properties of the porous material.

The evolution of the density of sintered Ag during thermal aging (performed after the elaboration process)

has been reported in several studies and is still a controversial issue. Some studies reports densitification of

the sintered joint during aging while others do not observe this effect. For example, despite a substantial

evolution of the porous structure, the pore fraction was reported to remain constant regardless of the aging

time and temperature while, some authors report an evolution going from a densification for short aging

time followed by a recovery of the initial density after long aging time [4, 8, 21, 39–44]. Most of the

studies reporting densification use pore surface fraction analyses based on SEM images of polished surface

(2D pore fraction) while those reporting the absence of densitification use either mass/volume ratio, 2D
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pore fraction analysis or 3D tomographic images [4, 8, 41, 42, 44]. In the present work, the densities

of each specimen were systematically measured before and after each aging step using the mass/volume

ratio and, for some of the steps, double checked using 2D pore surface fraction analysis following the

protocol described in [3]. Fig. 6 plots the relative densities as a function of sintering conditions, aging

temperature and time. As observed qualitatively in Fig. 6, no significant evolution happens even after 500 h

spent at 350 °C. This was confirmed for all the aging temperature by ANOVA test between the as-sintered

state up to 500h (P150 ◦C = 0.68, P250 ◦C = 0.17, P350 ◦C = 0.15). This is surprising since both aging

time and temperature are well over those used during the sintering process but this was already observed

using in-situ 3D X-Rays nanotomography [44]. With this observation, it is then possible to plot in the

evolution of the thermal conductivity as a function of the density before and after aging and compare it to

the model proposed by Miranda-Ordonez [13] (Fig. 7). Compared to the thermal conductivities measured

just after sintering, a shift towards higher values is measured for all the specimens but those sintered with

no applied load. Interestingly, it is found that the thermal conductivities measured after aging match the

theoretical values predicted for both the spherical and cylindrical pores shapes configuration for all of the

aged specimens. However, it is worth mentioning that the thermal conductivity measured in the as-sintered

state of pressureless specimens were already close to the spherical and cylindrical prediction. As a result,

even with the modest evolution observed during ES2, the thermal conductivity of the pressureless sintered

specimens stays within the model boundaries.

3.. 4. Grain size evolution during aging

The average grain size was also carefully monitored during aging at 350 °C, for which the most prominent

evolution is expected to take place among all the aging conditions investigated in the present study [39].

Fig. 8 shows an example of the microstructure of a specimen in the as-sintered state (Fig. 8.a, after aging

at 350 °C for 200 h Fig. 8.b and after 500 h Fig. 8.c). Table 3 reports the average grain equivalent

diameters against aging time for two specimens (sintered at 2 MPa and 10 MPa respectively) as well
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Fig. 7. Thermal conductivity evolution before and after aging for 500 h at 250 °C for Ag sintered under various loads.

Fig. 8. Ag grains measured by SEM for the 10 MPa sample a) as-sintered, b) after 200 h and c) after 500 h aging time
at 350 °C.
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Sintering pressure (MPa) 2 10

Aging Time (h) 0 200 500 0 200 500
Grain size (nm) 301 307 315 295 324 331
Standard deviation (nm) 110 104 101 105 124 124

TABLE 3. Silver grains measured by SEM for the 10MPa as-sintered and aged for 200 h and 500 h at 350 °C samples.

as the corresponding standard deviations. From the data reported in Table 3, the ANOVA and Tukey

test show that no significant evolution of the average grain size occurs during aging form 0h to 500h

(P2MPa = 0.98,P10MPa = 0.19), the average diameter being around 300 nm. This result do not agree with

the results reported by Paknejad et al. [39], for which the measurements were based on the evolution of the

contact area between sintered Ag and a glass slab observed by optical miscroscopy. However, the present

result agree with very long term aging at low temperature (1500 h at 125 °C) previously reported in the

literature based on transmission electron microscopy (TEM) measurement [8] and at high temperature (350

°C) by X-rays analysis [45]. In fact, Zuo et al. reported that grain growth takes place only for the first

5 min of the sintering process then stops, even for longer sintering times (20 min) whether at 220 °C or

310 °C [46]. Actually, grain size growth in porous materials is known to be impeded by the presence

of numerous pore/grain interfaces, reducing solid-solid contacts. The decrease of contact areas between

adjacent grains limits bulk diffusion and grain boundary migration associated with grain growth [22, 23].

Since no significant grain growth was observed even for the highest aging temperature (350 °C), either

for specimens sintered with applied loads of 2 MPa or 10 MPa, grain growth is not expected to occur

for the other sintering/aging conditions used in the present study since they mostly lead to more porous

microstructures.

3.. 5. Comparison with other estimation methods

The results obtained in this study are compared with results from previous studies (Fig. 9). This literature

review is an update to the one proposed by Y. Kim et al. [19]. This comparison also includes the analytical

model of Ordonez-Miranda et al. [13]. Because the sintered Ag samples contain a mixture of various

pore shapes, the thermal conductivity of the samples should be located between the curve of spherical and
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flat shape pores [4, 41, 44]. Values of thermal conductities lying below the flat shape pore model may

be biased, as mentioned earlier, by three factor: i) the measurement of density with SEM image analysis,

ii) assumptions on heat capacity of Ag and iii) assumptions on interfaces between multiple layers. Both

the samples sintering conditions, measurement techniques and results are summarized in Appendix 4. The

results were obtained using two different measurement techniques. The first one, consists in placing the

sample within a stack of well known materials. This configuration generates thermal contact resistance

between the layers that are difficult to estimate, inducing additional uncertainties [13, 17–19]. Other

methods, that overcome those thermal contact resistances, require both a contact-less thermal excitation

and a temperature measurement, the latest being based on the detection of infrared radiations. Most of the

recent thermal conductivity evaluations reported in the literature are based on the original laser flash method

which exploits the thermal diffusion in the sample thickness. Those methods are quoted as 1D laser flash

method. However, such approaches assume that there is no lateral diffusion, which is probably too strong

for super diffusive materials such as Ag. In contrast, the 3D laser flash method used in the present study,

takes into account both the in-depth and lateral thermal diffusion. Moreover, real time monitoring of the

evolution of the temperature field by high frequency IR camera (1950 Hz), to perform the measurement by

means of the ENH estimator increases the reliability and the repeatability.

4. Discussion

As observed in Fig. 4 and Fig. 7, the thermal conductivity is a direct function of the porosity but, for a

given initial porosity, its evolution seem independent of the aging temperature and can be divided in two

distinct domains: i) ES1 during which a jump in thermal conductivity is observed (it is worth pointing out

that the amplitude of the jump is independant of the aging temperature and is proportional to the sintering

condition: the larger the sintering load, the denser the specimen, the larger the amplitude of the jump) and

ii) ES2 during which the increase is modest except for the tests performed at 350 h. In this latter condition,
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Fig. 9. Thermal conductivity of as-sintered and 500 h aged samples results compared with other studies results and to
the theoretical prediction for different pore shapes (lines).

a slightly more noticeable evolution is observed after 500 h whatever the elaboration procedure.

It is well established that thermal transport in materials is influenced by various factors, including porosity,

grain size and boundaries, which act as interfaces and reduce the average main free path of carriers such

as phonons and electrons, and contribute to the Kapitza resistance [24, 25]. In metals, the heat transfer

is derives essentially from the electronic contribution [47]. Since air is not as conductive as solid bulk

materials, the presence of pores in a material reduces its thermal conductivity. Since no densification

was measured during aging, the evolution of the thermal conductivity observed during ES1 cannot derive

from a decrease of the 3D pore fraction within the material. It was reported that pore connectivity arms

even more the thermal conductivity of sintered metals by reducing the solid-solid contacts compared to

the same material with isolated pores [48, 49]. In the present case, while the pore volume fraction (e.g.

density) of sintered Ag remains constant, aging time was shown to favor an increase in pore connectivity

following a mechanism well described by Ostwald ripening [4, 41, 44]. Ostwald ripening, based on
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diffusion, is a function of the aging temperature: the higher the temperature, the faster the evolution

kinetic [41, 44]. According to the literature, the increase of the pore connectivity during aging should

result in a decrease of the thermal conductivity, which is not consistent with the observations reported in

the present work [48, 49]. However, Carr et al. reported that, after long term aging (1500 h at 125 °C),

the pore spatial distribution changes drastically within the material: starting from an initial homogeneous

spatial pore distribution in the as-sintered state, it becomes relatively heterogeneous at a micron scale, with

highly porous areas (HPA - more solid/pore interfaces - less solid/solid contacts) next to less porous ones

(LPA - less solid/pore interfaces - more solid/solid contacts) [4]. Obviously, the local heat transfer at the

micrometric scale is expected to be different between HPA and LPA since the local density is different:

LPA should exhibit a much higher conductivity compared to HPA. This local effect is likely to be totally

averaged in our measurements since these latter are based on the time integration of temperature propagation

on the specimen surface after heating using a laser with a spot size within the millimetric range (specimens

are 5× 5 cm2). However, the presence of LPA can participate, at least partially to the observed increase

in thermal conductivity on the long term. Indeed, according to Fig. 5, the heat conductivity stops evolving

massively after a short aging time (ES1) while the evolution of the pore connectivity was reported to increase

continuously during aging and the longer the time, the higher the connectivity [4, 44]. While the Ostwald

ripening kinetic is closely related to the aging temperature, the thermal conductivity is insensitive to the

aging temperature (for a given specimen, the thermal conductivity reaches the same value after a short

aging time whatever the temperature (150 °C, 250 °C or 350 °C)). Therefore, the pore evolution cannot

account for the fast evolution of the thermal conductivity observed during ES1 (estimated at 45 minutes

at 150 °C for the specimen sintered under 10 MPa). As a result, the pore connectivity is unlikely to be

responsible for the jump observed during ES1, corresponding to a modest aging time.

Studies have reported a correlation between grain size and heat transfer. Grain boundaries can be seen

as sinks for free electrons, resulting in a decrease in both their mean free path and density [45]. As a
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result, an increase in grain size leads to a decrease in the number of grain boundaries and an improvement

in thermal conductivity [24, 25]. According to Table 3, the grain size remains constant during aging up

to 500 h at 350 °C. Therefore, grain growth can be ruled out to explain the thermal conductivity jump

observed, especially during ES1. The difference in behavior during ES1 seem to derive directly from the

elaboration process. As mentioned earlier, all the specimens were sintered using the same hold time at

270 °C but under different applied load, ranging from 0 MPa to 10 MPa. For a given sintering time, the

applied load not only helps densification but was also reported to produce compressive elaboration stresses

within free standing specimens [5]. Using dynamic Young’s modulus derived from the measurement of the

resonance frequency of beams, Milhet et al. [5] showed that the relaxation of the elaboration stresses of

free standing Ag joints, sintered at 240 °C under various sintering stresses (5 to 15 MPa), occurred within

the first 4 h of aging at 200 °C. For a given density, this resulted in an jump in Young’s modulus towards

the theoretical value, the higher the compressive stress, the larger the jump [5]. The dependence of the

thermal conductivity to stress/strain and dislocation density has been reported in the literature and can even

be used to tune the thermal conductivity for some specific applications [26, 50–52]. In the present study,

this can help understanding the behavior observed during ES1. No thermal conductivity jump is observed

for pressureless sintered specimens (0 MPa), for which no elaboration stresses/strain are expected, while the

larger jump is measured for the specimens sintered with the largest applied load i.e. 10 MPa. It is therefore

very likely that the elaboration stresses are released and/or dislocation recovery starts during ES1, leading

to the progressive evolution of the thermal conductivity towards a stabilized value (Fig. 5), corresponding

to the theoretical value (Fig. 6). The evolution of the thermal conductivity during the first 45 minutes of

exposure at 150 °C (Fig. 5), is in fact likely to witness the kinetic of the stress release and dislocation

network recovery within in the specimen. The kinetic is expected to increase when the aging temperature

increases but, once reached, the stabilized value is only a function of the initial porosity but is non-aging

temperature dependent.
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In the case of sintered Ag, it can be concluded that the compressive stresses resulting from the sintering

Ag with an applied load decrease the thermal conductivity at the very beginning of the aging which

could be in favor of pressureless sintering. However, since the pore fraction plays the major role on the

thermal conductivity, especially after that the elaboration stresses are relaxed, the elaboration conditions

(temperature/stress/time) must be finely tuned in order to get the best density/thermal conductivity ratio

which would tend to be in favor for a slight sintering pressure or higher sintering temperature to help

better densification. The present study also reveals that, for a given density, the optimal thermal properties

are obtained only after a small amount of time spent in-operation if sintering is assisted with an applied

stress. Once ES1 is finished, ES2 starts, corresponding to a thermal conductivity stabilization and slight

evolution with aging time. The increase is more prominent when the temperature is high and the time is

very long (between 200 h and 500 h). While no significant grain size growth is observed, evolution of

the microstructure in terms of defects (dislocation substructures, grain boundary evolution) might be the

driving force for slight thermal conductivity increase [45]. This issue is under current investigation.

5. Conclusion

The thermal conductivity of sintered silver has been measured by a 3D flash method based on ENH

estimator. A wide range of densities were obtained using various applied sintering pressure ranging

from 0 MPa to 10 MPa, while keeping the sintering time and temperature constant. It is found that the

thermal conductivity is closely related to the initial density of the material and evolves rapidly towards

a stabilized value during thermal aging. This evolution is insensitive to the aging temperature but only

on the initial applied load during sintering. Since the density and the grain size of each specimen were

found to remain constant during aging, the evolution of the thermal conductivity results essentially from the

release of the elaboration stresses and defects recovery. Since the pore fraction plays the major role on the

thermal conductivity, especially after that the elaboration stresses are relaxed, the elaboration conditions
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(temperature/stress/time) must be finely tuned in order to get the optimal thermal conductivity for the

system.

6. Appendix

Overview of sintered silver thermal conductivity values, including associated process variables and

measurement techniques reported by various studies.
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