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ABSTRACT

This work presents a comprehensive analysis of heat transfer and thermal conductivity of porous mate-
rials manufactured by spark plasma sintering. Intermetallic nickel aluminide (NiAl) has been selected as
the representative material. Due to the complexity of the studied material, the following investigation
consists of experimental, theoretical and numerical sections. The samples were manufactured in differ-
ent combinations of process parameters, namely sintering temperature, time and external pressure, and
next tested using the laser flash method to determine the effective thermal conductivity. Microstructural
characterisation was extensively examined by use of scanning electron microscopy and micro-computed
tomography (micro-CT) with a special focus on the structure of cohesive bonds (necks) formed during
the sintering process. The experimental results of thermal conductivity were compared with theoretical
and numerical ones. Here, a finite element framework based on micro-CT imaging was employed to anal-
yse the macroscopic (effective thermal conductivity, geometrical and thermal tortuosity) and microscopic
parameters (magnitude and deviation angle of heat fluxes, local tortuosity). The comparison of different
approaches toward effective thermal conductivity evaluation revealed the necessity of consideration of
additional thermal resistance related to sintered necks. As micro-CT analysis cannot determine the parti-
cle contact boundaries, a special algorithm was implemented to identify the corresponding spots in the
volume of finite element samples; these are treated as the resistance phase, marked by lower thermal
conductivity. Multiple simulations with varying content of the resistance phase and different values of
thermal conductivity of the resistance phase have been performed, to achieve consistency with experi-
mental data. Finally, the Landauer relation has been modified to take into account the thermal resistance
of necks and their thermal conductivity, depending on sample densification. Modified theoretical and
finite element models have provided updated results covering a wide range of effective thermal conduc-
tivities; thus, it was possible to reconstruct experimental results with satisfactory accuracy.
© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Porous materials are composed of rambling structures at a mi-
croscopic scale. Thus, the flow path during heat transfer is tortuous

Thermal conductivity is one of the most relevant functional
properties of porous materials. Depending on their specific applica-
tion, they can provide low thermal conductivity when operated as
thermal barrier coatings [1], thermal insulators [2], or contribute
increased conductivity for application in electronic devices, nuclear
fuels, or thermoelectric materials [3].
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and meandering [4]. Contrary to crystalline materials, pores restrict
heat transfer very effectively as the thermal conductivity of air (or
gas) is very low. Even the presence of the additional modes of the
heat transfer, i.e., radiation (negligible at low temperatures) and
convection (negligible for small pores) is insufficient to compen-
sate for the effect of low heat transport through the pores, as these
effects can be largely ignored [5,6]. They are several microstruc-
tural parameters specified by porous media in the context of heat
transfer, such as porosity degree, pore and particle size distribu-
tion, specific surface area, and tortuosity. As one example, depend-
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ing on medium characteristics, the pores can be elongated and in-
terwoven to demonstrate an elevated porosity and anisotropy, such
as in fibrous media [7], whereas, on the contrary, they exhibit low
porosity with a tight network of twisted channels [8].

When we consider heat conduction phenomena, all the inves-
tigated microstructural features can be summarised by effective
thermal conductivity, Ao, which represents the macroscopic re-
sponse of the whole range of porous materials. Numerous analyt-
ical models devoted to calculating A.¢ can be found in the litera-
ture, e.g., series and parallel models approach assuming sequential
layers normal or parallel to the heat flux, and provide lower and
upper bounds for Aqg [9]. Maxwell-Eucken, effective medium the-
ory, Levy and Kopelman models for Ao are also known [9]. Unfor-
tunately, the ability to predict the thermal conductivity of porous
materials is limited and marked by a significant level of uncer-
tainty, due to the oversimplification of the physical microstructure
of the material. Such models usually assume simple 2D arrays or
small representative 3D arrays for a whole porous sample, and es-
timate A5 as a function of microstructural parameters.

A special type of porous materials is those manufactured by
sintering techniques [10]. Recently, a large effort has been made
in modelling of heat transfer through packed [11,12] and sin-
tered [13-18] collective particles representing the powder. Most
of the mentioned models regarding sintered materials are semi-
empirical approaches developed to predict Aqg [13-15,17]. They can
be treated as a combination and/or extensions of the sintering neck
growing theory initially delivered by Ashby [19] and/or the parti-
cle contact model for thermal conduction between spheres [20].
Such models are devoted to the theoretical understanding of mi-
crostructure (neck growth, densification) during sintering and its
impact on thermal conductivity in terms of several sintering pro-
cess parameters, such as sintering temperature, time, and com-
pressive pressure. Aside from the many advantages of proposed
models, such as a distinctive investigation of neck growth based
on diffusion mass transport mechanism and experimental valida-
tion of obtained results, they have also demonstrated considerable
limitations regarding the simplistic representation of microstruc-
ture evolution (i.e., the arrangement of perfectly spherical particles
with the same size) and unrealistic assumptions of heat conduc-
tion, such as heat only being transferred in the vertical straight
direction. Thus, planes perpendicular to the direction of heat flow
are isothermal [13].

The complexity of porous, sintered or any other heterogeneous
materials sets the bar high for any modelling approach applied to
calculate their effective physical properties. Multiple variables re-
lated to composition changes, the presence of inclusions/pores of
different types and shapes, thermal anisotropy, and orientation-
sensitive thermal properties of structural components can be suc-
cessfully identified in the sample model using numerical simula-
tions. Various numerical methods have been used to examine ef-
fective thermal properties of the sample, ranging from finite ele-
ment method (FEM) [21-24] to particle modelling approaches [25-
28].

Since the precise arrangement of porous materials appears to
be the key factor for Aoy evaluation, a highly efficient approach
is based on image analysis of the microstructure photography,
which allows for deeper and more precise insight into the real
microstructure of the material via full 3D particle and void dis-
tributions [4]. Accurate reconstruction of the inhomogeneous 3D
microstructure of the material and further simulation of thermal
or mechanical properties is possible via the use of the micro-
computed tomography (micro-CT) technique, which is based on X-
ray tomographic imaging [24,29,30]. X-rays allow for precise slice-
by-slice mapping of the sample and its spatial resolution reaches
100 nm, while scanned objects can be as large as 200 mm in di-
ameter. The combination of FEM simulation and micro-CT imaging

International Journal of Heat and Mass Transfer 194 (2022) 123070

Fig. 1. SPS apparatus: 1 -graphite die, 2 - graphite punches, 3 - sample (NiAl pow-
der), 4 - electrical supply, 5 - vacuum chamber

appears to have great potential and can be applied in different ar-
eas, such as powder metallurgy.

Regarding the advantages and limitations of models found in
the literature, the proposed work employs the numerical model
of heat conduction based on a finite element framework, utilis-
ing the real representation of sample microstructures obtained by
micro tomography. Numerical results of Ao are complemented by
analytical results from three straightforward theoretical relations,
based on the theory of a two-phase mixture. Finally, the modelling
predictions have been verified by experimental results of A of
previously-sintered samples.

The proposed paper attempts to link the sintering process pa-
rameters, the microstructure and the thermal properties, evaluated
in both macro- and microscopic scales, for nickel aluminide (NiAl)
samples. Here, we use spark plasma sintering (SPS) as the man-
ufacturing method, which recently has become a commonly-used
technology for powder consolidation [31]. The description of the
spark plasma sintering approach is presented in next section.

2. Methods and methodology
2.1. Experimental techniques - manufacturing and characterisation

In the presented work, intermetallic NiAl was selected as the
representative material for thermal conductivity analysis. NiAl
powder (Goodfellow, purity 99.9%, gas atomised) was sintered via
SPS method (Fig. 1). In this technique, direct electric current flow is
applied to heat the powders and die, while simultaneously accel-
erating the sample densification by applying a uniaxial mechanical
load. The powder particle surfaces are more easily purified and ac-
tivated than in conventional electrical sintering processes, and ma-
terial transfers at both the micro and macro levels are promoted;
thus, a high-quality sintered compact is obtained at a lower tem-
perature and in a shorter time than by conventional processes [32].
Moreover, a decisive advantage of the SPS resulting from the short
process time is related to the possibility to sinter materials with-
out significant grain growth, which has fundamental importance
for the manufacturing of nanomaterials [33]. Powder morphology
and manufacturing conditions such as sintering temperature, time,
atmosphere, assisted pressure, and heating and cooling rate should
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be treated as the most important factors influencing the densifica-
tion rate of sintered materials.

The aim of the technological task was to obtain a material with
a diversified rate of densification. To achieve this goal, the sintering
conditions were selected based on preliminary tests. The samples
were heated at a rate of 100 K/min to target sintering temperature,
Ts (within the range of 1100-1300°C), and maintained under exter-
nal pressure p (5 or 30 MPa) for 10 min of sintering time, ts. The
final size of the disc-shaped samples was 25 mm in diameter and
10 mm in height. Discs were cut to provide samples for further
research.

Density and thermal conductivity measurements were con-
ducted for sintered NiAl at different degrees of material densifica-
tion. Material density was measured using the hydrostatic method,
based on Archimedes’ principle. The densification degree was ap-
proximated by the relative density, d,.j, defined as the ratio of the
measured bulk density and the theoretical density of NiAl material
(dyial = 5.91 g/cm?). The thermal conductivity of sinters, Aexp, wWas
estimated based on thermal diffusivity measurements using laser
flash method (LFA 457, Netzsch) according to the procedure previ-
ously described [34].

Sintered porous NiAl samples were investigated in the context
of microstructural evolution using scanning electron microscopy
(Auriga, Zeiss) and X-ray CT. The latter experimental tool was also
used to obtain the geometrical representation of porous structures
essential for the numerical work.

X-ray CT studies were carried out using an EasyTom system (RX
Solutions, Chavanod, France), with a nano-focus open transmission
X-ray source with a tungsten target and a diamond window and
a PaxScan 2520DX Varian flat panel detector. X-ray CT was per-
formed for samples in the form of cubes with approximate dimen-
sions of 2 x 2 x 2 mm?3. The isotropic voxel size, resulting from
the geometrical configuration, was kept constant at 1.83 pm for
all samples. The total number of projections taken was 2880. The
images were acquired at a tube voltage of 160 kV and target cur-
rent of 35 pA in a continuous cone beam single circle acquisition
mode with an additional 32 reference images. The tomographic re-
construction and further data analysis were performed using the
manufacturer’s X-Act and commercial VGSTUDIO MAX software.

2.2. Modelling approach of heat conduction of porous materials

2.2.1. Theoretical background of heat conduction

Heat transfer describes the flow of thermal energy and tem-
perature distribution, as well as changes caused by a temperature
gradient. The transport of thermal energy is classified into three
mechanisms: conduction, convection, and radiation. These mecha-
nisms may occur simultaneously despite their distinct character-
istics and intensity. Radiation and convection occur through the
pores in porous media but their intensity is much smaller, mainly
due to the limited potential for thermal transport. In the case
of solid materials, the most important mode of heat transfer is
thermal conduction. There are two well-known types of heat con-
duction: electrons movement and lattice vibration (phonons) [35].
In metallic materials, the heat transfer occurs mainly in an elec-
tronic way, while the lattice component is usually minor. On the
contrary lattice vibrations are the dominant carriers of heat for
semiconductors and insulating materials [36]. Intermetallics, such
NiAl investigated in this work, may indicate one of the mentioned
above behaviour or their combination [37]. The proportion be-
tween phonons or electronic mechanisms depends on many factors
e.g. temperature, chemical and phase composition, electronic and
crystal structure, grain size, impurity levels, porosity and phase
distributions [38]. In particular, the study of the dominant carrier
of thermal conduction of stoichiometric NiAl compounds through
electrical conductivity measurements and the Wiedemann Franz
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law brought the conclusion of the decisive predominance of elec-
tron type rather than a phonon one [37].”

Mathematical description of the heat transfer in conduction
mode assumes heat flux to be proportional to the negative temper-
ature gradient. Such a classical approach is described by Fourier’s
law:

g§=-AVT (1)

where g denotes the vector of heat flux, A is the constant of pro-
portionality, known as thermal conductivity, and T is the temper-
ature gradient. If we consider a one-dimensional problem, where
the direction of the heat flow is clear, then we may simplify the
formula to the scalar form:

AT
=—A— 2
q I (2)
where AT is temperature difference and L is the thickness of the

body.

In the case of polycrystalline materials, heat transfer depends
on the spatial distribution of the components and, of course, on
their thermal conductivity. To describe averaged thermal properties
of heterogeneous materials, the so-called “effective thermal con-
ductivity” (i.e., Aqf) has been introduced. A.¢ of polycrystalline or
porous materials can be defined by modifying Eq. (2), where local
thermal conductivity is replaced by the effective global coefficient
Aer describing spatially averaged heat flow. The effective coeffi-
cient takes into account disturbance of the heat flow, related not
only to different thermal properties of the sample components but
also the presence of inclusions, grain boundaries (GBs), pores, and
other sources [39]:

QL
~“ATA (3)

where Q is total heat (Xgq;A;) transferred and A is overall surface
area.

Polycrystalline materials exhibit reduced thermal conductivity
compared to their corresponding bulk single crystals due to the
effect of GBs [40]. In the context of sintering, such interfaces oc-
cur in the form of necks or cohesive bonds. As heat is conducted
across an interface between the contacting grains or particles, a
temperature drop occurs at the boundary. This effect is known as
interfacial thermal resistance (ITR), and is treated as the combi-
nation of thermal contact resistance (TCR) and thermal boundary
resistance (TBR). TCR originates from undeveloped and imperfect
mechanical contact between solids (e.g., grains or particles) due to
surface roughness and other effects [41]. Different analytical and
experimental studies have been performed to demonstrate the im-
portance of surface roughness in TCR [42-44]. One of the most
straightforward approaches assumes that the particles (in the form
of discrete elements) are covered by a thin layer with a lowered
thermal conductivity [25,26].

TBR, known as the Kapitza resistance, considers GBs as obsta-
cles toward heat conduction by scattering heat carriers [45]. The
concept of the Kapitza, introduced by Nan and Birringer [40], and
its incorporation within the effective medium allows us to predict
the thermal conductivity of polycrystalline solids with isotropic,
equally-sized spherical crystallites. The model was later slightly
modified by Yang et al. [46]:

— }\'C
1+ &

)"eff =

As

(4)

where A is the crystalline (or grain) thermal conductivity, d is the
grain size and R is the thermal resistance for a grain boundary of
unit area.

Analogically, Ae; and its reduction due to the Kapitza resis-
tance can be estimated by the brick layer model [39]. This model



S. Nosewicz, G. Jurczak, T. Wejrzanowski et al.

is based on the assumption that the whole of the GBs can be col-
lected together as one resistance and all the crystallite cells can be
grouped as another resistance. This expression states that the ef-
fective resistance is a sum of the intrinsic resistance plus the sum
of the resistances for each boundary crossed [47].

Both microscopic models - the Yang and brick layer models -
demonstrate the influence of interfacial thermal resistance on the
decrease in A5, Which is highly manifested for fine-grained poly-
crystals [48] as well as for sintered materials [13]. Recently, sev-
eral numerical and theoretical methods have been developed with
an aim to model the ITR [45,47,48]. All these approaches are based
on an analytical relation assuming that a temperature jump (AT)
exists at the solid-solid contact surface (or GB):

R=AT/q (5)

where q is the heat flow rate, and AT is the temperature difference
between two adjacent solid-solid contact surfaces [41].

2.2.2. Analytical models of effective thermal conductivity of porous
materials

Generally, theoretical methods of evaluation of the A, in terms
of material porosity, consider the mixture of two phases, solid
and pores, in a similar way as a metal matrix composite [49] or
other multi-phase materials. Such models neglect the radiation
phenomenon and simply concern the heat transfer within the solid
and gas phases. Selection of an adequate model depends on the
porosity range, pore shape and other microstructural features [39].
For materials from with relative densities between 0.65 and 1, sev-
eral theoretical approaches can be used. The simplest expression
based on a volumetric law of mixtures, known as the parallel rela-
tion and which designates the upper limit, averages the conductiv-
ities as follows [50]:

)\,eff = )\,5(1 - Up) + Up)\p (6)

where A is the thermal conductivity of the solid, Ap is the thermal
conductivity of the pores and vp is the pore volume fraction.

The Maxwell-Eucken relation, or equivalently Hashin and
Shtrikman [51], have been ultimately introduced to predict the
magnetic permeability in two-phase composites, limited to materi-
als with a closed porosity fraction lower than 15% and with pores
distributed uniformly in the solid medium. In many works, this has
been employed effectively to evaluate macroscopic properties from
heat conduction analysis [39,52]:

Ap +2hs + 2Up (Ap — As)
S Ap + 2As — Up(Ap — As)

In the porosity range up to 0.65, the Landauer formula, based
on effective medium percolation theory, has become the stan-
dard theoretical method of A evaluation [53]. The model de-
scribes a straightforward, physically insightful characteristic of bal-
listic transport predicting heat flow in solid or porous media, such
as nanostructures [54,55]. This relationship was derived from anal-
ysis of the process of heat conduction through a medium with a
random distribution of both phases, and the apparent presence of
open porosity connecting the multiple channels:

Aeff = A (7)

Aot = 0.25[Ap(3up —1)+As(2 - 3up)

+{[AD(3UP - +As(2 - 3Up)]2 + 8)»5)»1)}0-5] (8)

2.2.3. Finite element framework based on micro-CT

The numerical investigation of thermal conductivity of SPS sam-
ples has been performed by finite element analysis based on X-
ray computed tomography imaging. The main aim of finite ele-
ment simulation of heat conduction is to calculate the A of a
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sintered NiAl sample, together with the characterisation of sam-
ples in terms of the microstructural and thermal properties at the
microscopic scale. The numerical procedure consists of three main
steps: (1) data transfer from micro-CT to the finite element model,
(2) solution of the thermal problem, and (3) calculation of the Aq¢
on the basis of resultant heat fluxes.

The first step consists of the import of a set of micro-CT images
(Fig. 2) into the ScanIP/ScanFE package [56] and the selection of
a part of the sample volume for mesh generation. In the selected
part of the 3D image representation, one has to assign a mask for
each phase [57]. For materials with good contrast between phases,
this can be easily done by setting threshold levels of grayscale us-
ing the “Threshold” function in the ScanIP/ScanFE software. By im-
plementing the thresholds, we can obtain the mapped NiAl and
pores sections (Fig. 2). Finally, the software provides finite element
mesh, consisting of cube elements with edge size 1.83 wm. Each
element is identified as either a particle or pore; hence, the spatial
distribution of the elements repeats a real structure of the sample.

The size of the examined region of interest (ROI) should be as-
signed carefully to represent a microstructural cell fulfilling the re-
quirement of statistic homogeneity for the set of micro-scale ele-
ments (particles and pores) [58]. Based on the homogeneity study
of sintered NiAl presented in section 3.1.2 for FEM calculations, we
chose samples consisting of 100 x 100 x 100 DC3D8 thermally
conductive elements, with averaged porosity attuned to those mea-
sured experimentally.

One of the FEM pre-processing steps is the assumption of the
boundary conditions. In this case, boundary conditions are related
to the temperature on the bottom and top faces of the sample,
assumed to be 0 and 100°C, respectively. Side facets of the sam-
ple completely block out the heat flow normal to these surfaces
by default, equivalent to its adiabatic behaviour (Fig. 2). In addi-
tion, proper thermal conductivity coefficients related to the NiAl
solid and pores, As and Ap, are assumed to be 88.5 and 0.05
W/mK, respectively. Thermal conductivity of NiAl keeps constant
value along with different samples since the application of various
sintering process parameters does not affect the powder particles
themselves and only the contacts (necks) between them [49,59].
A non-zero value of the thermal conductivity through the pores
is the way to avoid singularity; therefore, the numerical problem
of “hanging” grains (no connectivity with other grains) appears in
samples.

We consider the steady-state thermal conductivity problem via
thermal boundary-value problem formulation and implement its
solution by use of finite element method approach within the
Abaqus package [60]. Solution of the steady-state problem pro-
vides the spatial distribution of the temperature and heat fluxes.
To calculate A.¢ of the sample, we have to calculate total heat per-
pendicular to the bottom surface as a sum of the individual nodal
fluxes times the specific area of the finite element related to that
flux. Later, this sum is divided by the height of the sample and
temperature difference, as stated in Eq. (3).

2.24. Tortuosity

Tortuosity is one of the most important properties of porous
materials [61], and is a considerable research interest in many sci-
entific and engineering fields [62-64]. The tortuous factor, 7, can
be defined as a quantitative parameter of the flow decay induced
by the sinuous path imposed by the physical barrier, compared to
the straightest path in an unrestricted medium, in the direction
of the flow [65]. Although there is no rigorous and unique defi-
nition for tortuosity as its physical essence is not completely un-
derstood [4], tortuosity has been used to describe the transport
behaviour of several physical media and materials, such as fluids,
molecules/atoms, electrical current and heat transfer, and thereby
affects their macroscopic equivalents, such as thermal conductivity.
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Computed micro tomography

3D image represented
as a series of 2D slices

ScanlP/ScanFe

Assignment of each phase
and meshing procedure
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Tonax» Prescribed high temperature

\

Q, heat flow

L, length

Tonin» Prescribed low temperature

Set up of finite element
simulation of heat conduction

Fig. 2. A schematic overview of finite element framework of heat transfer based on micro-CT.

A comprehensive review of different kinds of tortuosity in porous
media is presented elsewhere [4].

In this study, due to the investigated phenomenon, the geomet-
rical (based on micro-CT analysis) and thermal phenomenological
tortuosity (based on FEM results) have been evaluated and analysed
in the context of densification of NiAl samples and their thermal
properties. To reveal the streamline level deviating from a straight
line in sintered samples, geometrical tortuosity is calculated as the
ratio of the effective length of flow paths Ly to the straight-line
distance L in the macroscopic flow direction:

Tg = —+— (9)

The effective length of flow path Lg can be evaluated from the
digital 2D or 3D representations of the microstructure (obtained by
micro-CT, SEM, FIB and FEM) via several image analysis methods,
including the direct shortest-path search method (DSPSM) [65],
the skeleton shortest path search method (SSPSM) [66], the fast
marching method (FMM) [67] and the pore centroid method (PCM)
[68]. A combination of DSPSM and PCM approaches has been em-
ployed here, based on 3D finite element mesh determined from
micro-CT analysis. Lg is treated as the minimum path through fi-
nite elements of the solid material from top to bottom (Fig. 3). The
algorithm describing flow has been developed based on several key
assumptions:

the 26-neighbour-connectivity criterion during the patch
searching algorithm using six faces, 12 edges and eight vertices
of finite elements,

the selection criterion of the shortest path from element to el-
ement starting from the contacts by faces, edges and then ver-
tices,

in the case of multiple elements with equal distance, selection
of the element occurs by picking the closest one to the axis of
prescribed flow, designated by the top starting element,

in order to minimise the path in the horizontal direction, the
route of flow is restricted to the channel with a size of 20 ele-
ments with a central axis of prescribed flow,

each flow is optimised by a smoothing procedure, lowering the
element-element path in cross-section of channels of solid ma-
terials elements.

With these assumptions in mind, the effective length of flow
path Ly can be defined as the sum of local element-to-element

length and is calculated as follows:

n-1
L= Z\/(Xm =X+ Qi1 — V) + @z —z1)? (10)

i=1

where i is the number of iterations, n is the total number of itera-
tions (in most cases equal the number of 2D slices in 3D sample),
and x;, y;, and z; are the coordinates of the finite element repre-
senting the solid material.

Since the path of geometrical tortuosity models may take into
account the sintered microstructure with all features (e.g., pores
number, shapes), thermal tortuosity considers the details of the
heat transport mechanism occurring within the volume of solid
material. The idea of thermal tortuosity refers to the sinuous char-
acteristics of heat paths, permitting capture of the heat flow per-
turbation in porous media [69]. Analytically, thermal tortuosity can
be determined by taking into account A.g, bulk conductivity of a
solid medium As and its relative density d. [4,69,70]:

[ A
Tt = )L_S(‘l — drer) (11)
eff

Taking advantage of the thermal and geometrical features, we
propose a simple method of thermal tortuosity evaluation. This
phenomenological approach is essentially based on the results
from the FEM simulation of heat transfer and concerns the vec-
tors of heat fluxes ¢, which indicates the preferred direction of
flow (Fig. 3). Angles between the heat flux vector of the reference
element ¢, and the vectors from the reference element to first-
order neighbours «; are calculated. The neighbour with the low-
est angle is selected as the next reference element and, therefore,
creates the path. As in the geometrical tortuosity evaluation, the
26-neighbour-connectivity criterion and smoothing procedure have
been adopted in the proposed methodology. The effective length of
flow path Lg is calculated via Eq. (10) and thermal phenomenolog-
ical tortuosity using Eq. (9). The calculated tortuosity t¢, as well as
geometrical tortuosity, is a scalar parameter greater than one and
is generally presented as the average value from multiple number
runs/flows.

It should be noted that both algorithms, describing geometri-
cal and thermal phenomena, have been implemented in their own
C# code. Furthermore, the performance of both methods has been
verified by a manual approach, checking over slice-by-slice the cor-
rectness of the path for a certain number of flows and obtain-
ing the required convergence. With the algorithms validated, the
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. - path of geometrical tortuosity flow
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. - path of thermal tortuosity flow

- path of geometrical and thermal
tortuosity flow

axis of prescribed flow
(from top to bottom surface)

/ / central axis of flow -~

geometrical and thermal phenomenological approaches have been
used to study six sintered samples.

3. Results and discussion
3.1. Characterisation of porous samples

3.1.1. Microstructural study

Sintering is defined as a thermally-activated process that occurs
at high temperatures and leads to loose particles’ transformation
into a solid material. The progress of the sintering process is mea-
sured via two phenomena: an increase in the cross-section of an
inter-grain neck, as well as a decrease in the distance between the
centres of two neighbouring grains. There is a great scientific in-
terest focused on the issues related to the mechanisms of neck
formation and neck growth during the sintering process, especially
for conducting powders [18, 71-73]. The phenomena accompanying
the material densification process in the case of sintering via SPS
are unclear and still require systematic investigation. Based on the
microstructural analyses, the mechanisms of material densification
can be explained and described.

The starting point of the sintering process is usually assumed
to be the point when particles of the powder are touching. In the
SPS method, as the electric current starts to flow, the elimination
of oxide layers and absorbed gases on the surface of powder parti-
cles is promoted. While the particle surfaces are cleaned and acti-
vated, an increase in material density and pore elimination is ob-
served due to the diffusion processes along with temperature rise.
To visualise this evolution, the micro-CT data of the real sintered
structures was processed to visualise 2D images of three represen-
tative cross-sections of the studied cube samples and their 3D re-
constructions (Fig. 4). The 2D images of sample 1 (T; = 1100°C,
p = 5 MPa) reveal round-shaped bright metallic particles separated
by dark regions, originating from a significant porosity. Some of
the particles have a dark spot inside, indicating that the starting
powder also contains hollow particles. It is worth mentioning that
a quantitative analysis of the CT data of the starting intermetallic
powder provided detailed information regarding the distribution of
particle sizes, in which the majority of the metallic particles had

Fig. 5. SEM images of NiAl fractures at initial stage of sintering of: a) sam-
ple 1 (Ts=1100°C, p=5 MPa), d,,=70.2% and b) sample 3 (T;=1300°C, p=5 MPa),
dye=84.4%.

diameters in the range of several microns with an average value
davg = 9.2 pm.

The forming of the first necks between the NiAl particles can
be observed in Fig. 5a. There are some visible single traces show-
ing the contact of individual particles with each other. At the
beginning of the sintering process, the neck size is small and
their physical properties (strength, conductivity) are significantly
reduced. When the sintering temperature is increased up to 1300°C
(Fig. 5b), a significant increase in densification rate is observed;
this is related to an increase in the number of necks and in neck
size, confirming the progression of the sintering process.
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Fig. 6. SEM images of NiAl neck formation during sintering of: a) sample 3
(Ts=1300°C, p=5 MPa), d,=84.4% and b) sample 4 (T;=1100°C, p=30 MPa),
do=89.3%.

The neck size at this stage of sintering was estimated to be
within the range of 1 to 10 um, depending on the size of two ad-
jacent particles. The rate of increase in contact area is most rapid
at the initial stage of sintering. A similar observation was made in
previous reports [49,59, 72], wherein the neck growth was rapid at
the beginning, slowed down later on, and finally approached zero.
Such behaviour was explained by the fact that the curvature dif-
ference at the contact zone is large at the initial stage of sintering,
and with neck growth the curvature is reduced, implying the re-
duction of driving forces. This finally affects the approach of the
centres of adjacent grains, clearly visible in Fig. 5b.

The limited state and quality of necks with a visible number
of cracks and discontinuities across the neck (Fig. 6a) seems to
strongly influence the mechanical strength and thermal conductiv-
ity of sinters. This observation corresponds well to the behaviour of
sintered pure copper [71], where neck structures with fine dimples
were noticed. Furthermore, it was suggested that fine grains in the
neck zones can be formed first through a process of local melting
and then rapid solidification, which is precisely the process of neck
formation. At this stage of sintering, high local temperature gra-
dients or non-uniform temperature distribution can be observed.
Similarly for microwave sintering, surface diffusion seems to be the
most important densification mechanism during the early stages of
sintering, although a liquid phase is suggested too [72].

In the case of NiAl sintering via SPS method in this work, no
evidence of material melting was observed. For sample 4 (man-
ufactured in Ts = 1100°C, p = 30 MPa, d,; = 89.3%), the den-
sity of which is relatively close to that of sample 3 (Ts = 1100°C,
p = 5 MPa, do = 84.4%), the structure of the neck is more com-
pact (Fig. 6b), and only some local pores can be distinguished in
the fracture area. Moreover, as sintering progresses the amount of
necks formed increases. An increase in contact number directly in-
fluences the speed of densification during the SPS process; thus,
the time required for obtaining near-fully dense materials is rela-
tively short compared to conventional sintering techniques.

External pressure plays an important role in the densification
process, as it directly impacts the sintering mechanisms by intensi-
fying the phenomena that occur during the process, increasing the
rate of sintering. Simultaneously, the lower sintering temperature
limits the grain growth of the material. The quality of the bonding
between adherent grains (sample 4) appears to be stronger and
more durable. Additionally, the external pressure facilitates pore
elimination processes in the final stages of sintering. The joint in-
teraction of temperature and pressure leads to obtaining a material
with a relatively low level of total porosity (sample 6 Ts = 1100°C,
p = 30 MPa, d = 97.5%). It should be noted that in the case of
sample 6 with near-full densification, we refer to well-developed
grain boundaries instead of necks, as in the case of materials with
a lower degree of densification. The fracture occurs mostly through
the grain boundaries or grains themselves, confirming the high-
quality connections between the grains (Fig. 7).

In conclusion, the properties of porous materials depend on
many factors, the most important being total porosity amount, av-

International Journal of Heat and Mass Transfer 194 (2022) 123070

Fig. 7. SEM image of the fracture of almost fully dense NiAl material (sample 6
-T,=1100°C, p=30 MPa, d,¢=97.5%).
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Fig. 8. Porosity as a function of the region of interest (ROI) size.

erage pore size, and their shape and distribution in a material’s
structure [74]. A good correlation between modelling and experi-
mental results of sintered NiAl based materials was presented in
our previous work [49], wherein the relationships between mi-
crostructure and mechanical properties were examined. An equally
important issue is the thermal conductivity of materials contain-
ing a significant number of pores [15]. Heat and mass transport
plays a very important role in the case of the material densifica-
tion process via SPS. The electric current flow through a system of
loose particles causes a local temperature increase in the contact
area. Next, the whole volume is heated due to the Joule effect with
a rapid increase in the temperature (up to 2000°C with rates up
to 10K/s). Heat flux directly influences the mass transport mecha-
nisms responsible for the sintering phenomenon. The directed cur-
rent flow can create privileged sintering directions of the pow-
der, which can result in varying material densification rates and
varying material properties in different directions [75]. From this
point of view, the sintered porous structure should be considered
as particles connected by necks, the size and amount of which
change with the heating process, affecting diffusion mass phenom-
ena. Therefore, its A. depends on the number of created necks.
The microstructural investigation is the starting point to modelling
heat conductivity for a porous sintered NiAl material based on the
real structure.

3.1.2. Quantitative analysis

Sintered NiAl samples have been investigated quantitatively in
the context of several microstructural parameters. In the first stage
of the quantitative analysis of the microstructure of porous sam-
ples, the homogeneity of the volume fraction of phases (i.e., NiAl
and pores) was investigated considering the size of the ROI (Fig. 8).
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Table 1
Summary of microstructural and thermal properties of sintered NiAl samples.
No. (sintering temp., Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
pressure) (1100°C,5MPa) (1200°C,5MPa) (1300°C,5MPa) (1100°C,30MPa) (1200°C,30MPa)  (1300°C,30MPa)
Experimental relative density [%], 70.2 78.2 84.4 89.3 95.0 97.5
drel
porosity [%] 29.8 21.8 15.6 10.7 5.0 2.5
effective thermal 33.5+ 47.3+2.4 52.5+1.7 68.2+2.0 76.1+1.8 83.4+3.3
conductivity [W/mK], 2.3
)vexp
Quantitative specific surface area 0.109 0.089 0.065 0.055 0.038 0.019
analysis [1/um]
open porosity [%] 30.40 19.53 11.52 6.75 2.23 0.73
closed porosity [%] 0.59 1.02 1.70 3.39 2.97 1.01
mean pores size [pum] 11.07 11.54 12.02 12.43 10.38 11.86
degree of anisotropy 1.17 1.18 1.51 1.25 1.18 2.23

Thus, the volume fraction of pores (porosity) was analysed for
smaller 3D images randomly extracted from the large, original im-
age, obtained by micro-tomography. For each ROI size, 10 images
were used to calculate the average porosity.

The results presented in Fig. 8 indicate that all the materials
studied are relatively homogenous where porosity is concerned.
This suggests that the representative size of the region of inter-
est can be reduced to a minimum of 50 x 50 x 50 pixels (voxels),
where the average porosity converges to a specific value with low
variation. In numerical simulations, a reduction in the size of the
ROI is often a compromise between accuracy of results and calcu-
lation time. Based on the above results, the size of the systems for
numerical analysis was set as 100 x 100 x 100 for more advanced
simulations and 200 x 200 x 200 when less demanding calcula-
tions were required.

Quantitative 3D image analysis was performed on
200 x 200 x 200 voxels. Each analysis was repeated for ten
randomly-extracted regions from the original, large micro-
tomography image. The analysis was performed using the Avizo
and SkyScan CT analyser CTAn software. The Otsu algorithm was
utilised for the automatic thresholding procedure. Global and local
microstructure parameters were characterised as follows:

« open/closed porosity - measured as the ratio of the number of
voxels representing open/closed pore space to the total number
of voxels in the ROI,

e mean pore size - obtained by inscribing spheres into pore
spaces and calculating the mean diameter value,
specific surface area - calculated as the ratio of the surface of
solid phase to the total ROI volume,
degree of anisotropy (DoA) - is calculated using mean inter-
cept length (MIL) and Eigen analysis. Firstly, MIL is calculated
for the large number of random 3D angles. Next, the polar plot
of MIL vectors is generated and an ellipsoid is fitted to this plot
with tensor representation. Finally, DoA is measured as a ratio
of maximum eigenvalue to the minimum eigenvalue of the ten-
sor representing the ellipsoid.

The results of quantitative image analysis are shown in Table 1,
along with relative density and A.¢ which have been measured ex-
perimentally. It can be observed that the total porosities measured
experimentally and calculated from image analysis of X-ray CT im-
ages differ slightly; the lower the absolute value of porosity, the
higher the difference.

The results clearly indicate that higher sintering temperature
and pressure lead to lower total porosity (open + closed) and a
higher relative density of materials studied herein. On the other
hand, it can also be observed that the average pore size does not
change significantly (minimum 10.38 xm, maximum 12.43 um).

3.2. Simulation and modelling results

3.2.1. General overview

Extensive numerical analysis of heat transfer of sintered sam-
ples was carried out based on the methodology presented in
section 2. Six geometrical models representing NiAl samples with
different porosities, obtained from the micro-CT analysis, have
been used in finite element simulations to evaluate A.¢ and its de-
pendence on the structural and thermal features. Macroscopic (vol-
ume fraction of samples, A, tortuosity) and microscopic quanti-
ties (magnitudes of heat fluxes q and deviation angle B, presented
as average value with standard deviation) are presented in Table 2.
The effect of sintering process parameters (temperature and ap-
plied pressure) and the relative density and porosity on the sim-
ulation results have been studied and discussed in further subsec-
tions (3.2.2 to 3.2.5).

3.2.2. Heat fluxes analysis

With the real representation of porous samples determined via
micro-CT imaging, it is possible to characterise the local thermal
effects of sintered NiAl materials. Fig. 9 presents the graphical dis-
tribution of heat flux magnitudes (q) of six studied samples. As
can be observed, the spatial distribution of q depends closely on
structural features such as particle size and shape, the number and
size of particles/necks, and porosity characteristics. Microstructural
and quantitative analyses (section 3.1) reveal a considerable dif-
ference in sample design, which affects the heat transfer perfor-
mance substantially. The samples with higher porosity, i.e., those
manufactured with assistance of lower external pressure (samples
1-3 in Figs. 9a-c), are characterised by smaller-sized, bottleneck-
shaped necks connecting powder particles with narrow channels
for heat flow. Limited and undeveloped necks effectively constrain
the heat flow. Hence, such locations (being in parallel to prescribed
heat flow) indicate maximized values of g. On the other hand,
such samples demonstrate lower local heat flux in regions within
the volume of the largest particles and in the interfacial area of
solid-pore elements, channelled perpendicular to the prescribed
heat flow. More discussion on the aforementioned effect follows
in sections 3.2.4 and 3.2.5.

More privileged sintering conditions with higher external pres-
sure and/or sintering temperature provide a higher number of
advanced-sized cohesive bonds with simultaneous grain/particle
growth, and a reduction of pores and voids (samples 4-6 in
Figs. 9d-f). Having large channels and streamlined paths to heat
flow, the sparse heterogeneities of heat fluxes (red and blue colour)
are placed in the pore locations. Maximum values can be observed
in the solid-pore interface in the direction parallel to heat flow and
the minimum ones observed in the perpendicular direction.
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Table 2
Summary of properties of sintered samples evaluated by FEM simulations.
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

No. (sintering temp,pressure) (1100°C,5MPa) (1200°C,5MPa) (1300°C,5MPa) (1100°C,30MPa) (1200°C,30MPa) (1300°C,30MPa)
relative density of FE samples [%], d 70.2 78.2 84.4 89.3 95.0 97.5
effective thermal conductivity, L. [W/mK] 45.2 55.8 66.4 75.7 79.2 84.1
average magnit. of heat flux q with stand. 34.5+14.1 40.3+11.6 43.249.5 45.7+£7.1 46.5+5.9 47.5+4.0
dev. [KW/m?]
average deviation angle of heat flux 8 with 18.3+15.4 13.9+12.4 10.7+10.7 7.14£8.5 5.447.0 2.9+4.7
stand. dev. [°]
thermal tortuosity - analytical rel. 1.184 1.096 1.054 1.032 1.016 1.006
thermal phenom. tortuosity, 7, with stand. 1.130+0.100 1.073+0.038 1.040+0.028 1.017+0.018 1.010+0.019 1.002+0.010
dev.
geometrical tortuosity, 7; with stand. dev. 1.210+0.113 1.134+0.069 1.090+0.054 1.052+0.047 1.033+0.031 1.013+0.032
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Fig. 9. Graphical distribution of heat fluxes magnitudes q in: a) sample 1 (d;,=70.2%), b) sample 2 (d,=78.8%), c) sample 3 (d;,=84.4%), d) sample 4 (d,,=89.3%), c) sample
5 (d;e=95%) and d) sample 6 (d=97.5%).
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Fig. 10. The distributions of: a) element heat fluxes (magnitude), b) deviation angles from prescribed direction of heat flux (the central axis of flow) for NiAl samples.

The heterogeneity of q for the most porous samples has been
explicitly confirmed in the distributions shown in Fig. 10a. It was
proven that widespread heat fluxes are strongly connected with a
lower relative density in a sample. The more complex and non-
trivial structure of porous samples results in a relatively low aver-
age q with a sizeable standard deviation, which evolves with de-
creasing relative density (Table 2).

Besides the clear impact of the distribution of heat flux mag-
nitudes, porosity changes the direction of § vectors with respect
to the central flow axis. In order to measure the directional vari-
ation of the q vector, the deviation angle 8 has been introduced
(Fig. 3). The distribution of the parameter for six samples is shown
in Fig. 10b. The distribution character and the average value of
deviation angles varies significantly for different porosities. Sim-
ilar to the distribution of heat flux magnitudes, Fig. 10b reveals
the heterogeneous spread for less dense samples and a more com-
pacted and homogenous spread for samples with higher density.
The larger number of pores and voids is apparent in samples 1-3,
forced to deflect the heat fluxes from the prescribed direction of
flow as they approach the physical obstacle.

3.2.3. Tortuosity

The investigated deviation angles of heat fluxes vectors §, pre-
sented in Fig. 10b are strictly related to the tortuosity of local
heat flow and, hence, to the macroscopic (average) tortuosity, be-
ing one of the main microstructural factors of porous materials. As
a consequence, all sintered samples have been analysed in terms
of the streamlined level of path/flow, evaluated by geometrical and
thermal phenomenological models as discussed in section 2.2.4.
Fig. 11a shows the graphical representation of curves within the
volume of sample 1.

It can be clearly seen the considerable spread of curve shapes
originates from a large number of flow obstacles in the form of
elements corresponding to pores and voids. The effect of tortuous
flow is shown in Fig. 11b, where the representative curves with de-
viation distance (measured by unit element size) from the axis of
prescribed flow are designated by the top starting element. As the
tortuosity increases, the curves indicate more complex shapes with
greater deviation distances elongating in this way, with the effec-
tive route from top-to-bottom surfaces of the sample calculated via
Lg parameter (Eq. (10)).

10

The impact of sample density on local tortuosity parameters is
presented in Fig. 12. The proposed distributions reveal a high de-
pendence between each sample, regardless of evaluation method-
ology. Samples manufactured with the assistance of higher pres-
sure, i.e., higher density, are characterised by the prevalence of
flows closer to 1, with maximum values of 1.3 for geometrical
tortuosity and 1.2 for thermal phenomenological tortuosity. Lower
pressure during SPS results in higher porosity and a significantly
hindered path for heat flow, which can be observed as a wide
spread of tortuosity results (up to 1.6 for geometrical tortuos-
ity). When comparing the geometrical and thermal distributions,
it should be noted that the thermal distribution is more compact,
showing that the path can be lowered by the approach predicated
on heat fluxes.

A more relevant comparison was made of the performance of
different tortuosity evaluation methods and is shown in Fig. 13.
The graph shows the average value of geometrical and thermal
phenomenological tortuosities from more than 100 flows, with ad-
ditional results from the thermal approach based on the analytical
relation (Eq. (11)). In all three cases, the density growth is associ-
ated with lower tortuosity; thus, all methods show a similar and
valid trend. On the one hand, these results show a certain discrep-
ancy between each technique; on the other hand, a satisfactory co-
incidence can be observed compared to the analogical study of a
different kind of tortuosity described elsewhere [4].

The highest value for all sintered samples was obtained via the
geometrical approach. It should be noted that the path is realised
by a zig-zag pattern, passing the pores through many constrictions
and bottlenecks of solid material channels. This makes the geomet-
rical tortuosity a microstructural characteristic, independent from
the specific transport process in porous media [76]. In contrast to
thermal approaches, the geometrical method simply bypasses ob-
stacles via a search algorithm of first-order neighbours, and does
not take advantage of the heat flow as a guideline to predict the
path (Fig. 3). Such a feature allows the thermal methods to lower
the effective path by smoothing the flow deflection before contact
with void elements much sooner. Finally, it should be mentioned
that, based on analytical results, the thermal phenomenological
model lowers the effective path more than the thermal model by
application of special smoothing procedure, allowing aversion of
the flow variation in the cross-section of channels of solid mate-
rial elements. Certainly, the effect of flow variation is considered in
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Fig. 11. Overview of tortuosity analysis. Collection of 30 representative curves within sample 1 (a), representative tortuosity curves with deviation distance (measured by
unit element size) from the central axis of flow designated by top starting element (b).
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with various relative densities.

the heat transfer simulation, which is the foundation of the deter-
mination of A, this being the input parameter in Eq. (11). Hence,
the thermal tortuosity based on the analytical relation may over-
estimate the results compared to the phenomenological model.

3.2.4. Validation of numerical and analytical results

One of the major purposes of finite element simulation was to
validate the numerical results of Aoy evaluated utilising the pro-
cedure presented in section 2.2.3. Determined values for A.¢ have
been compared with corresponding experimental results (Table 1)
and analytical results (discussed in section 2.2.2). Fig. 14 presents a
summary of experimental and analytical results for Aexp (parallel,
Eq. (6); Maxwell-Eucken, Eq. (7); and Landauer, Eq. (8)) and nu-
merical results as a function of relative density. Input parameters
of analytical models, namely thermal conductivities of the solid,
As and pores, Ap, have been set similarly as in FE simulations.

The first impression of the comparison of effective thermal con-
ductivities is the considerable disagreement of experimental and
analytical datasets. The highest deviation can be observed for the
parallel model. As the analytical relationship appears to be more
complex and sophisticated (Maxwell-Eucken and Landauer), the
theoretical results better represent the experimental behaviour. On
the other hand, the Landauer relation corresponds well with fi-
nite element results over approximately the entire studied range
of relative densities. This can be explained by its theoretical back-
ground, and several physical assumptions lie behind it - in par-
ticular, a random distribution of open porosity within the inves-
tigated domain. Such structural features can be easily compared
with geometrical models based on micro-CT, indicating a serious
resemblance as shown in quantitative analysis of NiAl samples
(section 3.1.2).

Despite such similarities, both numerical and analytical results
for higher-porosity samples deviate significantly from experimental
data. Fig. 14 shows that thermal conductivities calculated by FEM
and the Landauer model are overestimated. Both approaches pre-
dict a change in Ay due only to porosity evolution, without any
microscopic effects affected by the manufacturing process. In par-
ticular, FEM and Landauer models do not consider the ITR explic-
itly as the effect reducing the heat conduction in a porous poly-
crystalline material.

In the case of sintered material with a high degree of porosity,
the bonding of powder particles in the form of necks forms the
structural spots blocking heat flow. As discussed in section 3.1.1,
in sintered systems thermal resistance can occur due to both ther-
mal contact and boundary resistance to varying degrees and due to
different sintering conditions [13]. The samples manufactured with
limited external pressure (samples 1-3) may generally demon-
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strate imperfect particle-particle contacts at the microscale, despite
the application of relatively high sintering temperatures (sample
3). On the other hand, the intense powder compaction resulting
from higher external pressure supports the development of bond-
ing through multiple contact points along the neck area. However,
a qualitative connection between neighbouring particles cannot be
ensured due to the low sintering temperature (sample 4). Analy-
sis of samples 5 and 6 shows that only the application of relevant
loading to the powder mixture and providence of relatively high
sintering temperature guarantees the intensified mass transport
via diffusion mechanism and, thus, produces fine particle-particle
bonding with similar thermal conductivity to crystalline materials.

As a consequence, the thermal interfacial resistance of necks
appears to be an essential subject in heat conduction through
nearly-sintered porous media. In fact, by neglecting this mate-
rial’s effect and assuming perfect thermal conductivity through the
necks, we consequently over-predict effective thermal conductivi-
ties [41]. Accurate predictions of A.¢ require a precise investigation
of the interfacial heat transport [48].

3.3. Consideration of interfacial thermal resistance

3.3.1. Finite element framework

To express the importance of analysis of heat conduction
through the necks, we consider the additional thermal resistance
located in the cohesive bonding between particles of the NiAl sam-
ple and its effect on macroscopic behaviour. The thermal resistance
of necks can be represented within the finite element framework
as the third autonomous “phase” (named as resistance phase) in the
volume of the sintered sample, similar to previous reports [41,48].
An auxiliary phase should indicate a lowered value of thermal con-
ductivity due to the structural nature of necks. However, three as-
pects of numerical investigation should be addressed, specifically
the fraction vy, the thermal conductivity of resistance phase el-
ements Ar, and their spatial location within the finite element
model.

Due to the X-ray testing nature and employed methodology, the
micro-CT analysis does not allow us to distinguish individual par-
ticles or grains, nor to localise their contact points. Hence, it treats
the solid phase as the continuum body, as opposed to several
experimental (e.g., electron backscatter diffraction [77]), analyti-
cal [13,48] and micromechanical particle approaches [25,26,48,78].
In order to highlight the necks within the geometrical micro-CT
model, a special generation algorithm has been adopted. Its foun-
dation comes from the idea that the necks, considered as reduced-
sized channels for heat conduction, are the regions with the max-
imum local ¢, as discussed in section 3.2.2 and shown in Fig. 15.
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Fig. 15. The graphical distribution of maximum magnitudes of heat fluxes q of sample 1 after heat transfer simulation along y direction.

Therefore, it can be clearly seen that the bonding of particles are
characterised by a maximised q in contrast to particle centres.

Taking advantage of the aforementioned effect, we develop the
generation algorithm of the resistance phase with the following as-
sumptions:

o finite elements designated as the resistance phase are ap-
pointed from generation simulation performed in three orthog-
onal directions to capture the necks oriented differently to the
prescribed heat flow direction,

o the main indicator of designation of resistance phase is the

value of local g in the prescribed heat flow direction,

a certain number of assigned finite elements n; exhibiting the

maximum heat flux value is selected and converted from solid

to resistance phase,

in order to perform the generation simulation while the re-

sistance phase is already present at a level vy = ny/nyy,, the

value of thermal conductivity of the resistance phase, Ar, is set

as Ar/As = 80%. The proposed value has been established in a

number of tests assessing the performance of the generation al-

gorithm, ensuring the best possible location of the resistance
phase within particle necks,

as the spots are filled with a new phase, the algorithm controls

the number or resistance phase elements in each layer of the

sample, ni (i = layer number), and generates a homogeneous
distribution along the whole sample in a given direction.

The capability of the generation algorithm can be reviewed on
the basis of generated structures varying the content of the resis-
tance phase (Fig. 16). Essentially, the proposed algorithm placed
the new elements with lower thermal conductivity within the ge-
ometrical constrictions of the solid phase related to the bonding
of powder particles. As v; increases, the new locations are distin-
guished and new necks are covered by the resistance phase. Al-
though the generation method shows relatively competent perfor-
mance, it also reveals two main deficiencies. Firstly, despite the
considerable resistance phase content (v; = 20%), scarce locations
are still not filled by new elements. Secondly, instead of covering
the prompting spots, the new elements of the resistance phase ag-
glomerate within the area of existing particle boundaries; hence,
creating “clusters”. Nonetheless, the application of the optimisa-
tion procedure ensures a homogenous distribution of the number
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of resistance phase elements in each layer ni, minimising the ob-
served agglomeration effect, as shown in Fig. 17. The parameter n
deviates slightly along the layers due to the local microstructural
features (e.g., local porosity, grain size), ultimately keeping the pa-
rameter close to the prescribed value (400 for v, = 4%).

Keeping both the advantages and drawbacks of the proposed
method in mind, the performance of the generation algorithm has
been verified by a simple benchmark consisting of its comparison
with a corresponding sample with a random distribution of resis-
tance phases. Several finite element simulations of heat conduc-
tion have been performed for two types of samples (generated by
an algorithm or randomly) with various fractions of v; (0 to 20%)
and ratio A;/As = 0. The measure of the effectiveness of the pro-
posed test is the reduction rate of A.g. As the drop in A.; becomes
more pronounced and macroscopic resistance is stronger, the gen-
eration method locates the elements of the resistance phase in
sensitive and critical spots, referring to particle necks. The compar-
ison of the effectiveness of the generation algorithm is presented
in Fig. 18. The reduction rate of the proposed new method is sig-
nificant with respect to the random one, demonstrating a linear
decrease of A.¢ along with an increase in the fraction of resistance
phase similarly to porosity growth. The generation algorithm of-
fers the high limiting of heat conduction by reducing A.¢, down to
nearly 0 W/mK for vy = 20%.

The reduction in A has its origin in the characteristic of heat
conduction through porous samples on the microscopic scale. As
discussed in section 3.2.2, the distributions of each element’s q and
the deviation angles for modified sample 1 (A/As = 0) with dif-
ferent resistance phase fractions are analysed in Figs. 19a and b,
respectively. In accordance with expectations, the addition of the
resistance phase, intended to serve as ITR, effectively blocks the
flow by decreasing q locally (Fig. 19a) in the vicinity of dissipative
phases (such porosity and/or the resistance phase) while simulta-
neously deviating the flow by frequently increasing the angles from
the prescribed direction higher than 90° (Fig. 19b).

A further and more detailed investigation of the dependence of
ITR on A is shown in Fig. 20. Analogically to the previous bench-
mark example, samples with variable resistance phase fractions
were generated in intervals of 2% for vy, up to 10%, and then in
intervals of 5% up to 20%. The different ratios of A;/As were stud-
ied, from 0 to 70% for graphs and from 0 to 100% for heat maps.
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Fig. 16. Microstructures of modified sample 1 containing: a) v; = 6%, b) vy = 10%, c)
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vr = 15% and d) vy = 20% of resistance phase (blue color).
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Fig. 17. Distribution of resistance phase within each layer along three orthogonal directions for sample 1 with v, = 4%. Total number of elements in each layer = 10000.

Points marked on the graphs denote A results calculated from FE
simulations, and lines show the approximation of FE results. Finite
element investigation of interfacial thermal resistance and A.¢ has
been performed for samples with the highest porosities, i.e., sam-
ples 1-4, as the need to address the resistance at the necks is high-
est due to serious disagreement with experimental data (Fig. 14).
Essentially, as A;/As is close to 100%, the ITR demonstrates no
impact on A thus, there is no difference in the rate of thermal
energy transferred through either the solid (particle) or neck. As-
suming a Ar/As ratio lower than 100%, we expect to reduce the
macroscopic behaviour of heat conduction by disturbing the local
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heat transfer via particle bonding, considered the critical location
of energy flow. In an extreme case, by setting the ratio A;/As =
0, we declare that the generated resistance phase has no thermal
conductivity and can be treated in the same way as porosity.

For samples 1 and 2 (Figs. 20a and b) especially, by decreas-
ing the A;/As ratio we notice that A.g is limited more rapidly with
the non-linear matter by hindering thermal energy in the bound-
aries among particles, and heat is mainly transferred through the
solid part [41]. The increase of resistance phase fraction results in
a considerable drop in Aqg. As vur increases the Ao decrease oc-
curs at a lower rate, due to approaching zero conductivity and to
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the clustering effect of resistance phase elements within the sam-
ple, among other causes. Samples 3 and 4 (with lower porosity,
Figs. 20c and d) show a more linear dependence, regardless of ap-
plied A /As ratio.

In order to study the agreement of obtained FEM results with
experimental data, the experimental thermal conductivity (Aexp)
has been inserted in each graph. To avoid the uncertainties in ex-
perimental data for each specific measurement point (Table 1), the
linear approximation of Aexp has been used. As the curves for vari-
ous values of A /As cross the experimental line (Fig. 20), agreement
for each sample has been observed. Moreover, the ratio of A. de-
termined by FEM and experimentally (Aqf/Aexp) Was introduced.

The dimensionless parameter has been utilised in heat maps
with the identification of the experimental zone corresponding
to the standard deviation of thermal conductivity measurements
(Table 1). In other words, the experimental zone with Agg/Aexp ra-
tio close to 1 shows the combination of FEM simulation parame-
ters, Ar/As ratio and v, ensuring consistency between numerical
and experimental results.

As can be observed for all samples studied, agreement between
experimental and numerical results, reflected in the presence of
the experimental zone, has been found. Four heat maps corre-
sponding to four samples each reveal relatively similar behaviour
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within the presented parametric study. The experimental zone in-
creases non-linearly with increasing A;/As and v;. The increase of
the position of the experimental zone appears to be more evident
as density increases (highest for sample 4 and lowest for sam-
ple 1). The correspondence of numerical and experimental results
demonstrated in the experimental zone for sample 4 should be
easier to achieve (for higher A;/As ratio) due to the expected bet-
ter physical state of cohesive bonding, resulting primarily from ap-
plication of higher external pressure and secondarily from minor
differences with experimental data. Furthermore, by keeping the
same range of Aqg/Aexp along with the four heat maps, a higher
deviation of the dimensionless parameter can be observed as the
porosity rises both from the upper side (red) and bottom side
(blue) of the experimental zone.

3.3.2. Analytical modeling

The validation of analytical and experimental data of Aoy for
samples with different densities brought failure regarding agree-
ment of results (Fig. 14). Three of the studied models - paral-
lel, Maxwell-Eucken and Landauer - were unable to represent
the macroscopic thermal behaviour of sintered materials correctly,
without consideration of ITR effect. The proposed new finite ele-
ment model with an introduced resistance phase confirms the re-
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quirement for the application of the dissipation mechanism related
to particle contacts/boundaries, and, hence, the achievement of the
best possible correspondence with experimental results of Aexp.

In order to take the ITR into account within the analytical
modelling, the Landauer model, which represents the experimental
data better than the other two studied relations, has been modified
by including the resistance in the form of the Yang model (Eq. (4)).
In a similar manner, using the brick layer model, the Landauer re-
lation has been efficiently used to predict A of alumina samples
with various pore volume fractions manufactured in different firing
conditions [39], using a constant value of grain boundary thermal
resistance (per unit area) R. Such assumptions have been tested in
our investigation and are presented in Fig. 21. Averaged grain size
(davg), summarised for all samples, has been estimated as 9.2 pm
based on micro-CT investigation of starting powders. Such assump-
tion is justified since the spark plasma sintering significantly lim-
its the grain growth during the densification process. The thermal
conductivity of pores (Ap) has been kept the same as in previous
tests, while the thermal conductivity of the crystal (A¢) has been
set as 88.5 W/mK, as per the fully-dense dense material.

Several curves representing analytical results for A.g, obtained
by the application of a number of constant R values has been com-
pared to experimental data. Despite the Landauer model’s success
for fired alumina samples with a constant value of R for different
porosity, it fails for sintered NiAl samples. This can be explained
by the fact that as the SPS condition of our samples differs, af-
fecting the microstructure diversely at microscopic (i.e., size and
quality of particle contacts), keeping the same value of R seems
to be unrealistic and too simplistic an assumption. As discussed in
sections 3.1.1 and 3.2.4, the application of higher external pressure
and/or sintering temperature should improve heat transfer through
the necks significantly, and simultaneously reduce the ITR.

In view of the above, the thermal resistance through particle
contacts has been approximated by a linear relation as a func-
tion of relative density. Since there is no literature data regard-
ing the ITR of NiAl grain boundaries (or necks), and literature is
limited for other metals, Rmax has been calibrated to fit the value
of Aexp for sample 1. The proposed range of R - Rmax = 5 x 10-8
m?/(KeW) for d.g; = 0.7; Rpin = 0 m?/(KeW) for a fully-dense sam-
ple, presented in Fig. 21 as a miniature graph) corresponds with
data found in the literature regarding the Kapitza resistance re-
sults for lowly-conducting grain boundaries [18,39,48]. However,
it should be noted that cited references specify the R values of
ceramics mostly, such as alumina, in which the main mechanism
of heat conduction is lattice vibrations and hence, it may indi-
cate a quite different characteristic compared to the movement
of the electrons being the dominant carrier of thermal conduc-
tion in the intermetallic compounds [37]. Due to the lack of lit-
erature data, the value of Rmax cannot be verified more, however
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assumed considerable resistance seems to be realistic considering
the neck structure of sample 1 (Fig.5a). The material structure at
this state should be treated as the starting point of sintering. Be-
cause of the insufficient sintering temperature, practically no ini-
tial compression and reduced sintering time, bonding between in-
dividual particles is very weak and the macroscopic stability of the
sample is highly frail. Along with thermal boundary resistance of
limited size necks, the very early stage of sintering is accompanied
by the thermal contact resistance, which dissipates the heat flow
very effectively [41].

The miniature graph in Fig. 21 also shows the nonlinear evolu-
tion of thermal conductivity of the solid (As) as the effect of the
decay of ITR. As stated previously [18], R decreases for higher tem-
perature treatments (along with extra powder loading), suggesting
that the more resistive higher-energy grain boundaries are elimi-
nated as sintering progresses accompanied by the neck formation
with a considerable increase in their size and quality. In conclu-
sion, the proposed assumptions and modifications enhance the ca-
pability of the Landauer model by increasing the accuracy of the
prediction of A for sintered samples. The dependence of analyti-
cal Ao and d,e has been changed from linear to exponential; thus,
the agreement between analytical and experimental results is im-
proved substantially.

4. Summary and remarks

The presented work can be summarised in the following re-
marks:

1) Experimental, theoretical and numerical investigation of ther-
mal conductivity has been performed for porous NiAl samples
manufactured by spark plasma sintering under different process
conditions.

2) The real representation of the sample’s microstructure has been
obtained by X-ray computed tomography analysis, and then
transferred to the finite element framework of heat conduction.
The samples have been investigated numerically in the con-
text of structural and thermal features, i.e., tortuosity, local heat
fluxes or deviation of angles of flow.
Numerical results of A.¢ have been compared with data from
three well-known analytical models and, furthermore, by exper-
imental results determined via the laser flash method. A serious
disagreement of the presented data led to consideration of the
additional resistance within the solid medium, localised in par-
ticle necks.

A special algorithm has been developed to reveal the neck spots

within porous structures and to add the complementary resis-

tance phase. The proposed methodology has been verified by a

simple benchmark test showing the required efficiency.

&=
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5) Finite element simulations with various contents of the resis-
tance phase and different magnitudes of thermal conductivity
have confirmed the model’s ability to achieve a satisfactory cor-
respondence between numerical and experimental data.
Landauer’s model has been modified by taking into account the
interfacial thermal resistance of necks, by employing the Yang
model with a linear dependence of the local thermal resistance
and sample densification. The new model allows the reproduc-
tion of the correct behaviour of thermal conductivity of sintered
NiAl samples with changing porosity.
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