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Abstract. The paper deals with aspects of the complexity of mechanical properties of porous structures made from copper
fibers and fibers reinforced with copper meshes to assess the adhesive strength of the fibrous structure and the cohesion
between the components of the tested elements used for the construction of heat exchangers. All of the tested samples were
characterized by macroscopic open porosity. The internal structure of the obtained connections was analyzed by metallographic techniques. Statistical relations of the connections made between the layers have been provided. The side effects of
the production technology related to the “hydrogen disease” of copper have been discussed.
Keywords: adhesive strength, copper, technology, metal – fibrous structures.

Introduction
Components with fibrous structures are used to transfer large
heat fluxes in various applications (Chatys & Koruba, 2005;
Gapiński & Stefański, 2014), especially in the construction
of heat exchangers (Verdy et al., 1998; Bar-Cohen & Simon,
1986; Chatys, & Wójcik, 2008). Such phase – change heat exchangers can be part of refrigeration and air – conditioning
units in planes and their thermal performance indirectly affects the overall performance of the whole system (including
fuel consumption and thermal comfort conditions related to
proper temperature onboard). Heat exchangers with fibrous
structures can be more efficient than the traditional ones
(Orman, 2020), consequently their use in aviation systems
(as part of refrigeration and air – conditioning units) can
be very effective. Those systems undergo vibration during
normal operation, thus knowledge on their strength characteristics is important. Quite well-formulated are the requirements that should be met by porous structures due to
heat exchange parameters (such as reducing adverse thermal
phenomena, in particular the elimination of film boiling and
supporting the capillary supply of the layer (Fang et al., 2016;
Orman, 2016), which are very complex and interrelated
(Cheng et al., 2018).
The change in the state of aggregation in the process of
heat exchange (during the flow through channels or minichannels) of different geometries (Bohdal, 2017; Kuczyński,

2019) in the era of miniaturization, results in slight heat loss
with a small temperature difference between the recipient
(radiator) and saturated liquid (i.e. possibility of transporting a significant heat stream). And heat exchange during the
flow of boiling liquid through microchannels in mathematical problems are solved by reverse heat conduction problems
(Song & Chang, 2015; Piasecka & Poniewski, 2016) not only
by the Treffz method (Reutskiy, 2004) or Picard.
Modeling of phenomena accompanying flows in
mini- and micro-channels (in channels with small crosssections), taking into account two-phase flow resistance
at condensation and boiling, are considered and analyzed
by many teams (Mikielewicz et al., 2016; Laguerre et al.,
2008). An even more interesting issue (Kamel & Lezsovits,
2018) are flow tests (with forced convection of heat transfer inside a vertical tube) of nanofluids (Al2O3/water or
TiO2/water), whose average Nusselt number (for nanofluids) and Reynolds number is higher than water (especially
for TiO2 / water nanofluids.
Unfortunately, the available literature (Kandlikar &
Grande, 2003) is negligible and does not contain important technological (Hussein, 2015) and mechanical details
regarding such structures with copper (Chatys & Wójcik,
2008), brass, aluminum, steel fibers or their foams (Li &
Leong, 2011; Zhao et al., 2009; Klett, 2000; Leong, & Jin,
2008). The variety of applied micro-surfaces (Poniewski,
2001; Thome, 1990) is very large (as evidenced by the
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patented names of commercial products), but there is no
systematic study of the impact of structure parameters
on the heat transfer coefficient, and a uniform view of
the mechanism of this process resulting from the quality of connections between components of the structure,
and adhesive strength of the structure (despite the rapid
growth of scientific works that have appeared in recent
years (Zimon, 1977; Good, 1975; Cheng et al., 2018).
The stimulator of the theoretical explanation of the
phenomenon of adhesion, quality and durability of joints
in the structure was caused by the needs of industry (especially in the use of glued joints). The creator of the mechanical theory of adhesion dating back to the beginning
of our century was Mc Bain, who noticed that the strength
of structural components increases as the surface roughness of joined materials increases. The development of this
theory with considered by, among others Borroff, Wake,
or Sickfeld (Sickfeld, 1983), who stated that improved adhesive strength in the structure between the components
of the material resulted from, among others, the sum of
intermolecular interactions taking place in a joints or
structure. The phenomenon of mutual diffusion (namely,
the difference of thermodynamic potentials of molecules
as a result of changes in the mutual position of atoms and
particles located in the interfacial area) of particles of two
different materials (as internal stress in the interfacial
zone) brought into direct contact is the basic topic of diffusion theory of adhesion (Voyutskii, 1963).
Adhesive strength is often the basic criterion for the
adhesive connection assessment, and determined by different methods, it is different and generally incomparable. It depends on the construction of the joint, but also
on the method of decohesion. However, the condition of
repeatability of test results performed by any method is a
careful and uniform preparation of sintering. The smallest
deviations from the adopted rules, both in the course of
performing a static tensile test and during testing, can be
a source of very large errors. This durability depends to a
large extent on the stress distribution in the tested joint,
mechanical properties (σ, E) and the extent and nature of
their deformation. In the case of composite materials, this
is often decisive (Vakula & Pritykin, 1984).
The aim of the research was to obtain a sintered material consisting of a copper fibrous structure with a complex porosity through diffusion joints with the base. The
measure of this strength of diffusion joints is better quality
of joints, bridges between the fibers forming the porous
structure and the base, as a result of high sintering temperature, and increasing the contact surface between the
components of the structure.

1. The choice of material and the course of the study
For the implementation of the task, copper materials in
the form of fibers and mesh have been selected, respectively with a fixed wire diameter of up to 50 μm and a
thickness of 0.125 mm (of about 125 mesh/cm2). In the
research a copper mesh more than twice the diameter of
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Figure 1. Production of profiles of a) fibrous and b) fibrousmesh structures; 1 – clamping stamp; 2 – copper fibers;
3 – base; 4 – copper mesh; 5 – graphite mould

Figure 2. Stand diagram for porous structures bonding:
1 – NH3 and Ar containers; 2 – rotameter; 3 – filter; 4 – retort;
5 – ammonia dissociation chamber and evaporator; 6 – flame
damper; 7 – furnace; 8 – dew-point gauge

fiber material was used, because the small diameter of the
copper wire gave a low adhesive strength of the structure
(a small contact surface between components), limiting
the use of such surfaces in heavily loaded exchangers. The
structures were prepared in a specially designed form, in
accordance with the recommendations of ISO 2740 for
tensile tests. On its surface, 3 mm wire elements were
randomly applied, which were pressed (Figure 1) into the
assumed porosity (namely, the given height h). The technology of sintering fibrous structures was tested in a tube
furnace with a reducing atmosphere of controlled composition (Figure 2), the scheme and description of which
were included in (Chatys & Orzechowski, 2004). Prepared
matrices with moldings were placed in a sintering zone
with a given and controlled temperature, varying in the
range of 70–80% of the melting temperature of copper.
The samples thus prepared were subjected to a static
tensile test on the INSTRON 8505 machine in order to test
the adhesive strength of the structure with the mesh and
between the components in the fibrous structure. As a result of the measurement, the arithmetic mean value of the
breaking force of the adhesive joint from at least three measurements was taken. The examination of detachment of
a given fibrous structure from copper (Figure 3a) from the
base, reinforced with a copper mesh (Figure 3b) was analyzed in terms of the number and quality of connections in
the cross-section of the structure. Diffusion connections
were measured randomly in selected i-volumes (Vi).
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Figure 3. Porous structure with the base: a – fibrous;
b – reinforced copper mesh

The analysis of the proper selection of sintering parameters of the structures was carried out with metallographic
methods using quantitative metallography due to the occurrence of diffusion bridges and connections formed by melting. The obtained porous structures were cut on a metallographic cutter by the BUEHLER company – the IZOMET LS
model with the use of 15HC composite shields. The samples
were then incubated with cold vacuum in an EPO-THIN
polyester resin. After grinding, the samples were polished
using a BUEHLER preparation set based on a polycrystalline diamond abrasive. The quantitative characterization of
the structure of composite layers was determined with the
software using an image analyzer to count and analyze individual pixels. The measurement system consisted of a Hitachi KP2M CCD camera processing images and two PCs,
one of which was equipped with an AVER TV card, and the
other with Media TV Capture for capturing images from the
camera and recording them on the disk.

2. Impact of the quality of diffusion joints on the
mechanical properties of the fibrous structure
Determination of the structure porosity at the level of 67–
81% (Orman, 2020) with additional operations (pressing)
before and after sintering, resulted in good fiber consolidation and increased contact between fibers’ surfaces, with
expected improvement in mechanical properties. Cohesive strength between copper fibers as a result of plastic
deformation (by deformation, e.g. rolling), increased and
decreased before and after sintering in relation to the
loosely built structure (Table 1). The result of the tests
is the arithmetic average of strength from at least three
measurements, whose lowest and highest value under the
fractional line is shown in the denominator.
Table 1. Mechanical properties of porous structure before and
after pressing
The structure
underwent pressing
after sintering

before sintering

Mechanical properties
Fm, N

A, %

31.9
27.5 ÷ 36.3

6.3

44.15
37.8 ÷ 48.3

9.4

The sintering process of single element components
includes the initial stage of intermolecular interface surface growth, intermediate pore closure stage and final
stage of coagulation and disappearance of isolated pores.
For example, changes occurring as sintering progresses
in the structure of sintered copper can be seen in Figure 4.
In the places of the greatest density, i.e. in the fiber joints
where the cross-sections of the wire are the smallest and
the greatest forces, the recrystallization (recovery) processes
began. New crystalline grain systems were created, different
from the original one. The photo shows a diffusion fiber
connection at the grain boundary, which passes through the
bridge. The effect of grain migration into one of the connecting elements is the result of the creation of a uniform
material with randomly scattered pores on copper fibers.
The analysis of the proper selection of the sintering parameters of the structure was the result of measuring the
width of the measured bridges of randomly (Table 2) chosen
connections (n), fibrous structure components in i – volumes,
which were approximated by a log-normal distribution.
Analysis of this function indicates that the distribution
of connections can be approximated by a normal distribution with the parameters: mean: 14.294 µm, standard
deviation (sd) 5.1577 (Figure 5).

Figure 4. Diffuse fusion of fibers on the grain boundary (1)
with pores (2)
Table 2. Parameters of statistical treatment of diameters of the
length of bridges between fibers
Vi

The size of
the set

1. length of
2. bridges

n

x

Dispersion

Kolmogorov
criterion

67

12.308

3.4070

1.257 < 1.304

52

14.294

5.1577

1.131 < 1.304

15.0

probability density function

a)

119

measurement
normal fit

12.5
10.0
7.5
5.0
2.5
0.0

5

10

15

20

25

30

35

length of bond, m

Figure 5. Quantitative distribution function of
diffusion bridges between fibers

R. Chatys. Aspects of complexity of metal-fibrous microstructurefor the construction of high-performance...

120

The above assumption about the normal distribution
of bridge diameters has been checked by Kolmogorov criterion, which arose from the distribution characterized by
the maximum difference of experimental F ⋅ (x) and theoretical F (x) values of the distribution function of ni –
values in the set:
=
Dn

sup

−∞< x <∞

F ⋅ ( x ) − F=
( x ) max Dn− , Dn+ ,

(1)

where:
i

=
Dn+ max  − Fi  – upper limit;
l < i <n  n

i −1 

– lower limit.
=
Dn− max  Fi −
l < i <n 
n 

At deformation, the components in the fibrous structure
increase stresses in a given volume of fibers, causing first the
weakest fiber to be destroyed and then the entire structure.
And only after reaching (stress) the maximum force of destruction, the n-number of fibers will be destroyed. If the
structure is reinforced with a copper mesh, the destructive
fiber volumes cause an increase in stress due to the rearrangement of stresses between the remaining fibers on the
smaller surface and the length of the fiber, in particular the
length of the bridges (fiber-mesh, mesh-base).
With the destruction of the fibers in the structure, it
continues to work by rearranging the stresses (forces) between neighboring material components at the ineffective
length of the fiber (lkr = we take the average length of
the bridge between the fibers, or the average mesh bridges
with copper substrate defined in Table 3 and Table 4, respectively).
This is the length at which the fiber can no longer regroup the stresses to the neighboring components of the
composite under influence of stress tangents, which reflects the stress distribution of Weibull σ.
In addition, the force (F) needed to disconnect the diffusion-adjacent components (i.e., the fibers) was estimated. The cohesion between the components of the porous
structure subjected to pressing after sintering has been
estimated at 60–78 N at 69 N (Chatys & Orman, 2017).
Table 3. Model parameters
Parameters
Tangential
stress

Dependencies

τ=

3. Effect of reinforcement in sintering of singlecomponent materials
Analogous phenomena are observed at the fiber-base
interface (Figure 6). The reason for this is the reaction
between copper oxide and diffusible hydrogen (swelling
of the material as a result of the so-called “hydrogen disease”) from the surface into the copper and the influence
of sintering on the deformation of the structure (Figure 7).
The described phenomena develop the surface (open
pores), creating open cavities (increasing the number of
nucleation sites: Figure 8), which in the processes of heat
intensification is of fundamental importance (Table 4).
Improving the quality of the copper structure connection with a mesh layer by 6–9% was an increase in
the width of the bridge of randomly selected connections,
components of the fibrous structure, whose obtained set
was used to determine the distribution function (log-normal approximation) for diffusion bridges of the mesh with
the substrate (Table 4).
Sintering of such a substrate (i.e. with a mesh, fibrous
elements) creates additional contact surfaces that transport heat deeper into the surface of the substrate as a result of larger wire diameters (filaments) in the mesh than
between the filaments. It should be mentioned that a significant (almost threefold) difference in the thickness of
the wire mesh and fibers results in a greater average size
of bridge connections from 14.3µm (Figure 5) to 38.4 µm
(Figure 9) for fibrous elements and mesh with the ground.
And thus, reducing the porosity of the layer from approx.
83–85% in the area of the fibrous layer to approx. 60–63%
at the heating surface (Orman, 2016) creating a favorable
structure with elements with the features of a triangular
shape (Chatys & Orzechowski, 2004).

a)

b)

Figure 6. The fragment of the fiber contact with the base (a)
and the base with the mesh (b) in the copper structure

σkr ⋅ D
, (2)
lkr

where:
D – fiber diameter, lc – critical fiber length,
σ – fiber strength at critical fiber length
Maximum
stresses

( −1

σ = ( αlkr )

β⋅t

)− jβ

, (3)

where:
α, β, j – distribution parameters; t, S, l – average dimensionless time, strain and fiber
length.

Figure 7. Effects of “hydrogen disease”: open (2) and closed (3)
pores on fibers and grain boundaries (1)
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a)

b)

c)

Figure 8. The effect of “hydrogen disease”: in structure (a) in the fiber (b) and the copper mesh (c)
Table 4. Parameters of statistical processing (Paramonov, 1992)
of fiber pore diameters in the i-volume (1), and the diameters
of the length of copper mesh bridges (2)
Vi

The size of the set

KolmogoDispersion rov criterion

n

x

1a. Pore diameter

31

3.7489

0.7891

0.6961 <
0.99

1b.

27

3.9765

0.9649

0.7490 <
0.99

2. Diameter of mesh
bridges with
copper substrate
(Figure 9)

21

38.443

4.821

1.156 <
1.304

measurement
normal fit

Conclusions
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A pore, as a component of the structure in which the
protective atmosphere is stored (Figure 10) or water vapor
is a source of stress. If the outlet for the excess vacancy
was the convex surface of the particle, then according to
the direction of the diffusion streams, the increase of the
contact plane does not lead to the approximation of the
particle centers (Orman, 2019) as it did at the interface
between the molecules.
The share of adhesive strength is very different and in
each case different, which causes that the quality of the
joint may have different adhesive strengths due to diffusion
bridges with open and closed pores (improving the skeletal
structure in the obtained diffusion layers – Figure 10b).
The addition of adhesive strength in addition to the
mesh was also achieved by introducing glass and carbon
fibers respectively by 30 and 47% (Chatys & Orman, 2017).

55

length of bond, m

Figure 9. Quantitative distribution function of diffusion
bridges between the copper surface and randomly spun fibrils
(diameter of mesh bridges with copper substrate)

The considered fibrous microstructures can be part of efficient phase – change heat exchangers used in aviation
systems, for example in their air conditioning units. The
analysis of porous joint tests of randomly selected volumes
confirmed the log-normal distribution for the width of
the bridges, the fiber pores, and the width of the diffusion
bridges of the mesh with the ground. The complexity of the
obtained fibrous structures makes it possible to control and
obtain the required open porosity (by selecting sintering
parameters), and increases the adhesive strength (which is
very different and in each case different). It depends to a
large extent on the distribution of diffusion bridges (stresses) in the obtained structure, recrystallization processes or
the presence of sources of vacant outlets via boundaries or
edge dislocations (as a result of copper oxides with diffused
hydrogen: the so-called “hydrogen disease” of copper). The
quality of the connection of the porous structure reinforced
with the copper mesh determines better cohesive properties
between the components of the structure.
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