J Mater Sci (2015) 50:3586-3596
DOI 10.1007/s10853-015-8919-y

Effect of heat treatment on phase structure and thermal
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Abstract Infiltration of tool steels with copper is a suit-
able and cheap method to create dense parts using powder
metallurgy. In this work, it is shown that the copper net-
work that forms inside the steel skeleton during infiltration
enhances the thermal conductivity of the resulting com-
posite. The level of enhancement is dependent on the
thermal conductivity of the copper phase and the volume
fraction of copper. Multiple heat treatments of this com-
posite revealed a strong dependency between the thermal
conductivity of the composite and the solution state of Fe
in the copper network. The latter is highly dependent on the
heat-treated condition of the multi-phase material. Using
infiltration, the thermal and electrical conductivity was
increased from 21.3 to 50.1 Wm ' K~! and
2.5 t0 7.7uQ 'm!, respectively, for aged steel-copper
composite in comparison with original X245VCrMo9-4-4
steel. In addition, a model alloy that represents the copper-
phase network in the composite was manufactured. By
measuring both, the thermal conductivity of this model
alloy and the bulk steel, and comparing it to the data for the
composite, different models for calculating the overall
conductivity of the composite are discussed.
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Introduction

Tool steels are usually designed with respect to their me-
chanical properties, particularly wear resistance, hardness,
strength, toughness and, to a lesser extent, corrosion re-
sistance [1, 2]. In the last decades, much effort has been
spent onto increasing these properties by optimizing al-
loying composition, heat treatment, and the production
route. During the last few years, development and research
has focused on additional properties, especially the thermal
conductivity [3-5], which has resulted in newly developed
steels optimized for high thermal conductivity [6-8]. Pre-
vious work showed that thermal conductivity is not only
influenced by chemical composition, but also strongly by
heat treatment [9, 10]. This influence is even greater on
steels with a high volume fraction of precipitates, such as
carbide-rich cold-work tool steels [11].

In many advanced industrial applications, the commonly
used cast and forged tool steels are being increasingly
substituted by steels produced by powder metallurgy (PM).
These steels can be manufactured from a mixture of binary
or ternary powders or, for the most homogenous mi-
crostructure, from a single fully prealloyed, atomized steel
powder. Compaction of these powders can be carried out
either by solid-state sintering, liquid-phase sintering (LPS),
super-solidus liquid-phase sintering (SLPS), or hot isostatic
pressing (HIP). Except for solid-state sintering, all these
techniques are able to create a fully densified material;
however, they are often associated with high costs and
different kinds of microstructure [12].

Another method to achieve a fully densified PM tool
steel is to fill the pores of a solid-state sintered part with a
lower melting metal, commonly copper. This technique is
called infiltration and is widely used, e.g., in the automo-
tive industry to produce valve seat rings and leads.
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Infiltration closes the open pores of sintered parts, to create
a copper network in the material, which improves the
mechanical properties by eliminating notches [13, 14].

Parts produced by infiltration contain a certain amount
of copper, commonly 10 to 15 vol%, depending on the
open porosity after sintering [13]. Copper is used because
of its good behavior during infiltration: It does not form
any intermetallic phases with Fe, has limited solubility for
Fe, and a good wettability on Fe. Copper itself is generally
used as a technical material because of its superior physical
properties. In its pure state, it has an exceptionally high
thermal and electrical conductivity, up to 394 Wm~' K~!
and 58 uQ ' m~!, respectively [15], compared to about
10 to 20 Wm ™! K" and 1.1 to 2.0 uQ 'm~! for most tool
steels [16]. Therefore, it is one of the most popular mate-
rials for many technical applications, such as heat ex-
changers as well as electrical and thermal conductors, etc.

Because of its high conductivity, it seems possible that
the copper network residing in infiltrated parts increases
their thermal (and electrical) conductivity. If this is the case,
infiltration provides an opportunity to produce parts whose
mechanical properties are dominated by the sintered steel,
whereas the copper network increases their thermal and
electrical conductivity. Provided, the interaction between
the tool-steel skeleton and the copper network as well as the
influence of the copper network and its geometry are
known, parts could be manufactured, whose mechanical and
physical properties could be tailored by selecting an ap-
propriate steel and volume fraction of the copper.

The present work investigates the ability to create a
copper-infiltrated cold-work tool steel with high thermal
conductivity as well as the influence of heat treatment on
its thermal conductivity. Additionally, a model alloy with
the same chemical composition as the copper network re-
siding in the infiltrated steel is investigated. Together with
hot isostatically pressed bulk material of the steel X245,
this allows the measurement and discussion of the prop-
erties of the single phases compared to the composite.
Future studies will focus on the mechanical properties and
the temperature dependency of the physical properties.

Experimental

Three materials were used in this investigation: firstly, the
composite material named X245-Cu, which consists of solid-
state sintered PM cold-work tool steel DIN EN ISO 4957
X245VCrMo9-4-4 (chemical composition is given in Table
1), that has been infiltrated with electrolytic copper; sec-
ondly, the same steel created by HIP (referred to as X245-
HIP); thirdly, the model alloy CuFe3, which recreates the
copper network in the infiltrated steel by alloying electrolytic
copper with 3 mass% Fe.

Table 1 Chemical composition of the investigated X245 alloy in
mass%

C Si Mn Cr Mo V w Co Ni Fe

247 048 043 403 379 913 1.04 128 020 bal

Materials, processing, and heat treatment

The composite material X245-Cu is manufactured in a two-
step process that comprises solid-state sintering of the steel
skeleton and subsequent infiltration with liquid copper. To
retain a high open porosity, only the particle fraction from
63 to 80 um is used for sintering. The steel X245 is pro-
vided as gas atomized, prealloyed steel powder by Bohler
Edelstahl GmbH. In its initial state, it consists of a major
fraction of Vg C; carbides and a minor fraction of Mo,C
carbides, residing in a matrix with a huge amount of re-
tained austenite and a small amount of martensite. The
microstructural changes and sintering behavior of this steel
has already been deeply analyzed by Bliim [17] and Kra-
sokha [18]. The microstructure of the powder is shown in
Fig. 1. In accordance with these studies, a sintering tem-
perature of 1200 °C was chosen. This temperature is
slightly lower than Ty, (1237 °C) which thus prevents the
formation of a liquid phase. Sintering was performed in a
vacuum radiation furnace (p = 5 x 1073 mbar) by heating
the powder at 1200 °C for 1 h in an alumina crucible. The
sintered skeleton had a diameter of about 45 mm and a
height of about 60 mm.

Subsequently, the material was allowed to cool pas-
sively. Infiltration was performed by placing granulated
electrolytic copper on the sintered steel skeleton, and then
heating both above the solidus temperature of the copper,

Fig. 1 Microstructure of a X245VCrMo9-4-4 powder particle, SE
contrast. The steel consists of VgC;-carbides (big, gray, globular
precipitates) and some Mo, C-carbides (small, black dots), residing in
a martensitic matrix with little retained austenite (after hardening)
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in this case to 1120 °C, with a preheating step of 60 min at
1000 °C. After maintaining this temperature for 1 h, the
composite was cooled passively below the solidification
temperature and then gas-cooled to ambient temperature.
Temperature profiles for sintering and infiltration are
shown in Fig. 2. The microstructure of the resulting com-
posite material is shown in Figs. 3 and 4.

For the sintered and infiltrated composite, the remaining
closed porosity was determined by quantitative image
analysis, revealing a porosity of less than 0.2 vol%. All
detected pores were identified as residual inner pores of the
steel powder, originating from atomization. Using the
measured densities of the composite, the steel X245-HIP
(corrected by the value of inner porosity) and the model
alloy CuFe3, the volume fraction of the copper network
was determined as 35 vol%, which was also confirmed by
quantitative image analysis.
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Fig. 2 Temperature versus time plot of the sintering and infiltration
processes

Fig. 3 Steel skeleton infiltrated with electrolytic copper. SEM image
with SE contrast, 20 kV
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Fig. 4 More detailed SEM image of the infiltrated steel skeleton with
SE contrast

The hot isostatically pressed steel X245-HIP is an in-
dustrial-grade material provided by Bohler Edelstahl GmbH
that therefore needed no additional production steps.

The CuFe3 model alloy was produced by mixing gran-
ular electrolytic copper with pure iron powder and melting
the mixture in a vacuum induction furnace in a graphite
crucible. The bulk cast slug was then hot-rolled, cold-rol-
led, and recrystallized at 400 °C for 15 min.

All materials were solution annealed using radiation
furnaces at 1050 °C for 30 min in inert gas, followed by
water quenching, and optional aging using three sequent
aging steps at 550 °C for 8 h per step. For aging, con-
vectional furnaces with ambient atmosphere were used.

For the measurements, specimens with the following
dimensions were cut: 10 x 10 x 1.5 mm for laser-flash,
4 x4 x 1.5mm for mDSC, and 4 x 4 x 20 mm for
electric resistivity.

Equilibrium calculations

The thermodynamic equilibria were calculated using the
Calphad software Thermo-Calc® [19]. Based on the che-
mical composition given in Table 1, the phase diagram of
X245VCrMo9-4-4, shown in Fig. 5, was calculated with
the TCFe7 database [20]. From this data, the temperatures
for austenitizing, solution annealing, sintering, and aging
were chosen. Thermo-Calc® and the TCBin database [21]
were used to calculate the solubility of Fe in Cu and Cu in
Fe at the infiltration temperature (1120 °C), solution an-
nealing temperature (1050 °C), and aging temperature
(550 °0).

By adding 39.8 mass% (35.0 vol%) Cu to the compo-
sition, proportionally aligning the mass fraction of the other
elements, equilibrium calculations for the composite



J Mater Sci (2015) 50:3586-3596

3589

Ageing Sol.-Ann.  Sintering
100 T T T T T T L — T T
<
o—Fe
80 - N e AN
X I SR S . L
© Ve g
=3 Ve
§ %7 g I
© v
© .
I 0
o 40 - ! 1
€ !
S 1
= i
<>3 i VBC7
P [ T A S ! .
2 <~
.mé<§M9F?§? :X(Cr,Fe,Mo),,C, N
A -
0 B A e e s T — T
500 600 700 800 900 1000 1100 1200 1300 1400

Temperature [°C]

Fig. 5 Calculated phase contents of X245VCrMo9-4-4. Calculations
were performed with Thermo-Calc® and TCFe7 database
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Fig. 6 Calculated equilibrium composition of the copper phase in
X245-Cu. Elements with a maximum fraction below 0.2 mass% are
not shown

material X245-Cu were performed. This technique was
used to calculate the temperature-dependent equilibrium
composition of the copper phase for all alloying elements
of X245VCrMo9-4-4. The results are given in Fig. 6.

Measurement of the physical properties

In this work, the thermal conductivity was determined
using the dynamic method described by Tritt [22]. Ac-
cordingly, the thermal diffusivity a, heat capacity c,, and
density p were measured separately to allow calculation of
the thermal conductivity A using the relation:

A=a-p-cp (1)

All measurements were repeated at least three times with
three different specimens. The resulting mean values and

standard deviations were plotted. A laser-flash device type
LFA-1000 from Linseis Messgerdte GmbH was used for
measuring the thermal diffusivity. Its accuracy is about
+3 %. Values were measured at 20 °C and calculated ac-
cording to Eq. 2 where L is the thickness of the specimen
and 7 5 is the time to reach half of the temperature increase
induced by the laser pulse.

2
Ly
% - 1ys

a=138- (2)
The density was measured on the basis of the Archimedes
buoyancy principle by measuring the weight in air and in
water on a balance having a precision of 0.01 mg (the
weight of the specimen was about 1.5 g).

The specific isobaric heat capacity was measured using
modulated differential scanning calorimetry (mDSC).
Measurements were carried out in Pt/Rh pans with lids in a
dynamic He atmosphere using a DSC 2920 CE from TA
Instruments GmbH, exhibiting a accuracy of +1 % for the
used specimen. Before every sequence, a baseline
calibration and a signal calibration with a sapphire standard
were performed.

The electric conductivity was derived from the specific
resistivity, which was measured using the four-wire
method. Experiments were taken out with a LSR 7700 from
Linseis Messgercite GmbH with an accuracy of +0.2 %.

Results and discussion
Characterization of the resulting composite

The Figs. 3 and 4 show cross sections of the composite
X245-Cu. This material, created by infiltration with liquid
electrolytic copper, consists of a carbide-rich, sintered steel
skeleton containing an interconnected copper network re-
siding in its formerly open porosity. The particles forming
the steel skeleton were only sintered slightly, resulting in a
poor connection of the particles. EDS measurements of the
copper network reveal a Fe content of 3 mass% .

Equilibrium calculations

Since the diffusivity in the liquid copper is about 6 to 7
magnitudes higher than in the solid state, the transport of
alloying elements from the steel component into the infil-
trating copper is much faster in the liquid state than in the
solid state [23-25].

As a result of fast cooling after infiltration, most of the
transport of atoms into the copper takes place during the
infiltration step. Assuming that the state of the liquid
copper phase equals the equilibrium state after a short time,
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equilibrium calculations with the Calphad method can be
used to approximate the chemical composition of the
copper phase at the infiltration temperature. Due cooling,
the previously dissolved alloying elements remain in the
copper network, either dissolved in the copper matrix or as
precipitates.

The investigated system is rather complex and contains
many phases with different base elements: Fe in the steel
matrix and Cu in the copper network as well as different
carbides residing in the steel. No available thermodynamic
database represents both cases: a complex steel with mul-
tiple phases and copper-based alloys. Nevertheless, the
TCFe7 database contains extensive information in addition
to Fe-based systems. To at least check the correctness of
the data for high Fe contents in the Cu-Fe system, the
corresponding phase diagram was calculated and compared
to data calculated using the binary TCBin database and
experimental data from Boltax et al. [26] (see Fig. 7).
Although both show good agreement in the solid state, the
experimental data for the liquid phase differs, whereas the
data calculated with the binary database is identical.
Measuring the chemical composition of the copper phase
after infiltration using EDS shows good agreement between
the Fe content and the calculated value (Table 2). Only Fe
and Si could be identified as components of the Cu phase
by EDS and only the Fe signal was high enough to be
quantified.

Figure 6 shows the calculated chemical composition of
the copper phase in dependence of temperature. At lower
temperatures, the content of the relevant elements Fe, Cr,
W, and Mo decreases. Since their mobility is also lowered,
precipitation of these elements inside the copper matrix is
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Fig. 7 Calculated phase diagram of the Cu-Fe system on the Cu-rich
side. Data from [26] is shown for comparison
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to be expected. On the basis of these prerequisites, equi-
librium calculations can be performed with the previously
calculated chemical composition of the liquid copper phase
at the infiltration temperature of 1120 °C. The results of
this calculation are shown in Fig. 8, which reveals that o-
and y-Fe are the only stable phases besides fcc copper, with
o-Fe being stable at the aging temperature (550 °C).

Effect of heat treatment on the thermal conductivity

A comparison of the thermal conductivity of the differently
heat-treated X245-Cu (Fig. 9) composite specimens re-
veals a huge impact of aging on the thermal and electrical
conductivities. This difference is mostly caused by changes
in the thermal diffusivity (Fig. 10) because the specific heat
capacity and density of X245-Cu are largely unaffected by
the heat treatment (Fig. 11). Furthermore, most of the
change is related to changes in the copper phase because
the thermal conductivity of bulk X245VCrMo09-4-4 in the
quenched or aged state differs only between 14.7 +
2.8 Wm! K!and 21.3 £2.6 Wm™!' K™!, respectively.

This behavior can be explained well with the findings of
the thermodynamic calculations (“Equilibrium calcula-
tions” section). Due to the decreasing solubility of Fe in
the Cu during solidification (see Fig. 7), precipitation of Fe
occurs after infiltration, thus raising the purity of the Cu
matrix and with it the conductivity of the Cu network.
During solution annealing at 1050 °C for 30 min, all Fe
precipitates dissolve in the Cu matrix, leading to a re-sol-
vation of Fe, which thus lowers the conductivity. On the
other hand, when aged at 550 °C, Fe precipitates again and
the conductivity increases.
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Fig. 8 Stable phases in the copper network of X245-Cu after
infiltration. The calculation is based on the calculated composition of
the liquid copper at 1120 °C (see Table 2)
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Fig. 11 Density and specific isobaric heat capacity of the investigated
X245 steel, X245-Cu composite, and CuFe3 alloy in the quenched
state and in the quenched and aged state

The precipitation behavior was confirmed using SEM
imaging (Figs. 12, 13, 14). The precipitates occurring after
infiltration have a dendritic shape (Fig. 12), which indi-
cates that they formed within the liquid copper. After
quenching in water, no precipitates were found in the Cu
network (Fig. 13). However, when aged at 550 °C, new
globular shaped Fe precipitates formed in the copper
(Fig. 14). These precipitates were identified as being Fe-
based by EDS, their shape is no further dendritic but
globular due to solid-state precipitation. Figure 15 shows a
schematic of the described processes.

The fact that the precipitation of Fe enhances the con-
ductivity of the copper agrees well with the results of [26],

as-sintered

Fig. 12 SEM image with SE contrast of the X245-Cu composite. The
iron precipitates in the copper matrix (lighter field) show a dendritic
shape and a diameter of up to 2 um after infiltration and furnace
cooling

1050°C / 30 min

Fig. 13 SEM image with SE contrast of the X245-Cu composite. No
precipitates are visible in the matrix of the infiltrated copper (lighter
field) after solution annealing at 1050 °C for 30 min
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Fig. 14 SEM image with SE contrast of the X245-Cu composite.
Globular Fe precipitates reside in the matrix of the infiltrated copper
(lighter field) after solution annealing at 1050 °C for 30 min,
quenching and aging at 550 °C for 3 x 8 h

who found that precipitates had a much lower impact on
the electric conductivity of copper than that induced by
substitutional solvation of Fe in the matrix. Most of the
change in conductivity of the copper phase is induced by
the solution state of Fe. This is because Fe has one of the
highest impacts on the conductivity of Cu when solvated,
as has been shown by Linde [27] and Kierspe [28]. By
removing Fe from the Cu matrix through precipitation, the
purity of the matrix rises. Of course, the Fe precipitates
reduce the overall thermal conductivity owing to the

additional interfaces between the Cu matrix and the Fe
precipitates, and to the lower conductivity of the Fe pre-
cipitates themselves. Below a critical size of about 1 pum,
they behave similarly to lattice defects, because the inter-
facial thermal barrier resistance is high compared to the
contribution of the precipitate to conductivity [29, 30].
Thus, the influence of precipitated Fe is much lower than in
the dissolved state, as it was already hypothesized by [26].

Contribution of the components to the thermal
conductivity of X245-Cu

Since the copper network controls the conductivity of the
X245-Cu composite, it is interesting to measure the influ-
ence of heat treatment on its thermal conductivity directly.
This was achieved by manufacturing the CuFe3 model
alloy with a chemical composition equal to that of the
copper network after infiltration, which was measured by
EDS (Table 2).

The physical properties of this model alloy were mea-
sured in the solution-annealed and aged state. Solution
annealing was performed at 1050 °C for 30 min, followed
by quenching in water and aging at 550 °C for 24 h.
Measurements show a high impact of the heat treatment on
the thermal and electrical conductivities of CuFe3, similar
to those of the composite. At room temperature, the solu-
tion-annealed CuFe3 shows a thermal conductivity of
141.9+3.1 Wm~! K=', which increases to 304.4+
3.7 Wm~! K~! after aging. This increase reflects the
change in thermal conductivity of the X245-Cu composite,

Fig. 15 Diagram of the
processes during heat treatment
of X245-Cu composite. Gray
regions—steel particles, white
regions—copper matrix. Fe
a Diffusion of Fe into the
copper network during
infiltration. b Primary
precipitation of Fe in the Cu
melt during solidification

¢ Dissolution of Fe precipitates
in the copper network when
solution annealed and quenched.
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N W
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Table 2 Chemical composition of the phases in X245-Cu composite
in mass% : (a) copper infiltrated at 1120 °C; calculated with Thermo-
Calc® and TCFe7 at 1120 °C, (b) copper infiltrated at 1120 °C;
measured with EDS at 15 kV at 20 °C, (c) y-Fe phase without the
contact with copper at 1120 °C; calculated with Thermo-Calc® and
TCFe7 (trace elements are not shown)

Fe Mo Co w Cr Cu

(a) Cu liquid phase, Calphad 3.23 1.35 0.52 044 0.15 bal
(b) Cu network, EDS 3.02 - - - - bal.
(c) y-Fe, Calphad bal. 2.18 150 0.52 3.89 -

which ranges between 29.6 +3.6 Wm~! K~! after solu-
tion annealing and 50.1 + 3.1 Wm™! K~! after aging.
When comparing these values, one could expect an even
higher thermal conductivity of the composite because it
consists of 35 vol% copper. Assuming that the infiltrated
copper has the same conductivity as the CuFe3 model al-
loy, the trivial rule of mixture by volume fraction, as de-
scribed by Eq. 3 (where /, is the thermal conductivity and
vy 1s the volume fraction of the component), results in a
thermal conductivity of 59.2 Wm~!' K~! in the solution-
annealed state and 120.4 Wm~' K~! in the aged state.

Lg}?x =Mvi+l-»m (3)

Of course, this rule is overly simplified and ignores the effect
of interfaces and internal geometry. It is only valid for a
composite comprising parallel aligned stripes of two phases,
which are parallel to the direction of heat transfer, with no
interaction between the two phases. It equals the higher
Wiener boundary [31] and gives the absolute maximum
thermal conductivity, the composite can have. The other
extreme is the serial alignment of the phases, representing
the lower Wiener boundary (Eq. 4), giving the absolute

minimum thermal conductivity the composite can have. See
Table 3 for the results of all tested mixing models.
min Mo

M Tt @
While these boundaries are valid for every possible com-
posite material, the range can be narrowed when assuming
an isotropic material, like the investigated X245-Cu. This
case is addressed by the bounds described by Hashin and
Shtrikman [32], which are called the Hashin—Shtrikman
boundaries (or HS-boundaries). They are calculated ac-
cording to the Egs. 5 and 6 for the lower and upper bound,
respectively.

viva(2y — 4)?
3/12 — Vz(iz — /11)

min )
Jafp = ViAL + V2l —

(5)

Vlvz(;ul - i2)2
311 — V1 (i] — /12)

;Lg}?x = V];L] + V2/12 — (6)
The measured values for both states lay at the lower bound
of this range, which predicts a thermal conductivity be-
tween 30.2 to 49.6 Wm~! K~! in the quenched and 46.8 to
102.4 Wm~! K~! in the aged state (see Table 3).

Other models do not predict a range but a single value of
the overall thermal conductivity of the composite, which
may be preferable if the model is close enough to the
present case. The models from Maxwell [33],
Lichtenecker [34], Bruggeman [35] and Hasselman and
Johnson [36] were tested (see Table 3). However, their
results are less accurate than the lower HS bound. The
reasons will be discussed for each model.

Ay +221 + 2\12()»2 — )»1)

Deft = A1— —
2 —va(dy — 41)

(7)

Table 3 Model calculations of
thermal conductivity for steel-
copper composite X245-Cu in

comparison with experimental
data

Dimension S-A and quenched S-A, quenched
and aged

Volume fraction copper alloy 1 v; =0.35 v; =0.35
Volume fraction steel 1 vy = 0.65 vy = 0.65
Th. conductivity copper alloy Wm~! K~! A =1419+£3.1 A1 =304.4+3.7
Th. conductivity steel Wm~! K! o =147+29 o =213+25
Model Additional Calculated thermal

parameters conductivity in (Wm~! K1)
Wiener (Egs. 4, 3) 21.4 to 59.2 31.6 to 120.4
Hashin—Shtrikman (Egs. 5, 6) 30.2 to 49.6 46.8 to 102.4
Maxwell (Eq. 7) 49.6 98.0
Hasselman-Johnson (Eq. 8)  h. =5 x 108 Wm™! K~!, 49.6 98.0

o = 36 um
Lichtenecker (Eq. 9) 32.5 54.0
Bruggeman-Landauer (Eq. 38.0 66.5
1)

Measurement (Fig. 9) 29.6 £3.6 50.1 £3.1
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The model from Maxwell (Eq. 7) is only valid for a low
fraction of dispersed particles, whose distance is greater
than their size and which are randomly distributed. It is
therefore not applicable for the investigated material and
predicts a much too high thermal conductivity.

Hasselman and Johnson (Eq. 8) [36] assumed a very
similar geometry like Maxwell. In addition, they consider
the effects of interfaces and the mean free path by in-
cluding the interfacial thermal conductance h. between
both phases and the sphere size a. In this case, h. was
estimated to 5 x 108 Wm~2 K~! according to [37].
1) +2+2242]

a

2.V2(4_2_7~_2_

o ahe

Jeff = Al

p A A 2 (8)
[o(1-2+4) +2+2 42

Its result is identical to the Maxwell model, because the
impact of both considered effects are low when a high
contrast between the thermal conductivities of both phases
is assumed. Furthermore, it is only defined for a low con-
tent of the dispersed phase.

A much simpler approach is the formula from
Lichtenecker (Eq. 9). Originally, it is more an empirical
formula without a well-founded physical model, but recent
research showed a good agreement if both phases are
randomly distributed [38].

Jett = Ay 25 9)

This formula gives the most accurate results beside the
lower HS bound, but it gives no information for the reason
of its good agreement. The model from Bruggeman—Lan-
dauer (Eq. 11) is sometimes considered an enhancement of
Lichtenecker’s model for anisotropic materials. Neverthe-
less, it is less accurate in the present case.

ky = 11(3\/1 — 1) + 12(3\/2 — 1) (10)

ko + \/kE + 82122 (1)
4

;veff =

In summary, the formula of Lichtenecker and the model of
the lower Hashin—Shtrikman bound are most accurate when
calculating the overall thermal conductivity of the com-
posite X245-Cu.

This result is surprising, because the conceptional model
of the upper bound is close to the present case; The upper
bound is valid for a volume built from composite spheres
with a low conducting core and a high conducting shell,
resulting in isolated cores with a low thermal conductivity
and a network of shells with a high conductivity [32]. The
lower bound represents the opposite case, which is far from
the investigated composite material X245-Cu.

The main difference between the upper HS-model and
the material X245-Cu is the connection of the steel parti-
cles. Due to this, the particles are not isolated, instead they
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form a skeleton. This exception might be the reason for the
significant difference between the upper HS bound and the
measured thermal conductivity. Although the thermal
conductivity of the bare steel skeleton is increased, the
connections form an additional resistance in the otherwise
high conducting phase of the copper network, thus reduc-
ing the overall thermal conductivity. It is unclear if this
resistance is responsible for the discrepancy or if other
effects apply, too.

One method to further investigate the applicability of
the shown models is to simulate the heat flow using a
representative FEM model. As pointed out by [39], this
technique can be used to simulate the thermal conductivity
of the composite and also take account of its inner ge-
ometry. In their study, the simulation gave more realistic
results than the theoretical approaches, especially if the
components had greatly differing thermal conductivities. A
similar approach will be used to simulate the investigated
X245-Cu composite. The results of this ongoing work will
be topic of a future publication.

Conclusions and summary

The infiltration of tool steels with copper has the potential
to produce composites with an interesting combination of
physical and mechanical properties. The present study in-
vestigated the composite X245-Cu, which consists of the
sintered PM cold-work tool steel X245VCrMo9-4-4 that
was infiltrated with 35 vol% electrolytic copper. This
composite material showed a thermal conductivity of
29.6+3.6 Wm~! K~! in the solution-annealed state,
which is high compared to most tool steels. Nevertheless, a
even higher conductivity could be expected by the high
copper content of the composite. The solvation of Fe from
the steel into the liquid copper was found to provide the
major contribution to the thermal resistance. It was then
shown that the conductivity of the copper and with it, that
of the composite was strongly influenced by heat treatment.
This was possible due to the strong temperature depen-
dency of the solubility of Fe in Cu, which results in a rapid
precipitation of Fe when aged at lower temperatures. The
conductivity of the composite increased to 50.1+
3.1 Wm~! K~! by aging at 550 °C for 24 h.

It is possible that even higher conductivities could be
achieved by decreasing the amount of Fe that is solvated
during infiltration. On the other hand, there is a need for a
more reliable method of predicting the thermal conduc-
tivity of the composite using the parameters of the indi-
vidual components. Indeed, a corresponding FEM model
will be developed that will allow investigations of the ef-
fect of the composite’s inner geometry on the thermal
conductivity so that the geometry can be optimized with
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respect to a high conductivity. Further studies will focus on
the mechanical properties of the composite.
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