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Fabrication of Copper Plated Carbon Fiber Dispersed Iron Matrix Composites and Thermal
Conductivity Calculation by Two-Dimensional Microstructure Images

1.1 Introduction

With the warming of the climate and the melting of glaciers, the emission reduction
of carbon dioxide (CO;) has become a major global issue. Among them, the CO>
emitted by transportation is second only to electricity, and about 90% of the CO:
emissions in transportation come from automobiles!!!. Now, automobiles have become
the most used travel means of transportation. Lightweight vehicles not only improve
the fuel efficiency and reduce CO2 emissions, but also improve the safety and comfort
of vehicles!>*). Every 10 % reduction in a car's weight can improve fuel efficiency by
nearly 2.5%!*%). Light weighting of the car is achieved by using thinner parts with
higher strength. To achieve a perfect match between the strength and density of the part,
the preferred materials are magnesium alloy, aluminum alloy and steel, whose strength,
density, and specific strength are listed in Table 1-1.

Table 1-1 Tensile strength, density, and specific strength of various sheet metals.

Sheet Tensile strength / MPa  Density / grem™  Specific strength/N-m/kg
Magnesium alloy 250~343 1.8 1389~1906
Aluminum alloy 110~270 2.7 407~1000

Ordinary steel 340~600 7.8 436~769
high strength steel 490~1500 7.8 928~1923

ultra-high strength

1620~1700 7.8 2077~2179
steel

Specific strength is the ratio of tensile strength to density. Magnesium alloy has
high specific strength, but its tensile strength is not enough to ensure the safety of
automobiles, and it is expensive. Although aluminum alloys are inexpensive and readily
available and attractive for automotive light weighting, their specific strengths are much
lower than steel. Magnesium alloy sheet and aluminum alloy sheet are mainly produced
by warm and hot stamping process!®®!. The specific strength of ultra-high strength steel

is 3 to 5 times that of ordinary steel. Therefore, high-strength steel and ultra-high-
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strength steel become the best choice for auto parts.

In the process of producing high-strength steel plates by the traditional cold
stamping, the forming difficulty is large, the resilience is large, the required stamping
load is large, and the formability is low. As shown in Figure 1-1, short die life and severe
wear %12l Therefore, the hot stamping process is essential for the production of high-
strength and ultra-high-strength steel auto parts, which has contributed to the prosperity

of the automotive industry!!3-15],

SPCC, 440,590, 780, 980. 1180MPa
=

==-Punch

Crack

Low formability

Short tool life
Large springback e —__ -,

Seizure

Figure 1-1 Problems in cold stamping of high strength steel sheets.

Currently, the number of auto parts produced by the hot stamping process is 2-7
per minute, which cannot meet the growing demand for auto parts. As shown in Figure
1-2, the automotive industry uses hot stamped parts for chassis components such as A-
pillars, B-pillars, bumpers, roof rails, rocker rails, and tunnels. As shown in Figure 1-3,

Hot stamping parts used in automobiles are increasing year by year.

Window shaft reinforcement
_Rear bumper
R

g oof

: B-pillar ;
reinforcement

Front bumper Rgcker panel
reinforcement
Crossmember ) .
; A-Pillar
reinforcement ]
reinforcement

Figure 1-2 Automobile parts produced by hot stamping.
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Figure 1-3 Number of parts produced by hot stamping.

With the rapid development of the processing and manufacturing industry, the
production efficiency of automobile parts needs to be further improved. The heating
and heat dissipation of the die accounts for 30% of the total time and improving the
thermal conductivity (TC) of the die can improve production efficiency. Increasing the
TC of the die also helps to reduce the thermal stress accumulation of the die and
improves the service life of the die. To meet the development of the automobile industry,
the production efficiency of auto parts also needs to be further improved. Hot stamping
dies used to produce automotive parts must have the following mechanical and thermal
properties!'®l,

1. High hardness and low aging index: high yield strength ratio (cs /ob) ensures the
dimensional accuracy of stamping parts.

2. Greater toughness: not easy to crack.

3. Good machinability: easy to design and process the shape of the die.

4. Good chemical stability and high temperature stability: It is not easy to undergo phase
change and corrosion under high temperature and low temperature cyclic working
conditions. The life of the die is long.

5. Cost control and competition requirements: easy to process, cheap and easy to obtain,
suitable for industrialized large-scale production.

6. High TC: Quickly homogenize and dissipate heat in the die to improve production
efficiency.

The currently high TC hot stamping die is based on pure iron, and trace elements
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such as C, Si, Mn, W, Mo, Cr, V, S, and P are added to adjust the mechanical and thermal
properties of the die. Heat conduction in materials is determined by phonons and
electrons. These trace elements cause distortion of the iron lattice, and the phonons of
the lattice vibration hinder the movement of electrons and hinder the conduction of
heat!!”]. Therefore, in this study, pure iron (Fe) was selected as the matrix in order to
obtain a die with high TC.

Pure metal can no longer meet the needs of the increasingly complex working
environment of the current industry. We can enhance the composite TC by adding these
high TC fillers!'"®!°!, which can obtain high TC and good mechanical properties of the
metal matrix?>2!l, Diamond (C)!*>?], silicon carbide (SiC)?*?%!, carbon nanotubes
(CNT)26-281, graphite (GF)°-3! and carbon fiber (C;)1*?") have attracted great attention
as high TC fillers to improve the TC of composites. Both diamond and SiC require

38411 Diamonds are expensive. The TC

surface plating to improve surface wettability!
of SiC is small, which has negligible effect on the enhancement of composite TC.
Although these particles can improve the thermal properties of the composite, the
volume fraction of the reinforcing material required to increase the TC is as high as
60%, Which in turn makes the diamond and SiC reinforced composite difficult to
machine. To seek the balance between machinability and thermal performance, graphite,
CNT and Cr with significant anisotropic thermal conductivity have become the most
used thermally conductive fillers!**. Graphite has low strength and adding it as a filler
to a hot work die will result in a reduction in die strength. The industrial cost of CNT
is high, and it is often used in the field of electrical conductivity, which is not suitable
for large-scale industrial production of hot stamping dies. Cr possesses excellent
mechanical properties, high-cost performance, and other characteristics. Cr reinforced
Fe-based composites have good TC and workability and are extremely suitable for hot
stamping die materials and are suitable for mass production of dies.

32,4345
1 and

As a two-dimensional TC material, Cyis highly anisotropic in the TC!
has excellent TC in the axial direction®7**1. The TC of C/reinforced composites is

also anisotropic. TC of Fe (54 Wm™'K™") is between axial TC (580 Wm™'K™!) and radial
5
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TC (5 Wm'K'!) of C. Therefore, the orientation of Crhas a significant effect on the TC
of the composites®>63%-531 Moreover, to prevent Cs from contacting and reacting with
the iron matrix and causing Cyto be destroyed, Crneeds electroless copper plating to
obtain copper-plated Cr(Cr-Cu).

To be able to predict the TC of Crreinforced composites, scholars have proposed
many theoretical calculation models**%®!l. However, due to the anisotropy of the TC
of C;, these models are not suitable for the calculation of the effective TC (ETC) of Cr-
Cu/Fe. Usually, to evaluate the interfacial thermal resistance(ITR) inside Crreinforced
metal matrix composites such as C~Cu/Fe, researchers have established some models
such as the phonon diffusion mismatch model (DMM)!®?l and acoustic mismatch model
(AMM)[%*) under ideal conditions. However, these theoretical models are far from the
ITR of actual composites. The actual state of the contact interface is affected by many
factors, which make its microstructure extremely complex. Such as the shape,
wettability, specific heat capacity, thermal expansion coefficient and other influencing
factors of the contacting phase, as well as the pressure, temperature, equipment pressure
transfer and heat transfer capacity in the composite manufacturing process. So far, it
has been almost impossible to determine the numerical relationship between these
influencing factors and the microstructure of the contact interface. Therefore, these
models calculate ITR that are much smaller than the ITR of actual composites.

The main purpose of this thesis is to investigate the method of improvement of TC
of CCu reinforced iron composites TC, the influencing factors and degree of influence
of TC, to fabricate C~Cu/Fe hot stamping die with high TC, speed up heat conduction
to improve production efficiency and Extend die life. In this study, a novel 2D image-
based simulation method!®**% was employed to calculate the simulated TC of C~Cu/Fe
composites, and the influence degree of various heat conduction hindering factors on
the composite material was calculated. Research methods: The model of C~Cu/Fe
composite TC was calculated based on two-dimensional images simulation. By
comparing the TC of the composites obtained by different models with the actual TC,

the factors hindering the thermal conduction of the C~Cu/Fe composites were analyzed.
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Research contents: 1, Analyze the spatial position of Cr in the actual composite,
determine its orientation and calculate the simulated TC of the composite by combining
the finite element analysis method; 2, Through the layer-in-parallel (ROM) and the
effective medium approximation (EMA) models calculated composite TC and TC by
finite element simulation compared with measured TC to evaluate the degree of
influence of the voids, the orientation and aspect ratio of C~Cu, the thermal contact

resistance and the experimental error on TC of C~Cu/Fe composites.
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1.2 Experimental study on die composites

1.2.1 Metal matrix composites

The properties of single metal materials or alloys can deteriorate significantly in
relatively harsh environments, thereby limiting their availability in critical

s%7]. Metal matrix composites are new materials made of metals and one or

component
more reinforcing fillers to make up for the defects of a certain characteristic of metals.
These reinforcing fillers can significantly improve hardness, tensile strength, elastic
modulus, and other mechanical properties in metal matrices. Few other properties such
as TC, coefficient of thermal expansion (CTE), coefficient of friction, wear resistance,
corrosion resistance, and fatigue resistance are available depending on the application
requirements of metal matrix composites. Prashanth et al.[®) found that adding high
thermal conductivity BeCu to the tool steel material die, in the production process of a
cosmetic product cap, uniform temperature distribution and reduce warpage. Compared
to tool steel, the cycle time is reduced by nearly 3 seconds, which greatly increases
production efficiency.

In Metal matrix composites, the matrix, reinforcement, and matrix/reinforcement
interface will determine the properties of the composite!®*!l. In traditional cognition,
the matrix is only used to fix the reinforcing material, and the reinforcing filler is used
to strengthen one or several characteristics of the overall composite material. However,
with in-depth research, researchers found that the interaction between the matrix and
the reinforcement also seriously affects the mechanical and thermal properties of the
composite. For example, a chemical reaction occurs between the matrix and the
reinforcement, which destroys the structure of the reinforcement or generates a new
phase that weakens a certain property of the composite. The poor wettability between
the matrix and the reinforcement leads to voids in the contact between the two during
the preparation process, which hinders the continuity of atomic and phonon vibrations,

and hinders the process of force and heat transfer.
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1.2.2 Advantages of high thermal conductivity dies

Due to the increasing competition in the automotive industry, shortening the
production cycle time and process reliability of components is essential to improve the
competitiveness of automotive manufacturers!’?’>). More and more scholars improve
the thermal cycle process mainly through two methods to offset the production cost that

§[76

cannot be passed on to customers!’®. One is to improve the heat transfer process by

designing the thermal cycle structure of the die, which has been studied by many

SCholars[l3,73-75,77-79]

However, such cooling channels have complex design, high
machining and maintenance costs, and limited cooling capacity (TC is lower than that
of the substrate). The other is to fundamentally change the TC of the die by adding high
TC materials, reasonable compositional structure, and compositional combination. This
method of increasing the TC of die is rarely studied. High TC can not only accelerate

the thermal diffusion of the die, improve the stability and production efficiency of the

equipment, but also accelerate the cooling of the parts to obtain high-strength martensite.

1.2.3 Crreinforced metal matrix composites

Generally, materials containing more than 92 wt% carbon and forming the shape
of fibers are defined as Cy [®°!. C, has excellent mechanical properties, high tensile
strength (2-7 GPa), high Young's modulus (200-900 GPa), low density (1.75- 2.20
g/cm3), low thermal expansion, excellent electrical and thermal conductivity (800 Wm"
K"), which can significantly enhance the mechanical and physical properties of the
matrix'®!l. Cr have high chemical resistance to almost all chemicals except hot air and
flame, exhibiting extremely high chemical stability!®*. There have been many studies
on Crreinforced metal matrix composites in recent years. When Cras reinforcing fillers
reinforce metal matrices such as Fe, Cu, Al and their alloys, chemical reactions will
occur in direct contact, which will destroy the continuity of Crand lead to poor final
properties of the composites. The interface between Cr and the substrate plays an
important role in the transfer of force and heat. If the bond between the two is weak;

this may be due to wettability issues or lack of interaction; the final composite will have

9
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poor mechanical properties. We may need to adjust the fabrication process to improve

(8] found that Cywas transferred into

the final properties of the composite. Baumli et al.
liquid aluminum by using a special flux containing K»>TiFs dissolved in NaCl-KCl. This
flux ensures the removal of oxides from the interface and the formation of a wettable
TiC layer at the interface with perfect wettability with liquid Al for spontaneous
composite formation. In squeeze casting, in order to solve the non-wetting behavior of

molten aluminum to carbon fibers, Hasan et al.[%¥!

adopted a laminated squeeze casting
method to force the two to quickly and intimately contact, penetrate, wet, and cool
quickly to reduce the contact time and chemical reaction of the interface between Cr
and molten aluminum.

If the wettability and mutual contact between Crand metal cannot be handled by
the preparation process, we can change the wettability of Cr by copper/nickel plating.
Nickel and copper plating on the carbon fiber surface enhances its wettability with
molten aluminum!®.In order to avoid contact between Crand Al, Bhav Singh et al.[®¢]
performed electroless copper plating on the surface of Crto form a protective layer to
protect Cr. Korb et al.®”) improved the thermal expansion coefficient of carbon fiber by
plating copper, so that the axial thermal expansion coefficient of the famous Schapery

model is consistent with the prediction of the model derived by Kural and Min, and

produced an isotropic in-plane thermomechanical material cross-plying composite.

1.2.4 Fabrication method of metal matrix composites

In previous studies, Cr reinforced various metal matrix composites have been
shown to exhibit excellent mechanical and thermal properties, such as Aluminum
(A)IB3-858889] ‘Magnesium (Mg)P®?, Nickel (Ni)!1, Copper (Cu)****** and Titanium
(Ti)>?8 and its alloy etc. Summarizing the above literature, we can find that the
manufacturing methods of C; reinforced metal matrix composites are Solid state
processing, Liquid state processing and Deposition processing. The research on Cr
reinforced iron matrix composites is rarely involved. Considering that iron has a

melting point of 1808K, the Liquid state processing method is extremely equipment-
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intensive and expensive to produce, it is suitable for the fabrication of Cxreinforced
low-melting-point metal matrix composites. Deposition treatment methods are mostly
used for the modification of C;. Before solid-state treatment and liquid treatment
methods, metal coatings are deposited on the surface of Crto change the wettability and
thermal expansion coefficient between Crand metal or to protect Crfrom damage. Solid

state processing methods including Powder metallurgy and Diffusion bonding.

1.2.4.1 Powder metallurgy

Powder metallurgy is a process technology that uses metal powder or a mixture of
metal powder and other metal powder (non-metallic materials) as raw materials, after
forming and sintering, to fabricate metal or composite and various types of products. It
is an important production process for the fabrication of metals and metal matrix
composites. Powder metallurgy processes include spark plasma sintering (SPS) and
vacuum hot pressing. Powder metallurgy provides an effective sintering method for low
temperature rapid sintering of Cyreinforced iron matrix composites. Figure 1-4 shows

the Schematic representation of a SPS process and vacuum hot pressing.

SPS pressure

Upper punch
clectrode

(+)

Mould ----

Thermnc-nup]-e

SPS Controller

SPS electric
current generator

Water cooling chamber

Lower punch
electrode

Figure 1-4 The schematic representation of a SPS process and vacuum hot pressing(®”.
In 1933, patents were published to describe methods of using electrical discharge
or electrical current to facilitate powder sintering or metal sintering joining!®®!%,
Through the tireless efforts of Lenel of RPI, scientists from Lockheed Missile and Space

Corporation of California, and Inoue of Japan, the so-called "spark sintering" was

identified!!°-1°! Spark plasma sintering can prepare metals, ceramics, nanomaterials,

11
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amorphous materials, composite materials, gradient materials and materials with

complex shapes!®%-102-106

1. Spark plasma sintering technology has significantly advanced
the advancement of materials science research.

Compared with traditional powder metallurgy methods such as pressure less
sintering (PLS), hot pressing sintering (HP) and hot isostatic pressing (HIP), SPS can
ensure that the high temperature is only distributed in the die, rather than filling the
entire cavity, Rapid heating can achieve rapid sintering. Spark plasma sintering has

many distinct advantages®%107-109

1. Factors such as the initial powder, the type and size
of the die, and the capacity of the equipment can affect the heating rate of the SPS. In
general, most SPS devices can reach up to 1000 K/min!'!"l, Rapid heating can make it
too late for the newly formed grain boundaries to adjust themselves to a stable state!!!!],
The dislocations and slips of the crystal planes hinder each other so that this high-energy
state is preserved!!?!. Therefore, rapid high temperature can effectively suppress the
grain growth in the early sintering of SPSI3). Liu et al.l''®! found that the ultrafast
heating and high-pressure technique can doubly suppress the coarsening of MgO
particles during SPS sintering. As shown in Figure 1-5, under the SPS sintering
conditions of 170MPa and a heating rate of 1880K/min, and holding pressure for 60s,

MgO ceramics with a relative density of 99.1% and an average grain size of 50 nm were

obtained by ultrafast heating and high-pressure technology!'*!.
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Figure 1-5 The relationship between the average grain size of MgO and pressurel!!3],
During the sintering process of SPS, the sputtering and discharge impact of high-

temperature plasma will generate local high temperature, and various particles can be
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rapidly densified through various diffusion mechanisms to achieve rapid

densification!! #1131,

Compared with most traditional sintering methods, the
densification temperature of SPS is about 200-300K lower, which provides a simple
and effective method for the densification of heat-resistant bulk materials. The rapid
densification of SPS greatly shortens the production cycle, improves production
efficiency and reduces production costs. In the study of Raichenko et al.l''] it was
found that SPS only required 1.5-1.75 min to form a uniform and dense alloy of Ni and
Mo powders. Using the traditional sintering method to achieve the same effect requires
sintering at a temperature of 1727K for 2h.

Therefore, SPS is becoming an effective way to carry out material design and

material genome engineering research because of its simplicity, rapidity, high efficiency

and low cost.

1.2.4.2 Extrusion process

In the introduction in Section 1.1, we already know that Cris a two-dimensional
high TC material, and the TC of Crenhanced metal matrix composites also has
anisotropy. The orientation of Cr significantly affects the TC of the composite, which
will be detailed in section 1.3. In order to achieve the purpose of establishing a TC
channel in the composite and improving the TC of the composite, we need to change
the orientation of Crthrough external force.

There are generally two types of external forces acting on Cr. One is to align the C
in the direction of the material's design and make composites by diffusion bonding.
Diffusion bonding means that directly under the action of external factors (pressure,
temperature, vacuum, etc.), the contact surfaces of Crand the metal are brought close
to each other, plastic deformation occurs locally, and the atoms diffuse each other and
bond into a whole!!7-!!8]. Diffusion bonding can directly join metals and non-metals
together to form a strong connection. The absence of the diffusion agent in diffusion
bonding does not cause macroscopic deformation, melting, or relative motion of the

119-121

parts! 1. This technique is particularly suitable for the manufacture of anisotropic
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cast iron parts, forgings, and connections between powder metallurgy parts with large

1201 Diffusion bonding is an integral heating process with

differences in part thickness!
small deformation of composites and high dimensional accuracy. Therefore, diffusion
bonding is suitable for the manufacture of large-area parts, laminates, hollow
components, porous materials or complex internal passages (such as turbine blades and
jet elements), closed internal joints (such as honeycomb siding), and other bonding
methods are less feasible for the manufacture of parts!!??!. Furthermore, the technology
is environmentally friendly and easy to automate, making it suitable for large-scale
industrial production. Korab et al.l'>! wound C/~Cu on a steel plate, put the steel plate
into a die, and diffusion-bonded it under vacuum conditions of 100 MPa and 873 K for
15 minutes to fabricate a composite with a thickness of about 0.25 mm.

Another method is that the external force acts on Crindirectly, and the orientation
of Cr is adjusted by the deformation of the composite material. The most common
method is extrusion, including cold extrusion and hot extrusion. Extrusion has been
used as one of the most common secondary processes due to its good axial preferential
orientation of discontinuous fibers. Cold extrusion uses compressive and shear stresses
to push or pull composite materials in or out of a die to produce the required complex
cross-sections and brittle work materials. Cold extrusion can also form finished parts
with a surface finish. In this paper, discontinuous Cr(chopped to 5 mm) is used as
reinforcement, and Crcannot be oriented by cold extrusion process. This is because to
achieve the same compression effect (compression ratio), the pressure of cold extrusion
is much greater than that of hot extrusion, which places high demands on equipment,
and the compressive stress and shear stress will cause the composite to be easily crushed.
The research shows that the variation of the strain rate of the workpiece with the process
temperature is an important factor for the success of the hot extrusion process of metal
matrix composites. The melting point (Tm) of pure iron is 1811K, the minimum
recrystallization temperature is 724.4K (0.4Tw), and the softening temperature is higher
than the recrystallization temperature. If the temperature of the metal exceeds its

recrystallization temperature when extruding, the process is called "hot extrusion",
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otherwise called "cold extrusion". The extrusion of pure iron is hot extrusion, and the
hot extrusion temperature is about 50% to 75% of the T of the metal matrix!'?*), that
is, 905.5-1358.25K. Hot extrusion works in a high-temperature and high-pressure
environment, and the use of a suitable lubricant between the extrusion billet and the die
can improve the life of the die and other components. Oil and graphite work at lower
temperatures, while glass frit is used at higher temperatures. When the traditional
lubrication is insufficient, the hydrostatic extrusion process can be applied, and the
hydrostatic extrusion can be considered as an extension of the lubricated hot extrusion
process!!?¥. Pure iron is usually hot extruded without lubrication.

In the process of hot extrusion, we need to control the strain rate within a certain
range to avoid peeling at the interface between Cf and the substrate, and to prevent Cf
from breaking and weakening its efficiency of strengthening!!?’!. The classical
composite hot extrusion metal forming process can refine particles (large particle or
agglomerates are broken), reduce porosity and improve the bonding interface of non-
metallic reinforcements and metals, improve the mechanical properties of metal matrix
composites!!'?®!. In order to make the orientation of C; perpendicular to the pressing
direction on the cross-section of the Al matrix to be consistent, Yi et al.['*”! fabricated a
nickel-plated Crreinforced Al composite by a hot extrusion process (Figures 1-6).

L

SPSed sample
Carbon fiber. —

E e
-{-.-‘_'_,

Extruded sample

» EED

Unidirectional distribution

Al matrix

»

Random distribution

Hot extrusion

Figure 1-6 Schematic illustration of preparation method of unidirectionally oriented CrAl
composites?7],

Daoud et al.'?8] and Ramesh et al.'*’! It was found that hot extrusion can
significantly reduce the porosity of the composites, refine the grains, and bind the metal

matrix more tightly to the reinforcement compared to the as-cast material. Under the
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same conditions in various experiments, the extruded composites are more wear-

resistant than the cast composites!!’].
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1.3 Influencing factors of TC of Crreinforced composites

There are two main considerations for improving the TC of composites!!*’l. One
is to improve the thermal conductivity of raw materials, including switching to a higher
TC matrix and thermal fillers and modifying thermally conductive fillers. Another is to
reduce the thermal contact resistance between the reinforcing material and the substrate.
Typically, the reinforcing thermal fillers for composites are oxides (Al2O3, MgO),
nitride (Si3Ns, BN, AIN), and carbon materials (C;, CNTs, and GFs).

Compared with the granular shape, the linear reinforced thermal filler can form a
thermal conduction channel, and the effect of improving the TC of the composite is
more obvious!!*!"133. Commonly used linear reinforcement materials include GF, CNT,
and Cy, which have high anisotropy, and the TC of the reinforced composites also has
anisotropy. Many scholars' studies have shown that the TC of Crreinforced composites
is affected by various factors. Li et al.’% believed that the TC of composites depends
on the TC of the matrix material, the ITR and the percentage content of Cy. The aspect
ratio of Crin the direction of heat flow is also a key factor for obtaining high TC of
composite. Xu et al.!3* believed that one is that a large amount of phonon scattering in
the discontinuous network will occur at the filler/matrix interface because the sound of
different atoms does not match!'3>!. The other is that the ITR at the contact between the
matrix and Cyplays a major role in reducing the TC of the composite.

Changing the content and orientation of Cj building a thermally conductive
network structure, or changing the interface between Cyand the substrate can enhance
the TC of the composite. Wei et al.l** found that not only the content of C; would
seriously affect the TC of the composite, but the TC of the composite decreased with

e [136]. This phenomenon can be attributed to the Umklapp

the increase of temperatur
resistance, which increases with temperaturel!36:137],
Xu et all'* prepared a C~GF three-dimensional (3D) network structure to

establish the path of thermal conduction and improve the TC of polyamide-imide

composites. When the filler content was 4.25 wt%, the vertical TC of the composites
17
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(TC) reaches 0.53 W m, which is 165% higher than that of pure polyamide-imide.
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1.4 Theoretical calculation for ETC and ITR of composites
1.4.1 Theoretical calculation models for TC of composites

Crreinforced iron composites belong to heterogeneous medium structure materials.
A number of models have been proposed to predict the macroscopic properties of such

138 TC is one of the most important properties of heterogeneous media

composites!
composites. In his famous work on electromagnetism, Maxwell was the first to give the

expression of the inhomogeneous medium ETC, Keql'*!,

Kepr 14 3¢
K, (K1 + 2Km) B
Ki—Kn /) ?

Where Keir is the ETC of the composite, K is the TC of the continuous matrix,
K, is the TC of the reinforcement, and ¢ is the volume fraction of the reinforcement.
This equation solves the calculation of the ETC in a homogeneous medium with
spherical particles dispersed, ignoring thermal interactions between particles. Many
researchers have modified Maxwell's model to include various effects. Eucken
expanded the reinforcement material from one to many. Burger and Hamilton and
Crosser!!*%l extended spherical reinforcements to different particle shapes.
Cyis a long axis reinforcing material. Rayleigh!'*!] assumes that Cy is uniformly
distributed in a continuous matrix and that all Craxes are parallel to each other (Figure
1-7). TC is closely related to the measurement direction. Assuming that the Craxis is

parallel to the z axis, the Rayleigh formula is:
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Figure 1-7 The schematic of the composite medium considered by Rayleigh[141].
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Keff,ZZ =1+ (Kl - Km) ®

Km Km
...... (1-2)
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K, K, C, — @ + C,(0.30584¢* + 0.1013363¢8) + ---
K+ Ky, Ky — Ky,
YK, -K, * K +K,
...... (1-3)

The Rayleigh model ignores the shape parameter of C; when calculating the
composite ETC. However, we all know that the shape parameter of Cr affects the size
of the thermal conduction channel, which in turn directly affects the TC of the

1421 considered the shape parameters of the filler

composite. Hasselman and Johnson!
and the non-zero ITR at the interface when they studied the effect of the interfacial gap
between the filler and the matrix on the thermal diffusivity and TC of Ni-glass
composites. Their simple modification of the Maxwell and Rayleigh model to derive a

new Hasselman-Johnson formulation for calculate ETC of cylindrical filler (Cy)

reinforced homogeneous media with non-zero ITR.

KK o K 2K
[Z(Km 1) g+ +2p2+2

K. =K ah, K,, ah,
eff — fm K, K, K, 2K,
(O -g+am)errE v art+ 2]

Where, a is the radius of Cy, hc is the interfacial TC, which is the reciprocal of the
ITR(R). With the advancement of basic mathematics to advanced mathematics,
especially the introduction of differential equations, the calculation accuracy of
composite TC has been greatly improved. Scholars divide the material to be tested into
infinitely small units, and gradually calculate the ETC of the overall composite through
the study of the ETC of the unit. This method of finding global approximate solutions
using differential equations is called the effective medium approximation (EMA)
method or the differential effective medium (DEM) Method. The most typical model

established by EMA is the Bruggeman model, which provides a new method for the TC
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calculation of composite materials with a large ¢ valuel!+}].

-0 = (f=y)
eff \Km — Kq
...... (1-5)
Every and Tzou!'* obtained an expression for the ETC of granular composites by
modifying Bruggeman's results!!**!,
o (Km >(1+2a)/(1 @) I(Keff _ K1 - a)) 3/(1-a)
Kers K,—K,(1—«a)

Where, a is depending on ITR between filler and matrix. It is defined as o = ax/a,
where a is the particle radius, and ay is the Kapitza radius (ax = R-km). The value of ax
will be listed in the next section. Only when the TC of the reinforcing filler is much
larger than that of the matrix, the reinforcing filler can greatly improve the TC of the

composite material. Equation (1-6) can be simplified as:

Ky 1
K, (1- 9)3(-0/(+2a)

Through long-term experimental exploration, scholars have not only developed a
series of computational models for ETC of composite, but also summarized and
established some empirical models for the convenience of calculation. Even without
considering ITR, the Lewis-Nielsen model is the most commonly used in the literature
due to its convenience and inclusion of most particle shapes and patterns and gives
better results. It is suitable for medium filling volume fractions (a can be as high as

40%). When the value of ¢ is larger, the Lewis-Nielsen model becomes inaccurate!!4¢],

_ 1+4Bg _ K1/Km—1) _ (1“Pm
Koy = 1022, B = (—Kl/KmM L o=1+(54 )

Where, A is the shape factor of the filler particles (refer to Table 1-2)!'47 and ¢m is

the maximum filler volume fraction (refer to Table 1-3)!!48],
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Table 1-2 Values of A for several dispersed types.

Shape of particles Aspect ratio of particles(P=L/D) A
Spheres 1 1.5
Randomly 2 1.58
Oriented rods 4 2.08
6 2.8
10 493
15 8.38

Where, the aspect ratio(P) of the particle is a shape parameter of the columnar
filler, and its value is the ratio of the length (L) and the diameter (D) of the particle.

Table 1-3 Maximum packing fractions for different arrangements

Shape of particles Type of packing Om
Spheres Face-centered cubic 0.7405
Hexagonal close 0.7405
Body-centered cubic 0.6
Simple cubic 0.524
Random close 0.637
Random loose 0.601
Rods or fibers Uniaxial hexagonal close 0.907
Uniaxial simple cubic 0.785
Uniaxial random 0.82
Three-dimensional Random 0.52

The above models are all used when the value of ¢ is small. As the value of ¢
increases, the density of fillers in the composite increases, and the probability of the
fillers in contact with each other increases. When ¢ will eventually reach a certain value,
¢m, the particles of the filler come into contact. For Crreinforced composites, Crhas a

high TC, and the heat transfer between two Css is easier than that between Crand the
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matrix. The connection of Creach other forms a new thermal conduction channel, which
helps to improve the TC of the composite, which also brings difficulties to the
establishment of a model to calculate the ETC of the composite. As shown in Figure 1-
8, The curve of ETC with ¢ has changed from a gentle growth to a sharp growth, which
is the intuitive manifestation of this effect!!*¢l. The corresponding ¢ value when the
gentle change curve begins to change sharply is called the percolation threshold, @m.
The EMA model has been unable to accurately predict the ETC of multiphase
media close to the seepage threshold (volume fraction of filler not less than 40%).
Numerical simulation to simulate seepage has become one of the most effective
methods to solve this problem. As shown in Figure 1-8, the Nielsen model becomes
inaccurate above 40vol.%, while the ETC of the composite by EMA (EMT)model!!*”]
is lower than that of the experimental value. By modeling percolation and ITR, Devpura
et al.['*6l yused matrix algebra calculations to predict the TC of composites, which fit the
trend of the experimental curves well and allowed one to predict the upper limit of the
ETC of composite with higher filler volume fractions. The numerically simulated
seepage model is more accurate in predicting the ETC of high-filler composites, and
the numerical simulation is simple and low-cost, making it the most attractive tool for

predicting composite TC in the composite design process.
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Figure 1-8 ETC of Al,O3 reinforced polyethylene matrix predicted by different models, compared
with experimental results.
The calculation model used in the seepage model is far from the actual situation

of the filler and matrix inside the material, which is the main reason for the difference
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between the two. The finite element method (FEM) can reflect the actual situation
inside the material. The computation of ETC is then extended mathematically from a
two-dimensional plane to a three-dimensional space.

FEM is frequently used to the Simulation of heat transfer and the calculation of
ETC in composite!!>*133] It is often used as an additional method to verify results
obtained by other methods. The complex geometric structure and long-term meshing
inside the composite, as well as the extremely severe computing power, limit the large-
scale application of the FEM. However, with the development of computer science,
these shortcomings can be compensated by the development of computing software. By
using MATLAB 7.0® and COMSOL Multiphysics™ to automatically generate 3D
finite element model of rod or cube-shaped filler reinforced continuous matrix
composite, Floury et al.'>¥ investigated the effects of shape, orientation, TC, and
volume fraction of filler on the composites ETC. The cubic and rod fillers with different
TC were compared under the conditions of heat flow direction orientation and random
distribution, the ETC calculated by various calculation models and EMT, and the
change of ETC with the volume fraction of the continuous matrix was explored.

In this paper, the calculation software developed in our experiment is used to carry
out the simulation ETC of composites by FEM. This method has the advantages of a
seepage model and can reflect the real condition of the composite. Characteristic of
simplicity, save money and ease of operation, which makes FEM a useful and attractive

tool for estimating ETC of composite in the composite design process.

1.4.2 Theoretical calculation models for ITR of composites

Typically, heat conduction in composite materials is achieved by vibrating atoms
and phonons. The traditional heat conduction mechanism believes that when heat enters
a substance, the heat causes the atoms in the substance to vibrate and collide with the
atoms in the substance, and in this way, the heat is transferred to the entire substance
and the surrounding space. The heat dissipation of this vibration heat transfer method

is closely related to the atomic spacing and atomic species, and the macroscopic
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performance is that both the material composition and the unit cell structure affect the
heat transfer. The macroscopic manifestation of thermal energy dissipation is that when
heat is conducted in the composite material, the temperature will be transferred at the
interface between the components to decrease. ITR can be applied to describe this heat
conduction hindering effect. We define I'TR as the heat flow efficiency per unit area per
1 K decrease in the temperature of the material. ITR is the combined effect of the two
thermal resistances. The first is heat loss due to weak physical and chemical bonding
between the continuous phases during heat transfer, which is called thermal contact
resistance (TCR). The second is the heat loss due to the difference in the physical
properties of the two different phases during the heat generation process, which is called
thermal boundary resistance (TBR), also known as Kapitza thermal resistance. Kapitza
was the first to observe the drop in temperature in the boundary of liquid helium and

metall!>

1. The ITR is defined as the ratio of the temperature change (A T) that occurs
at the interface to the heat rate (Q=I>R) passing per unit area (A), according to equation
(1.4.2-1):

AT
Q/A

Rint =

where Rin is the ITR. Even if the atoms near the interface are perfectly aligned,

the interface will still generate thermal resistance. Differences in vibrational and

electronic properties of different materials lead to the scattering of heat carriers

(phonons or electrons) near the two-phase interface, and the probability of heat carrier

transport after scattering will depend on the available energy states on both sides of the

interface. At temperatures below 40K, interfacial heat transfer at solid-solid boundaries

can be achieved by acoustic and diffusion mismatch models (AMM and DMM)!5¢],
ITR is inversely proportional to the cube of temperature.

Rbd == BT_3

The value of B is related to the density of the heat carrier on both sides of the
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interface and the scattering when passing through the interface. Parameter B was
collected by Swartz et al.['""] for some solid-solid interfaces is listed in Tables 1-4. The
scattering-mediated acoustic mismatch model (SMAMM) developed by Prasher and
Phelan can calculate the ITR at higher temperatures!!*®l. However, this model
introduces additional parameters of material properties, which bring uncertainty to the

calculation of ITRI!],

Table 1-4 The parameter B in the low-temperature thermal boundary resistances by AMM and DMM.

Sapphire Quartz Silicon

AMM DMM AMM DMM AMM DMM

(K#cm?/ W) (K4cm?/ W) (K*cm?/ W)
Aluminum 21.0 21.4 6.50 10.8 11.8 159
Copper 18.5 20.1 8.66 9.43 14.3 14.6
Nickel 19.7 21.1 9.32 10.5 15.5 15.6
Platinum 20.8 18.7 13.0 8.10 21.3 13.2
Rhodium 20.8 23.6 13.0 13.0 19.2 18.1
Silver 18.2 18.7 8.66 8.06 13.8 13.2

Any factor that can affect the density and scattering of heat carriers on both sides
of the contact surface may affect the ITR!!3]. These factors include lattice distortion
caused by thermal stress, voids caused by weak bonding or inconsistent thermal

1601 thin layers caused by interdiffusion of the two phases

expansion of the two phases!
or surface plating, etc. Zhao et al.l'®!l looked for ways to reduce ITR by studying
thermal interface materials (TIMs). The ITR decreases with increasing pressure, the
ITR of carbon-based materials decreases with increasing temperature, and the ITR of
thermal pads is not affected by temperature. The increase in surface roughness leads to
an increase in the ITR of the thermal pad and carbon-based materials. Shaikh et al.l!®*]
also found that TIMs with CNTs can promote thermal conduction between aluminum

and graphite more than direct contact of aluminum and graphite or graphite coatings.

With further research on composites, scholars have found that ETC decreases with
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the decreases of reinforcement average particle radius, the contact area on the surface
per unit volume increases, and ITR cannot be ignored. Therefore, in the process of
model building to predict the ETC of composites, ignoring the ITR will have a very
important impact on the evaluation results. The numerical models proposed by

Devpura et al.l!4]

to predict the ETC of composite materials include the seepage
model and the ITR model. They investigated the effect of ITR and particle size on ETC.
To characterize the value of ITR, the Biot number is introduced, and the Biot number

of spherical particles is expressed as:

Rinth
2a

Bi=

where a is the particle radius. Larger Biot numbers and particle radii result in
higher ITR, which increases the percentage of enhancement required to reach the
permeation threshold. When Biot > 1, the reinforcement will cause the ETC of the
composite to drop below that of the pure matrix. Knowing the value of ITR, we can
calculate the particle radius (critical radius) for Bi = 1. The addition of smaller radius
reinforcements to the matrix results in a decrease in ETC rather than increase. These

theories are of great significance to the design of composite materials.

1.4.3 Theoretical calculation for ETC and ITR of C~Cu/Fe composites

In order to evaluate the ETC and ITR of C~Cu/Fe composites, the historical process
of ETC and ITR research of composites was explored, and various models were
established, ranging from spherical particles to fiber reinforcement, considering the
percolation threshold, the internal thermal resistance, orientation of reinforcement, and
the actual situation inside the composite.

In this paper, considering the structure of C~Cu/Fe composites, in order to study
the influence of various hindering heat conduction factors on ETC, the mixing rule,
Nan model and FEM in the EMT method are most suitable.

The mixing rule can be expressed:
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Krom = K& = Kc)if—Cu X Vep—cu + Kin X (1 - VCf—Cu)

...... (1-12)
1 Vepcu , 1= Vepcu
Y/Z ~ ,,Y/Z
K¢ KCf—Cu Kom
...... (1-13)

Where, KZ | Kg/z and Krowm is the TC of composite, Kc)gc_Cu and Kg]{fm
are the axial and radial TC of C+Cu, respectively, and K, is the TC of matrix. Vcrcy is
the volume fraction of C+~Cu in the composite. When the axial direction of C+Cu is
parallel and perpendicular to the heat flow direction, the ETC of the composite can be
evaluated by equations (1-12) and (1-13), respectively. However, the rule of mixture
only considers the volume fraction of C+Cu, assuming that all C~Cu is uniformly
distributed in the composite and oriented parallel to the direction of heat flow,
regardless of ITR, the calculated TC of the composite is much larger than the measured
TC. Considering the effect of the internal thermal resistance and on the TC of the
composite, the effective TC of C+~Cu (K, g]’:f cy) €an be modified by the equation:
ke Ker-cu

cf-cu = T 2K .
1+ —2’; Cu

Where, Kg}{]_‘ cy 18 the corrected ETC of the axial and radial TC of CCu considering
ITR. D is the diameter of C~Cu. h is the interfacial thermal conductivity, which is the

reciprocal of ITR (abbreviated R), h=1/ R. When the value of h is known, K gﬁw and

K% ¢, in equation 1.4.3-1 and 1.4.3-2 can be replaced by KCe}ff cus Tespectively. It is

also possible to reversely derive h under the condition of known measured TC, and then

obtain the ITR (equation 1.4.3-4) under the condition of the rule of mixture.

2
h =

d Ver-cu 1
K
Ke —Kn(1=Vepocu) Ker-cu
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Nan's model is based on the effective medium approximation (EMA) theory to predict
the ETC of C~Cu. The model assumes that all C~Cu is uniformly distributed along the
heat flow direction, taking into account the volume fraction and aspect ratio of C~Cu,

orientation and ITR. Figure 1-9 shows that the X axis is parallel to the axis of C~Cu.

i

|

|
*

2! | (e

Matrix |/

Figure 1-9 The schematic of the C~Cu in composite in the EMA model.
In Nan's theory, the ellipsoid is taken as an example and the calculation equation
of TC is given as follows:

Y/Z
Kgma = Kc/

(2 + Ver—culBr1(1 = L11) (1 4 (cos?6)) + B33(1 — Lz3)(1 — (COSZG))]>
" 2 — Vee—culBr1L11(1 + (cos?6)) + B33L33 (1 — (cos20))]

KX = K (1 + Vor-calPia (1~ L)1 - {cos76)) + Bog(1 L33><cos29>]>
‘ " 1 = Ver—culBr1L11(1 — (cos?8)) + B33L33(cos?6)]

5 [ p(8)cos?Hsinb db
(cos<@) = .
[ p(8)sin6 do

where, 0 is the angle between the axial direction of C~Cu and the direction of heat
flow. Kg / Z, Ké( , are the TC of the composite material in the direction of heat flow and
perpendicular to the direction of heat flow, respectively. L;; is the geometric factor of
Cf-Cu, determined by its aspect ratio(P=L/d). L and d are the length and radius of the

cross section of C~Cu, respectively. The geometric factor can be obtained by equation.
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P2 P

- cosh™1P, P>1
P2—1 (1-p2)°

Li1 =Ly = p2 p

- cosh™1P, P<1
P2—1 (1-p2)°s

L33 = 1 - 2L11
...... (1-19)
Considering the impact of ITR on TC, Bii (i =1,2,3) can be expressed as:
Baz = B11 = Kg/z Lo B3z = Kg:( —m
K + L11(KS,; — Kin) K + Ls3 (K% — Km)
Y/Z
Ky = e K e LKoo K
/ de + ZREMAKZ;‘Z_Cu LKm + ZREMAK)éf—Cu

...... (1-20)

where, Rema is the ITR in the EMA model. It is also possible to reversely derive Rema

under the condition of known measured TC.
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1.5 Objective of this thesis

Crhas the characteristics of high TC in direction of axial, which can improve the
TC of composites by establishing thermal conduction channels in the composites. The
Cr surface can be prevented from directly contacting and reacting with iron by
electroless copper plating. Crhas high anisotropy, the axial TC is larger than the matrix
TC, which can improve the TC of the composite, and the radial TC is much smaller
than the matrix TC, which will reduce the TC of the composite. Therefore, it is crucial
to control the orientation of C~Cu in the composites. In this thesis, the method of hot
rolling was used to align the axial direction of C~Cu in the measurement direction of
TC. Although most of the C~Cu can be aligned by hot rolling, a small amount of C~Cu
not parallel to the heat flow direction has a great influence on the TC of the composite,
which brings difficulties to the prediction of TC of C~Cu/Fe composites. Many
theoretical models and simulation calculations have been explored to predict Cr
reinforced metal matrix composites. However, the complex structure and composition
of the composite are far from theoretical models. Previous studies have shown that
voids in composites, orientation and aspect ratio of Cs ITR affect heat transfer in
composites.

Due to the irregular distribution of C; in 3D composites, various theoretical
models of Crdistribution assumptions in composites are proposed to evaluate the ETC
of Crreinforced composites. Some theoretical models only consider the calculation of
TC perpendicular and parallel to the heat flow direction, but the orientation of Crhas a
great influence on TC, and the influence of Cr in other directions on TC cannot be
ignored. Some theoretical models assume that Cy is distributed according to a certain
rule or depends on a certain existing component distribution, which is not consistent
with the actual distribution of Crin the composite. However, the influencing degree of
influencing factors on TC has not been investigated.

Cris randomly oriented in the 3D space of the composite, which brings difficulties

to predict the composite TC through model-building calculations. Some scholars hope
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to obtain the ETC of Cr reinforced composites through the simulation of 3D models.
This simulation method is achieved by obtaining a series of images from ultra-high-
resolution X-ray computed tomography, which results in the simulation of 3D models
costing a lot of time and money. Since the Cy orientations in 2D images are quite
different from those in their corresponding composites, few studies have used 2D image
simulations to evaluate the ETC of Cr-reinforced composites. Most scholars have only
qualitatively analyzed the voids, Crcontent, orientation and aspect ratio, ITR will affect
the heat transfer ability of the composites. With the increase of C; content, the contact
area between Crand the substrate increases, and the voids and contact thermal resistance
both increases. We all know that TC increases with the increase of Cycontent, and with
the increase of void and contact thermal resistance. However, in real-world situations,
the TC of the composites changes in various ways with increasing Cr. When the
increasing effect of orientation of Cron TC is greater than the weakening effect of voids,
orientation of Cyand ITR on TC, the TC of the composite increases with the increase
of Cy, and the growth rate gradually decreases. The increased effect and decreased effect
of Cs content on TC of composite will be equal at a certain content of Cy, which is
closely related to the complex actual situation of composite.

The purpose of this study includes three aspects. One is to determine the
relationship between the orientation of C; in 2D cross-section and 3D space and
calculate the TC of composite by 2D image simulation. The second is to explore the
influencing factors and degree of influence of TC in C~Cu/Fe composites, according to
the comparison of the TC, which was obtained by the simulation method, calculation
model and measurement. The third is to improve the TC of SKD61(40CrMoV5) alloy
by adding C~Cu and evaluate the thermal conductivity of the composite based on 2D

image analysis.
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1.6 Outline of this thesis

Chapter 1 Background and objective

In this Chapter, discusses the development of dies with high TC and investigates
methods to improve TC of hot stamping dies, the necessity of dies with high TC to
produce steel parts with high strength, the choice of matrix and reinforcement for
composites, the preparation method of C~Cu/Fe composites, Some influencing factors
on TC of Crreinforced composites, some research procedure of calculation models of
theoretical TC and simulation methods to calculate the TC of Crreinforced composites,
and the purpose of this thesis.
Chapter 2 Fabrication, mechanical properties, and thermal conductivity of Cy -
Cu/Fe composite

In this Chapter, Cr obtains discontinuous C+Cu by electroless copper plating.
10~40vol.% CCu/Fe composites were fabricated by SPS. The relative density of the
Cr-Cu/Fe composites was measured by the Archimedes method, and the TC of the void-
containing matrix was corrected. The C~Cu, elemental distribution of Crand Cu, and
Cs~Cu/Fe composites were investigated by optical microscopy (OM) and electron probe
microanalysis (EPMA). The most suitable sintering temperature for C~Cu/Fe was
determined and ensured that C~Cu in C~Cu/Fe would not be destroyed by XRD The
measured TC was obtained by the steady-state measurement.
Chapter 3 Effective thermal conductivity of C~Cu/Fe composites by 2D Image
Analysis

In this Chapter, 5~25vol.% C#~Cu/Fe composites were fabricated by SPS. The
composites were hot rolled to control the orientation of C~Cu in the composite. The
relative density of the C~Cu/Fe composites was measured Archimedes method, and the
TC of the void-containing matrix was corrected. The measured TC is obtained by the
steady state measurement method. The mathematical equation between the orientation
of C~Cu in the 3D model, the orientation of C~Cu on the 2D cross-section, and the

aspect ratio an ellipse was obtained by CrCu intersects with cross-section was
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determined by establishing a model of the orientation of C~Cu in 3D space. The
simulated TC of the composite was calculated by 2D image simulation. The effect of
the orientation of C~Cu on the TC of composites with different C~Cu contents was
investigated.
Chapter 4 Influencing factors and degrees of thermal conductivity of CCu/Fe
composites

In this Chapter, the ETC of the C~Cu/Fe composites was calculated by the ROM
model and the EMA model, respectively. Based on the second step, the TC calculated
by the ROM model (Krom), TC calculated by EMA model (Kgma), TC calculated by
2D image simulation (Ksimulated) and TC measured by steady state method (Kmeasured)
were compared to investigate the degree of influence of Voids, orientation and aspect
ratio of C+~Cu, ITR, and experimental error on the TC of C~Cu/Fe composites with
different C~Cu contents.
Chapter 5 Thermal conductivity of CgCu dispersed SKD61(40CrMoV5)
composite
In this Chapter, 0/3/5vol.% CrCu/Fe composites were fabricated by SPS. The relative
density of the C~Cu/Fe composites was measured by the Archimedes method. The
microstructure was investigated by optical microscopy (OM) and electron probe
microanalysis (EPMA). The measured TC is obtained by the steady-state measurement
method. According to the investigation of the calculation of TC of Cf-Cu/Fe composite
by 2D cross-sectional simulation and the influencing factors and degree on TC,
3/5vol.%Ct-Cu was added to SKD61 (40CrMoV5) alloy to improve the TC of the die
and improving the production efficiency.
Chapter 6 Conclusions, discussion and future work

The background and purpose of this research, the selection of experimental
materials will be discussed, and the conclusions were summarized in this chapter. Also,

the details of this study and the future work will be discussed in this chapter.
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Chapter 2 Fabrication, mechanical properties, and thermal conductivity of Cr-Cu/Fe composite

2.1 Introduction

With the prosperity and development of the automobile industry, the demand for
auto parts, especially high-strength and low-thickness parts, is increasing, which
requires further improvement of production efficiency. High-strength and low-
thickness auto parts can not only effectively reduce the weight of the body and reduce
fuel consumption, but also ensure and improve the safety and comfort of the carll. A
die with high TC can accelerate heat conduction and obtain martensite during hot
stamping, improve production efficiency, and extend the service life of the diel>*l.
Taking advantage of the high TC characteristic of Cr in the axial direction, a thermal
conduction channel is established in the composite, and the C~Cu/Fe composite with
high TC is fabricated(>-].

In chapter 1, it has been known that the die composite must have high hardness
to ensure dimensional accuracy of parts, high temperature stability to ensure the life of
the die and tensile strength to ensure the strength of the die does not crack!’!. The
mechanical properties of these composites are related to their microstructure!®!,

For C~Cu/Fe composites, due to the high anisotropy of CrCu, both its
orientation and content have a significant impact on the hardness and tensile strength
of the composites. The 80% vol. Cr/polyetherimide (PEI) composite was investigated
by Sharma et al.l), and the effect of the angles (the angles between Crand the loading
direction were 0°, 30°, 45°, 60° and 90°) of Cs were evaluated on the mechanical
properties of composites. It was observed that Young's modulus, Poisson's ratio,
toughness and strain decreased with increasing angle of C. When Cris parallel to the
loading direction (angle of Cyis 0°), the wear rate of the composite (K¢=0.7 1x10”
m*/Nm) is almost three times higher than that of the composite with 90° of Cr. Cj,
especially orientation of Crparallel to the loading direction, can significantly enhance
all the mechanical properties of PEI.

When exploring C/~Ni-enhanced nickel coating materials, Shi et al.l'” found that

due to the uniform distribution of C~Ni and metal carbides and the well bonding
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interface between Crand the matrix, The microhardness and ultimate tensile strength of
6vo0l%CsNi/Ni-coating composites reach 678 HVy2 and 608 MPa, respectively, which
are 1.7 and 3.7 times that of the corresponding composite without CsNi, respectively.
Xiong et al.l'!! found that an increase in the content of short Cf helps to improve the
vicker hardness, ultimate tensile strength and fracture toughness of the composites.

There are many micropores, foreign bodies, crystals, etc. on the surface of Cy,
which are important factors affecting the bonding properties between the matrix and
the reinforcement in the composites!!?!, which will have a great effect on the properties
of the composite. The surface of untreated Cris smooth and chemically inert, and it has
poor wettability with the matrix in the composite, reducing the interfacial bonding
ability of the composite. The chemical reaction between Crand Fe hinders the stability
of Crheat transfer. Through Crelectroless copper plating, C~Cu can be obtained, which
not only protects C; from its destruction but also enhances the mechanical properties
(such as interlaminar shear strength and interfacial shear strength) of C; materials.
Copper plating is often used on the surface of Crto hinder chemical reactions. Gao et
al.l3! found that due to the interdiffusion of Cu and Al atoms, the synergistic effect of
dispersion, precipitation and solid solution strengthening, the Vickers hardness, tensile
strength and tensile strength of 9wt% Cu-C/Al composites were higher than those of
pure Al. The tensile and flexural strengths were increased by 232.5%, 322% and
296.4%, respectively. In addition, the corrosion resistance of C~Cu/Al composites is
better than that of uncoated C;/Al composites.

In this chapter, hardness characterizes the resistance of composite to diamond
indenters. When there are voids in the composite, the composite is compressed more
densely when measuring the hardness, and the macroscopic appearance is that the
hardness decreases. For C~Cu/Fe composites, due to the copper does not react with iron,
voids easily exist at the interface between C~Cu and Fe. The decrease of the bonding
strength of the contact surface can easily lead to the debonding of CsCu, resulting in
the decrease of the tensile strength of the composite!!*!7). Fei et al.l'*! believe that as

the resin content increases, the porosity decreases and the hardness and tensile strength
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of Crreinforced paper-based friction (CFRPF) composites increase.

Taking into account the orientation of reinforcement, interfacial reaction,
economy and residual stress, and other factors, powder metallurgy, hot pressing
diffusion bonding, hot rolling hot pressing, squeeze casting and vacuum pressure
infiltration are applied to fabricate Crreinforced metal composite products with
excellent strength and TC. The most commonly used powder metallurgy method is SPS,
and the advantages of this method for preparing Crreinforced iron composites have
been presented in Chapter 1, Section 1.2.4.1.

The TC of the void is about 0.03 W-m™'K!. In the composite, the TC of pure iron
is 54 W-m'K"!, and the axial and radial TC of C~Cu are 580 W-m'K!, respectively. 1
and 5.3 W-m'K"!. The voids of the C~Cu/Fe composites seriously hinder the TC. Wang
et al.['"¥ summarized the calculation model of the TC of the void-containing composites.

The equations of the voids and TC of the material can be Expressed as:

KEffective V;’ "
—_—— = (1 - n—-1(1-
K, ~ 17 1-V;

where, w is the relative matrix porosity, Kesfective and Km are the ETC of the
corrected material and the TC of the matrix, respectively. For different theoretical
models, N has different values. n = 1.5, 1.65-1.85 and 1.55 for the Bruggeman model,
Scaling relation and Progelhoff model, respectively. Solorzano!'®! believed that n is a
geometric factor of pores, which is related to the shape, connectivity and topology.
Choosing a suitable processing method can simplify the operation and save money.

The porosity has a great influence on the mechanical properties of C~Cu/Fe
composites. In this study, the Archimedes method was used to measure the density of
the composites. In order to protect C; from being damaged by the iron matrix,
electroless copper plating was used in this study to obtain a uniform and dense copper
layer. To ensure that the C~Cu in the composites is not destroyed by chemical reactions,
XRD was used to investigate the phase composition of the C~Cu/Fe composites and

determine the appropriate sintering temperature. The TC of Cu (Kc,=398 W-m'K™!) is
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much higher than that of iron (Kr.=54 W-m'K™'). The distribution of Cu in the
composite also has a great effect on the TC. The calculation of the radial TC of C~Cu
by coating equation. EPMA was applied to observe the thickness of copper layers and
the distribution of copper elements in the composites. In order to sinter the composites
at low temperature and quickly obtain uniform and dense composites, the C~Cu/Fe
composites were prepared by sintering method of SPS in this study. Steady-state

method were used to obtain the measured TC of the CCu/Fe composites.
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2.2 Experimental procedure

2.2.1 Raw materials

In this study, Fe powder (FEE14PB, 100% in purity, Kojundo Chemical Laboratory
Co., Ltd., Japan, 7.874 kg m™) were used, and the average diameter was 5~10 pm. The
pitched-based C;(K13C6U, Mitsubishi Chemical Co., Ltd., Japan, 2.18 Mg m?, 8.6 um
of average diameter) was shortcut into about 5 mm. The properties parameter of Crand
graphite are shown in Table 2-1.

Table 2-2 Pitch based Cr(K13C6U, Mitsubishi Chemical Co.).

Purity ~ Diameter Tensile Young’s Thermal conductivity
Strength Modulus Axial radial

99% 8.6 mm 3.6 GPa 900 GPa 580Wm'lK! 5 WmIK!

Electroless copper plating is needed to prevent Cr from reacting with iron contacts
and breaking its continuity. The TC of Fe is 54 Wm™' K, the axial TC of Cis 580 Wm’
'K!, and the radial TC is 5 Wm'K"!. The Cy were short cut into Smm, which were
roughened (10ml of acetone for 10min), acidified (68wt.% HNO3 for 10min), sensitized
(4g SnCl; and 0.5mL of 38.wt% HCI), activated (0.04g PdCl, and SmL of 38 wt.% HCI)
and other treatment procedures, in the electroless copper plating solution (OPC-750
electroless copper plating MA, MB and MC), under the conditions of 20 ~ 30 °C,
constant temperature, pH=12, A Cu layer (0.27um) on the surface of Crwas obtained.
The above procedures are all carried out in 100ml aqueous solution and under the action

of ultrasonic vibration.
2.2.2 Mix the iron powder and C~Cu by V-tape mixer

In order to make the C~Cu in the composite evenly distributed in the matrix, the
iron powder was suspended with alcohol, and then 0/10/20/30/40vol.% CrCu was
added to the suspension to make it uniformly mixed by a V-tape mixer (50r/min) for 2
hours. During the mixing process, Al2O3 balls (vol. @5: ®8=3:2) were used to mix the

CCu and iron powder more uniformly, and the corundum and composite materials

57



Fabrication of Copper Plated Carbon Fiber Dispersed Iron Matrix Composites and Thermal
Conductivity Calculation by Two-Dimensional Microstructure Images

were mixed in a volume ratio of 1:5. During the wet mixing process, the suspension
can effectively reduce the mechanical friction between the iron powder and C~Cu, and
the volume of the solution accounts for two-thirds of the volume of the mixing bottle,
which is very important for the preparation of composites. The mixture was removed
and dried at a temperature of 303K. The mixing process of iron powder and C~Cu was

shown in Figure 2-1.

Alcohol 50 r/min
A1203 2h
Fe, C~Cu

Figure 2-1 The schematic of V-type mixer.

2.2.3 Spark plasma sintering of C~Cu/Fe composite

The mixed iron powder and C+~Cu were loaded into graphite dies and subjected
to spark plasma sintering (pulsed spark sintering 0.9 ks, current was 300A, temperature
was 1100-1200K, axial pressure was SOMPa, a vacuum of 1.3x107?Pa, and is kept for
10 minutes) in a graphite die to obtain a cylindrical composite of 65x10x10 mm®. These
experimental parameters were set with reference to the parameters commonly used in
the actual manufacturing process of sintering metals by SPS. The SPS device are shown

in Figure 2-2. The sintering process and parameters of SPS are shown in Figure 2-3.
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Figure 2-2 The schematic illustration of SPS.
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Figure 2-3 Flow chart of spark plasma sintering.
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2.3 Mechanical and thermal properties evaluation

2.3.1 Relative density

The relative density of the composite material can be obtained by the following

equation:

Pmeasured
w=———X100%
Ptheoretical

Where, w is the relative density of the composite. pmeasured and Pheoretical are the
density measured by the Archimedes method and the theoretical density obtained by
the mixing rule, respectively. The sum of w and porosity is 1. The measured theoretical

density can be obtained by the following equation:

Ptheoreticat = PaVa + PeVs + pcVe + -+ pxVx —0<x<®

Where, px is density of x, Vx is volume fraction of x. The density of pure aqueous
solution is 1 g'em™. The measured theoretical density can be obtained by the following

equation:

M; — M,
Pmeasured = m

...... (2.3.1-3)

Figure 2-4 Schematic diagram of measurement of the density by the Archimedes method.
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2.3.2 Hardness and tensile strength

The hardness of the composite was measured with a Vickers hardness tester under

the conditions of loading 10kg/20kg and maintaining the pressure for 10s.

e F _2Fsin(A/2) 1.854F
S D2 - D2

Figure 2-5 Schematic diagram of hardness tester forming a diamond on composite.
The tensile strength of the composite was measured under the conditions of a tensile
force of 5t and a tensile speed of 0.5mm/min, and the tensile specimens were machined

by electric spark wire cutting as shown in Figure 2-6.

R15 t=2mm

8mm

20mm

50mm 2mm

Figure 2-6 Schematic diagram of tensile test specimen.

2.3.3 Phase components of composites

When the C~Cu is damaged during the mixing, sintering and rolling process, for
example, the C-Cu is interrupted, the Cu on the surface of the Cris exfoliated, and the

Cf reacts with the iron. The composition of the phase components of the composites
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can be investigated by means of X-ray powder diffraction (XRD) (D/MAX-2500/PC).
The measurement conditions are listed in Table 2-2.

Table 2-2 The measurement conditions of composites by XRD.

Target Wavelength Power  Voltage  Current Samplingstep  Scan speed
(101°m) (KW) (KV) (mA) (degree) (degree/min)

Cu 1.54 (Ka) <18 20 200 0.02 4

2.3.4 Microstructure of composite

The CCu and the cross-section microstructure of the sintered composites were
observed by EPMA. An optical microscope (OM)was used for observing the aspect

ratio and orientation of C~Cu in the sintered composites.

2.3.5 Effective thermal conductivity by steady state method

Steady-state TC measurement has become the most commonly used method for
TC measurement of Cf-reinforced metal composites due to its simple operation and low

cost!?’l. The schematic diagram of the measuring device is shown in Figure 2-7.

Heater Heating Plate

Controller

Data Acquisition
System

N

Water-cooled
Chiller

Tc

Figure 2-7 Schematic of steady state thermal conductivity measuring device?l,
The sample is placed between the hot column and the cold column, with the hot
column above the sample and the cold column below the sample. The surfaces of the

samples in contact with the hot and cold pillars were polished and coated with a high

62



Chapter 2 Fabrication, mechanical properties, and thermal conductivity of Cr-Cu/Fe composite

TC thermal paste (Arctic Silver RS, Arctic Silver Inc., U.S.) to reduce the thermal
resistance at the interface. Both the hot and cold columns are made of copper cylinders
with a diameter of 10 mm and a length of 30 mm. As shown in Figure 2-7, nine
thermocouples are mounted on the hot column, the sample, and the cold column in
sequence. Heat the hot column, circulate water to cool the cold column, and after the
temperature of the hot column and the cold column is stabilized, obtain the thermal
gradient temperature from thermocouples 1 to 9 at 1-second intervals for about 300
seconds. Then, the temperature gradients as, as and a. of the hot rod, sample, and cold

rod were calculated by the least squares method as follows:

3 3 3 3
- 1 _ 1
ah :Z(zi_z-h)(Ti_Th)/Z(zl'_Z_h)z, Z_h :Ezzi, Th :gz’rl
=1 i=1 ' i=1
6 6 "
as =z(zi_z_s)(Ti_Ts)/Z(Zi_Z_s)z; Z =§
4 i=4 i

i=

9 9 1 9 ) 9
aC :z(zi_z-c)(Ti_TC)/Z(Zi_Z_C)Z, Z_C :§Zzi, TC :§ZTL
i=7 i=7 ;

Where, in a thermally stable state, T; is the temperature of the i-th thermocouple,
and zi is the distance from the i-th thermocouple to the hot end. Finally, the ETC of the
sample, Kwmeasured, can be calculated by the following formula:

_ KCuC (ah + ac)
KMeasured - 2Aa
S

In this research, The TC of copper cylinders is 385 W m™ K*!, C is a constant value

(i.e C=236/257).
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2.4 Results and discussion

2.4.1 Relative density of composites

It can be seen from Figure 2-8 that the relative density of C~Cu/Fe composites
decreases with the increase of C~Cu content, and the relative density of all composites
is higher than 93%. As the sintering temperature increases, the sensitivity of the relative
density to the change of C~Cu content decreases. When the sintering temperature is
1200K, the deviation of the relative density of the composites is 1%.
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Figure 2-8 Relative density of composites at different sintering conditions with different C~Cu

contents.

2.4.2 Phase of composites and Cu distribution

Figure 2-9 (a) shows the XRD patterns of the composites at different temperatures.
At a sintering temperature higher than 1150K, ferrite disappears, ferrite reacts with
carbon to form cementite and combines the ferrite to form a small amount of martensite.
The carbon in cementite and ferrite originates from Cy, which indicates the destruction
of Cy. Figure 2-9(b) shows the XRD patterns of the composites with different volume
fractions of C~Cu. The ferrite still exists and the Cris not destroyed. The Cu layer in
the composite can still protect the Cs. In Figure 2-10, due to the lower sintering
temperature and sintering time, Cu is closely distributed in the vicinity of Cy, and in the

composite, Crand Cu can still be regarded as a whole, C~Cu.
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SEM image of 20vol.%CrCu/Fe

composite sintered at 1150K
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Figure 2-9 XRD of Cr-Cu/Fe composites with (a) different sintering temperatures and (b) different

volume fractions of Cr-Cu.

Figure 2-10 SEM image of 10vol.% C,-Cu/Fe composite.

2.4.3 Mechanical properties and microstructure of composites

In this experiment, a hardness tester with a diamond indenter was used. Hardness
indicates the ability of a composite to resist a diamond indenter. As shown in Figure 2-
5, when the indenter acts on the surface of the composite, C~Cu can hinder the
indentation of the indenter. As shown in Figure 2-11, when the C~Cu content does not
exceed 20%, the hardness increases with the increase of the C~Cu content. When the
volume fraction of CCu increases from 20% to 30%, the relative density of C~Cu/Fe
composites decreases sharply. When the C~Cu content is large enough, the C~Cu
overlaps with each other, and its hardness is much smaller than that of the matrix. When

the C~Cu content exceeds 20%, the hardness decreases with the increase of the C~Cu
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content. The hardness of C~Cu/Fe reaches the maximum value when the volume
fraction of C~Cu is 20%. Figure 2-9(a)shows that when the temperature exceeds 1100K,
Cs-Cu is destroyed and a dense lamellar martensite is formed, whose hardness is much
higher than that of the matrix, and the hardness of the composite increases. When the

sintering temperature is 1150K, the hardness reaches the maximum value of 226HV.

280 —=—1100K
wof e
240 F /
220
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160
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Volume fraction of C,-Cu in composites (vol.%)

Figure 2-11 Vickers hardness of composites at different temperature with different C~Cu contents.

As shown in Figure 2-12, when the volume fraction of C~Cu does not exceed 20%,
during the fracture process of the C~Cu/Fe composite, the fracture surface presents a
river-like shape. With the addition of CCu, the hindering effect of the C~Cu on crack
propagation and tensile fracture is enhanced, the orientation of C~Cu is not fixed, and
the fracture surface is in the shape of an inclined step. When the composite is stretched
and fractured, the ends of C~Cu deboned from the matrix and form dimples!®!). The
20vol.%Cp-Cu composite forms equiaxed dimples on the fracture surface, which is
caused by the absorption of a large amount of energy under the uniform tensile force.
The tensile strength of C~Cu/Fe increases with the increase of C~Cu content.

It can be seen from Figure 2-13 that when the C~Cu content in the composite
exceeds 20%, a large amount of C+~Cu has a greater probability of being distributed
perpendicular to the tensile direction, and the fracture is caused by the interaction
between CCu and iron. The fracture is determined by the mechanical meshing force
between the iron substrates, which is much smaller than the metallic bonding between

the iron substrates. The tensile strength of C~Cu/Fe composites decreases with the
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increase of C~Cu content. When the volume fraction of C~Cu is 20%, the tensile
strength of the C~Cu/Fe composite reaches the maximum value of 679MPa, which is
9.5% higher than that of pure iron under the same conditions.

Within a certain range, the addition of C~Cu can not only improve the hardness of

CrCu/Fe composites but also improve the tensile strength of the materials and greatly

[22]

enhance the mechanical properties of the materials

Figure 2-13 SEM image of 30vol.%Cr~Cu/Fe composite sintered at 1150K.
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Figure 2-14 Tensile strength of composites with different C~Cu contents at 1150 K.
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2.4.4 Thermal conductivity of C~Cu

As shown in Figure 2-15, the diameter of C+~Cu, thickness of the Cu coating, and
0 after electroless copper plating are 9.42 um, 0.27 um, and 0.54um, respectively. The

TC of Cu was 398 Wm™'K'!, and after correction for coating TC by the equation:
o __ KeKeuh
= " K6 + Koy (h — 8)

Where, Kcrcu, Kcy, Keu are the TC of C+~Cu, Crand Cu, respectively. h is the
diameter of CCu. 6 is the thickness of the Cu layer above and below of the Cy the

axial TC of the C~Cu was 580 Wm™'K"!, and the radial TC was 5.3 Wm 'K,

Figure 2-15 Schematic of (a)as-received Cy. (b) Cu plated Cr. (c) element distribution of CCu.

2.4.5 Thermal conductivity of the composites by steady state method

The TC of CrCu/Fe composites with different sintering temperatures were
measured under thermal steady state conditions, and the measurement positions are
shown in Figure 2-16. SPS hot pressing was applied on the A plane and stretched in the
direction perpendicular to the A and C planes. The TC of the C~Cu/Fe composite was
measured on the C plane, and the measurement results were shown in Figure 2-17. Due
to the scattering of phonons, a large amount of heat is dissipated. Compared with pure
iron, the addition of C reduces the TC of pure iron by 20%. CxCu is destroyed when

sintered at temperatures above 1100K, and C#~Cu cannot function as a thermal
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conduction channel. Under the same conditions, the TC of the C~Cu/Fe composites

obtained by sintering at 1100K is larger. Most of the C~Cu in the 30vol.%CzCu/Fe is

parallel to the stretching direction and perpendicular to the heat flow direction. The

radial TC (5.3) of C~Cu is much smaller than that of the iron (45), and its TC is less

than TC of 20vol.% CrCu/Fe. With the increase of C~Cu content, the C~Cu oriented

parallel to the heat flow direction is more than the C+~Cu oriented perpendicular to the

heat flow direction, and the composite TC increases. With the increase of C~Cu content,

the TC of CrCu/Fe composites first increased (20vol.%CgCu), then decreased

(30vol.%CsCu) and then increased (40vol.%CrCu).
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Figure 2-12 Schematic diagram of hot-pressing direction, stretching direction and measuring

direction of TC of composites.
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Figure 2-17 TC of composites with different C~Cu contents at various temperatures.
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2.5 Summary

In this chapter, graphite with different volume fraction reinforced Cu matrix
composite was prepared by spark plasma sintering. The relationship between thermal
properties and microstructure of composites are discussed. To investigate the influence
of the angle of graphite on thermal conductivity and thermal expansion, the thermal
properties of graphite reinforce Cu matrix composite was calculated with a simulation
code which can take account of the angle of graphite at cross-section face. The
following conclusions are obtained.

(1) The relative densities of C~Cu/Fe composites decreased with the increase of C~Cu
content, and the relative densities of all composites were higher than 93%. The
sintering temperature hardly affects the relative density of the composites. When
the sintering temperature is 1200K, the relative density deviation of C~Cu content
to the composites is 1%.

(2) When the sintering temperature is higher than 1100K, ferrite disappears, Cf-Cu is
destroyed by iron, and cementite or martensite is formed, which will improve the
hardness of CCu/Fe composites. The Cu element is distributed around Cr.

(3) The hardness of C~Cu/Fe composites first increases and then decreases with the
increase of the C~Cu content. When the sintering temperature is 1150K, the Cf-Cu
is destroyed to form dense flaky martensite, and the hardness of the 20vol.% Cp
Cu/Fe composite is the highest, reaching 226HV. When the volume fraction of Cs
Cu in the C~Cu/Fe composite increases from 20% to 30%, the fracture mode
changes. The tensile strength of the composites first increases and then decreases
with the increase of C~Cu content. The tensile strength of the 20vol.%CrCu/Fe
composite reaches the maximum value of 679MPa, which is 9.5% higher than that
of pure iron under the same conditions.

(4) Compared with pure iron, the addition of C reduces the TC of pure iron by 20%.
With the increase of C~Cu content, the TC of C~Cu/Fe composites first increased

(20vol.%CsCu), then decreased (30vol.%Cr-Cu) and then increased (40vol.%CCu)
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3.1 Introduction

High-strength automotive parts manufactured by hot stamping technology have

been investigated and attracted the interest of researchers!!™l.

Reducing fuel
consumption, ensuring the safety and comfort of cars, improving production efficiency
and prolonging the service life of hot stamping dies have become urgent issues for the
prosperity and development of the automobile industry™]. Hot stamping dies with high-
strength and high-TC can accelerate heat conduction and obtain martensite during the
hot stamping process, effectively reduce the weight of the car body, and meet the current
development needs of the automotive industryt!-¢-111,

In Chapter 2, the TC of C~Cu/Fe composites varies irregularly with C~Cu due to
the uncontrollable orientation of C~Cu. In order to further improve the TC of C~Cu/Fe
composites, it is necessary to control the orientation of the C~Cu. Many scholars have
studied the method of controlling orientation of Cy. Matsuura. et al.'>!3] used the
method of hot extrusion to orient Cr along the extrusion direction in the composite,
which is mostly used in Cqreinforced low-melting metal composite. Ma et al.!"*! found
that the orientation of Cr can be determined by the rapid freezing method, which is
suitable for Crreinforced epoxy compounds. In this study, C~Cu can be rapidly aligned
along the direction of heat flow by hot rolling, As shown in Figure 3-1. The A plane is

the pressure surface in the SPS process, and the B plane is the side of the A plane. Plane

B is the pressure surface during hot rolling, and Plane A is the side of Plane B.
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Figure 3-1 The schematic illustration of SPS and hot rolling.

Many experiments have been investigated to study the calculation of the effective
TC of Crreinforced metal composites!!y), and it was found that the established model
cannot accurately predict the effective TC of Crreinforced metal composites for the
following reasons: 1. Due to the high TC of anisotropy of Cy, the axial TC and radial
TC of Crare very different, and the orientation of Chas a great influence on the TC of
Crreinforced composites. 2. The thermal resistance of the contact between Crand other
components in the composite will hinder heat conduction. 3. When Cris connected end
to end, a percolation model is formed, which will promote the heat conduction of Cr
reinforced composites. 4. C; is easily damaged during the preparation process,
especially the coating of metal plated Cris easily damaged. The length of Cralso affects
the thermal conduction efficiency of Crreinforced composites.

Previous calculations and predictions on the effective TC of Cr reinforced

sH&191 effective

composites include mixing rules!!®!7  percolation model
approximation theory?%), mathematical distribution models?!!, and 3D simulations??!.
Wang et al.[**l used a 3D numerical method to reproduce a more realistic 3D distribution
dispersed in the matrix phase by using a stochastic generation-growth approach to

eliminate the overestimated fiber-to-fiber contacts in 2D simulations. The governing

equations for energy transport in the 3D structure are then solved using an efficient
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lattice Boltzmann scheme. The calculated results are in good agreement with the
experimental data. However, the real situation of CrCu orientation in Cr~Cu/Fe
composites is difficult to simulate and predict, which brings difficulties to the
calculation and simulation of effective TC of CrCu/Fe composites. The three-
dimensional image simulation can reflect the real distribution of C+Cu inside the Cr-
Cu/Fe composite, and the simulation results are in good agreement with the real

(241 The 3D image simulation is realized by ultra-high-resolution

measurement results
X-ray computed tomography images, which cost a lot of time and money and bring
limitations to its wide application.

In addition, some scholars hope that these shortcomings can be avoided by
replacing 3D image simulation with 2D image simulation. 2D image simulations were
used to evaluate the C~Cu/Fe composite effective TC, saving both time and money.
However, the 2D cross-section cannot provide the orientation information of C~Cu in
the 3D space except the cross-section, the orientation of C~Cu on the two-dimensional
cross-section cannot reflect its orientation in the 3D space. and the C~Cu on the two-
dimensional cross-section. The included angle between C~Cu and the heat flow in the
2D cross-section is not greater than the included angle between C~Cu and the heat flow
in 3D space.

In order to develop a method to calculate the eftfective TC of C~Cu/Fe composites
by 2D image simulation, the relationship between the angle between C~Cu and heat
flow in 2D cross-section and the angle between C~Cu and heat flow in 3D space was
investigated. Moreover, the effect of the orientation of C~Cu on the TC of C~Cu/Fe
composite material, the effect of rolling on the 20vol.%CzCu/Fe composite TC, and
the simulated TC by 2D image simulation and the measured TC by the steady-state

method of the rolled 5-25vol.%C~Cu/Fe composite was investigated.
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3.2 Experimental and calculation procedure

3.2.1 Experiments

In this study, Fe powder (FEE14PB, 100% in purity, Kojundo Chemical Laboratory
Co., Ltd., Japan, 7.874 kg m™) were used, and the average diameter was 5~10 pm. The
pitched-based C;(K13C6U, Mitsubishi Chemical Co., Ltd., Japan, 2.18 Mg m>, 8.6 um
of average diameter) was shortcut into about 4.5 mm. C~Cu with a copper layer of 0.27
pum was obtained by electroless copper plating of chopped Cr to prevent Cr from
contacting with the iron substrate and chemically reacting and being destroyed. Cr-
Cu/Fe composite (die material) was fabricated by SPS. In order to distribute the axial
direction of C+~Cu in the composite along the direction of heat flow, hot rolling was
used to change the orientation of C~Cu under the condition of rolling speed of 18r/min
and compression rate of 50%. 3-1 shows the direction of SPS pressurization, hot
pressing and thermal conductivity measurement. The relative density of the composites
was measured by the Archimedes method. The ETC of the composites was measured

at 300K by a steady-state thermal conductivity measurement device.

3.2.2 Calculation of thermal conductivity of matrix of composites

Heat conduction occurs because of the thermal movement of molecules and
electrons from neighboring atoms. Fe contains many electrons, and the interatomic
distance is small (107!°m). The energy generated by thermal motion is small and the TC
is high (54W m' K''). Since the molecular distance in the air is larger (10°m), the
collision between molecules consumes more energy, and the TC is lower (0.03 W m’!
K. Therefore, the voids in the composite significantly influence the TC, and therefore,
the TC of the matrix must be corrected. The effective TC of the matrix changed with
the porosity. The Bruggeman equation can be used to calculate the effective TC of a

porous composite!®],

1 ”
Kn =7 K,(3V, — 1) + Kpe(3Vpe — 1) + {[Kp(3Vp = 1) + Kpe(3Vpe — 1)]2 + 8KpKFe} 2]
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Kre and K, denote the TCs of the Fe matrix (54 Wm™'K™") and air (0.03 Wm™'K"
1, respectively. Vg, and Vp represent the volume fraction of matrix and the porosity

of composite, respectively.

3.2.3 Calculation of the orientation of C~Cu in 3D space

Figure 3-2 shows the rotation of C~Cu in 3D space. All the orientations of C~Cu
can be regarded as CCu rotating along the M direction and N direction with the origin
0 (0,0,0) as the center. After rotation, the intersection line of C~Cu with the 2D cross
section is an ellipse.

Figure 3-3 (a) shows the orientation of C+~Cu in 3D space., the 2D cross-section is
parallel to the X-O-Z plane, and the intersection line of C~Cu and the 2D cross-section
is an ellipse. Figure 3-3(b) is a simplified schematic diagram of Figure3-3(a). 02p is the
angle between C~Cu and the heat flow on the 2D cross-section. 03p is the angle between
the C~Cu and the heat flow in 3D space. a is the angle between projection of C~Cu on
X-O-Z plane and heat flow in 3D space. The intersection line of C~Cu with the 2D

cross-section is an ellipse, which can be expressed as follows:

Sin?03px2 — cos O3p+/ 0520, — 05203y 2% = 12

R =—=sin@
a 2D

Where, R is the ratio of the minor axis to the major axis of the ellipse, R=b/a.
Orientation of Cs-Cu in 3D is related to the value of R. The 63p in 3D model is closely

related to the @ and R of C~Cu. Their relationship is given by the equation.

cos B, =cosa * cosbB,p, =cosa*V1—R? 0°<Ka,0,p, 05, K 90°

In Figure 3-3(c), when CrCu is parallel to the X-O-Z plane, the cross-section of
CrCu in X-O-Z planes is a rectangle. In Figure 3-3(d), 0=0, and substituting a into Eq.
(3-3), O3p=02p.

Extract as many 2D cross-sections as possible from the 3D model, all cross-
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sections are parallel to the X-O-Z plane and obtain OM images of all cross-sections
under an optical microscope. 63p can be obtained using Egs. (3-1) and (3-2) by

measuring and counting a and R on the OM image.

———
~~

Heat flow

A \L o m 77 »

U X
\k\

V4 projection of C f-Cu

S

O

Figure 3-3 C;-Cu in the 3D model. Simplify (a) to get (b), heat flow is X-axis, 03p is the angle
between Cr-Cu and heat flow, a is the angle between the projection of Cy-Cu and heat flow, 02p is
the angle between Cy-Cu and projection of Cr-Cu. (c) when Cr-Cu is not parallel to X-O-Z plane,
the intersection line formed by C~Cu and the cross-section is an ellipse. (d) when Cy¢-Cu is parallel

to X-O-Z plane, the intersection line formed by C~Cu and the cross-section is a rectangle.
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3.2.4 Calculation of thermal conductivity of C/~Cu

Cris a highly anisotropic material with respect to the TC in two dimensions cross-

sections. The heat flux was set along the X-axis, the effective TC of a C~Cu on X-axis

(K;) and Y-axis (K;) can be expected as following equations!?*27.

K, =K, [1 —(1-2)sin? GZD] K; = K, [1 —(1-2) cos? 92D]

X

X

Figure 3-4 TC calculations of C~Cu in the direction of heat flow.
K, and K, are the TCs in the directions parallel and perpendicular to CxCu,
respectively. while K; and K; are the TCs of C+Cu in the directions parallel and
perpendicular to the heat flow, respectively. The temperature distribution on the 2D

section can be obtained by considering the K; and K; of each C~Cu.

3.2.5 2D image-based simulation method

The finite-volume method was used to calculate the 2D temperature distributions.

The temperature of the elements can be calculated using the following equation!?%23:

n+1 n o A (@ry = Bic1ylx-1y | Dey+1 — Qry-1
Txy = Txy +— +
) ’ pC Ax Ay

Where x and y represent the coordinate position of the element, Ty, is the
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temperature of the element at coordinates (x, y), Ty 1" is the temperature of the element
at coordinates (X, y) after a period At. p is the density, ¢ is the specific heat. Ax and Ay
represents the size of the elements on the x-axis and y-axis, respectively. qy,
represents the heat of the element at the coordinate (x, y). Figure 3(a) shows that when
the heat of the coordinates (x, y) is transferred to the surroundings, the heat of element

at the position near the coordinates (X, y) can be expressed by the following equation.

n _ Tev1,y—Try n _ Tay—Tx-1y
q +1,y — K .1 Qx—l =K 1 _—
x+ly x+3y Ax Y x=2y Ay

n —K Toy+1~Tay n —K Try—Try-1
Axy+1 = x,y+% xy-1 = x,y—%

Ay Ay
. = 2Ky Kxt1,y . = 2KyyKx—1,y
x+5’y Kyxy+Kx+1,y xX=5y Kxy+Kx—1,y
2Ky Ky 1 2Ky y Kz y—1
K = LY Xy¥l K — Slxyfxy-1

1 = 1 =
x:y+5 Kx‘y+Kx'y+1 x!y_E Kx'y‘l'Kx'y_l

Where K ,) represents the TC of element at the coordinate (X, ¥). K(xy1,)s
Kix-1y)> Kxy+1) and Ky _1) represents the TC at the position near the coordinates
X Y) Kixs1/23)> Kax-1/2)> Keey+1/2) and Ky y_1/2) represents the harmonic
average of TC.

Due to thermal expansion and contraction in the composite preparation process,
voids are generated. The different materials such as Fe, Cu, Crand air in the composite
contact each other and cause heat loss during the heat conduction process. Therefore,
the influence of interface thermal resistance must be considered. The interface heat
transfer coefficient is h. The heat at the contact interface of different materials can be

obtained by the following equation.

qJTcl+1,y = h(T;l+1,y - Tag,ly) qgcl—l,y = h(T;,ly - T)?—l,y)

Qry+1 = h(T£y+1 - Ta?y) Qry-1 = h(Tagy - Ta?,y—l)

The heat equation given by the Laplace operator is used as the basis of the
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simulation program. The temperature of the element can be calculated by using this
equation. The schematic diagram of the simulation model is shown in Figure 3-5, the
simulation model includes two heat sources and composites. Both the top surface and
the bottom surface correspond to the periodic boundary of heat conduction, while the
left and right sides correspond to the adiabatic boundary to prevent thermal diffusion.
The composite part is based on the microstructure of the sample. Therefore, the size
(NxxNy) of all samples is 9601280 elements. The size of the left and right heat sources
is 5x1280 elements (NL = NR = 5 elements). The size of each element is 1.18x10° m.
The heat source on the left is set to 303K, and the heat source on the right is set to 293K,
keeping the temperature of the left and right heat sources constant. The temperature of
the remaining elements is iterated until the temperature change is less than 107* K, and
the steady-state temperature distribution in the thermal equilibrium state is obtained.

The simulated effective TC value of C~Cu/Fe, Ksimulated, in the equilibrium state, the
26,2729,
Ky ATi,N,
Ksimuiatea =
ATig+N, ATy, — N, ATy,

temperature distribution is as follows!

Km is the TC of the C~Cu/Fe composite compounded with different C~Cu content,
ATLr is the temperature difference between the left and right sides, and ATz is the
average temperature difference between the first column and the second column. Ni
and Nr are the number of elements on the left and right heat sources, respectively. Nx

is the number of elements along the corresponding direction.
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Figure 3-5 Simulation model for the effective TC calculation of Cs-Cu/Fe composite.
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3.3 Results and discussion

3.3.1 Porosity of composites and thermal conductivity of the matrix

The porosity of C~Cu/Fe composite and the matrix TC correction results are list
in Table 3-1. The porosity of the composite and TC of matrix both increase with the
increase of the C~Cu content. When the volume fraction of C~Cu is lower than 20%,
the porosity does not exceed 2.5%, and there are very few voids in the composite. These
voids have little effect on the TC of matrix. When the volume fraction of C~Cu exceeds
20%, the porosity increases to 6.8%, and there are many voids in the composite. The
effect of air on its internal heat conduction hindering effect increases significantly and
the TC of the matrix decreases to 48.5 Wm™ K.

Table 3-1Volume fraction of voids in the C/-Cu/Fe composite and the corresponding TC of the

matrix, Vp and Ky, denote the Volume fraction of voids and TC of matrix, respectively.

volume fraction of Cr-Cu, f/ % 5 10 15 20 95
Vp (%) 04 08 1.3 1.7 2.5 6.8
Kn/Wm!K! 54 53.67 5295 52.62 5198 485

3.3.2 Orientation of Cs-Cu in 3D matrix

Figure 3-6 shows plane B of the rolled Cr-Cu/Fe composite, a frequency histogram
was obtained by counting the occurrence frequencies of a and R of Cr-Cu in various
directions. The statistical results o and R corresponding to the 2D cross-section, 83p can
be obtained by Eq (3-3). The statistical results of 02p, correspond to the case shown in
Figure 3-7, in the plane A of the rolled C~Cu/Fe composite, where a=0, 03p=02p. This

indicates that hot rolling promoted the arrangement of C~Cu along the heat flow.
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Figure 3-6 Frequency histograms of a and R in the B plane for rolled C~Cu/Fe composites with

different C-Cu contents.
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Figure 3-7 Frequency histograms of 62p in the A plane for rolled C~Cu/Fe composites with different

Cs~Cu contents.
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3.3.3 Effect of orientation of Cs-Cu on the TC of composites

The TC of C+Cu in the axial and radial directions are 580 Wm'K! and 5.3 Wm-
IK"!, respectively. Substituting this result into equation (3-4), obtain the influence of
03p on the TC of C~Cu in the direction of heat flow, as shown in Figure 3-8. Obviously,
the effective TC gradually decreases as 03p increases. Regardless of the effect of voids
on the TC of the matrix, Kn=54 Wm™'K!, when 03p is 73.08°, Kre and K; have the same
value. when 03p was less than 73.08°, K; is greater than Kre, and the TC of C~Cu in the
direction of heat flow was higher than that of the pure Fe, C~Cu can improve the TC of
composite, and vice versa. The same principle, considering the effect of voids on the
TC of the matrix, Km#54 Wm™'K!, The corrected results of Km for C~Cu/Fe with
different volume fractions are listed in Table 3-1. C~Cu/Fe with different volume
fractions have different 03p. (x vol.% CrCu/Fe, x=5, 03p=73.14°. x=10, 03p=73.26°.
x=15, 03p=73.32°. x=20, 63p=73.44°. x=25, 03p=74.09°). Figure 3-7 shows that most
of C/Cu has an angle less than 73° with the direction of heat flow, which indicates that
most of the C~Cu can be used as a heat conduction channel to effectively improve the

TC of the composite.

- K, =K, ll — Ky) sin? 8,

W100F K EsMWmK N

0 20 40 60 7380
3D-Angle(8.;,degree)

Figure 3-8 Relationship between 83p and the effective TC of Crin the direction of heat flow.
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3.3.4 Effect of hot rolling on the TC of composites

Figure 3-9(a) shows that the frequency distribution of 63p of 25vol.%C-Cu/Fe have
been counted and plotted. There are still a few CCu perpendicular to the heat flow
after hot rolling, 63p =90°, because of the cross-connect and folding of C~Cu during
sintering and rolling. Figure 3-9(b) shows that during the rolling process, C~Cu folds,
and crosslinks. Figure 3-9(c) shows the real state of C~Cu in the composite after rolling.
This causing part of the C~Cu to bend, while some CCu intersect and obstruct each
other. This accounts for the large 03p value in the composites after rolling. The rolling
process promoted the arrangement of C+~Cu along the direction of heat flow, which
effectively increased the TC of the composite. This was also observed in the study of
Yang?”!. During SPS and hot rolling, the composite gradually became dense, the height
and 03p decreases, and TC increased. After hot rolling, the TC of the composite

increased from 47.18 Wm™' K! to 68.89 W m™! K-!.
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Figure 3-9 (a) Orientation of Cr-Cu in the 20vol.%Cy-Cu/Fe composite before and after rolling. (b)
Large values of 83p which exist because the Cs-Cu fold over and cross each other. (c) Folding of C,

-Cu in the rolled composite.

3.3.5 Temperature distribution of A/B plane of composites

The effective TC in the direction of the heat flow of each element (C~Cu and Fe
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matrix) was calculated and an effective TC map of the elements on the 2D section was
obtained in the steady state. Figure 3-10 shows the map of effective TC of elements on
the 2D section of composites with different volume fractions on the A/B plane. On the
A plane, most of the C~Cu is parallel to the heat flow, C~Cu exhibits a high TC, and
0s3p is primarily distributed at a smaller angle, which is consistent with the result shown
in Figure.3-7. In the 2D cross-section simulation diagram, assuming that the right
direction is the direction of heat flow, the matrix of the composite is blue, C~Cu
exhibited high TC, and the C~Cu is marked in red, 83p=0°. As 03p increases, the color
of Cr~Cu gradually changes from red to blue, indicating a decrease in TC. C~Cu is
evenly distributed in the Fe matrix. On the B plane, C~Cu is uniformly and freely
distributed in the composite because C~Cu was not aligned. Its distribution of C~Cu is

similar to the cross-section of an unrolled composite.

Rolling

6313 decrease

TC increase

Figure 3-10 Effective TC diagrams of the elements (Cy-Cu and Fe matrix) on the 2D crosse-section

of composites with different volume fractions of Cs-Cu.
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3.3.6 Measured and simulated thermal conductivity

Figure 3-11 shows the results for the measurements of TC on the A plane before
and after rolling and the simulated TC on the A/B plane of rolled composites with
different volume fractions of C~Cu. On the A plane, after rolling, the simulated value
is larger than the measured value owing to experimental error, and displays the same
trend as the measured value, with a small deviation of 3% to 4%. When the volume
fraction of Cr~Cu is lower 20%, the simulated and measured values increase with
increasing C~Cu content. When the volume fraction of C~Cu exceeds 20%, both
decrease with the increase in C~Cu content; in addition, the porosity increases sharply
(shown in Tab.3-1) and the TC decreases. Its hindering effect on TC was greater than
the effect of increased C~Cu content on the improvement of TC. When the volume
fraction of C~Cu is 20%, the simulated and measured values attain their maximum
values simultaneously, which are 71.02 Wm'K! and 68.89 Wm'K"!, respectively.
Before rolling, the measured TC increased with the C~Cu content. C~Cu acted as a heat
conduction channel to increase the TC of the composites. Because 0,p#0(the angle
between Cr~Cu and the projection of C~Cu), the measured TC before and after rolling

had large deviations of 40%- 60%.
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Figure 3-11 Simulated and measured TC of C;-Cu/Fe composites with different volume fractions of

Cr-Cu on the A/B plane.
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3.4 Summary

In this chapter, 5 (10, 15, 20, 25) vol.% C~Cu/Fe composites were prepared by SPS.

The porosity and TC of the C~Cu/Fe composites before and after being rolled with

different C~Cu content were measured, and the TC of the matrix was calculated. The

TCs of the composites were also simulated by 2D image simulation. The conclusions

drawn in this chapter are summarized as follow. Our conclusions are listed below:

(1) The TC of the matrix of C~Cu/Fe composites decreased with the increasing C~Cu
content. When the volume fraction of C~Cu exceeds 20%, the porosity was higher
than 2.5%, and the TC dropped to 48.5 W m™! K.,

(2) The ETC of each element (C~Cu and Fe matrix) in the 2D section can be obtained
by counting the orientation and frequency of a and R of C~Cu on the 2D cross
section of C~Cu/Fe composites, which was used to calculate the63p.

(3) Rolling treatment can effectively control the orientation of C~Cu, and almost all
the axial direction of C+Cu are oriented along the direction of heat flow. When
0<73°, C~Cu can increase the TC of the C~Cu/Fe composite.

(4) On the A plane, the simulated value is consistent with the measured value, with
deviations between 3%-4%. When the volume fraction of C~Cu was 20%, the
simulated and measured values attained their maximum value of 68.89 Wm™'K"!
and 71.02 Wm™! K'!, respectively. Owing to the rolling treatment, the measured

TCs before and after rolling exhibit a large deviation of 40% to 60%.
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4.1 Introduction

Improving the TC of hot stamping dies can not only improve production efficiency
and obtain high-strength auto parts through rapid heat conduction, but also reduce die
cracking and increase die service lifel'"?!. Considering the scattering effect of impurity
atoms on phonon heat conduction!®-), pure iron is used as the matrix. Cyhas high TC in
the axial direction and can be used as a heat conduction channel to improve the TC of
the composite!®?],

The 3 chapter has introduced that the orientation of C~Cu in 5-25vol.%C-Cu/Fe
composite has a significant impact on the TC, C~Cu can be arranged along the heat
flow direction by hot rolling. Improving the TC of the composite by controlling the Cy,
which has been confirmed in many literatures. Matsuura. et al.[>!” used the method of
hot extrusion to orient Cy along the extrusion direction in the composite. Ma et al.[!!
found that the orientation of Crcan be determined according to the designed direction
by the rapid freezing method(Freeze drying at 225K and 27 Pa for 50 hours).
Meanwhile, the hindering effect of C~Cu content and voids on heat conduction was
also investigated.

However, in Cgreinforced metal composite systems, factors affecting heat
conduction are not limited to voids and content and orientation of Cy, but other factors,
such as type, structure and aspect ratio of Cy, synergistic effect (network structure) and
temperature will affect the heat conduction of Crreinforced metal composite. The
precursors of Crare mainly include polyacrylonitrile (PAN) and pitch!'?!, and the higher
the degree of orientation and crystallinity of crystallites in Cy, the higher of the TC!3,
PAN-based Cr have excellent mechanical properties, while pitch-based C; forms a
structure similar to graphite single crystals during post-processing, which is beneficial
to heat conduction'*l. Inoue et.al.''>! used PAN-based C; (T300) and pitch-based Cr
(K223HG) to reinforce ZrB2-SiC-ZrC (ZSC) composites. The TC of K223HG-
reinforced composites is higher than that of T300-reinforced composites, and PAN-

based Crreinforced composites has a lower density and better mechanical properties.
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The length of Crwill affect the thermal conductivity of the composite material [83]. the
longer Cr in the composite with high C content is easier to form heat conduction
channels and the promotion of heat transfer!'®), and the shorter Cyin the composite with
low Cr content are easily dispersed to form oriented structures that facilitate thermal
diffusion!!”!,

The TC of the void is about 0.03 W-m™'K™. In the composite, the TC of pure iron
is 54 W-m'K"!, and the axial and radial TC of C+~Cu are 580 W-m'K"!, respectively. 1
and 5.3 W-m'K"!. The voids of the C~Cu/Fe composites seriously hinder the TC. Wang
et al.!'8 summarized the calculation model of the TC of the void-containing composites.

The equations of the voids and TC of the material can be Expressed as:

KEffective [/;9 "
L — (1 - n—|(1—
K, ~ 17 1-V;

where, w is the relative matrix porosity, Kgfrective and Km are the ETC of the
corrected material and the TC of the matrix, respectively. For different theoretical
models, N has different values. n = 1.5, 1.65-1.85 and 1.55 for the Bruggeman model,
Scaling relation and Progelhoff model, respectively. Solorzano!'®! believed that n is a
geometric factor of pores, which is related to the shape, connectivity and topology.
Choosing a suitable processing method can simplify the operation and save money.

A lot of ideal models have been established in the related research of heat
conduction. However, these models are very different from the actual situation, and the
heat transfer in the actual situation is more complicated. Void, orientation, and content
of Crare all factors that hinder the TC of composites. The interface thermal resistance
obtained by many models cannot represent the real thermal resistance of the material.
In this paper, powder metallurgy technology was used to prepare Copper plated carbon
fiber (Cs-Cu) reinforced iron matrix composites with different volume fractions, the
Bregman equation was used to correct the TC of the iron matrix containing voids. The

[20]

composite TC (Krom and Kema) under the layer-in-parallel (ROM)“™ and the effective

medium approximation (EMA) models were calculated. The simulated TC (Ksimulated)
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was obtained by simulating the thermal distribution of the elements on the 2D section
by the finite element volume method. The measured TC of the composite was measured
by the steady-state method. We consider the difference between calculated and
measured TC as a heat conduction hindering factor, and Figure 4-1 shows various
factors that affect heat conduction in the real composite. The influence degree of contact
thermal resistance (Ri23), voids(R4), orientation and aspect ratio of C~Cu(Rs) and
experimental error on the TC of C~Cu/Fe composites was investigated by comparing
the calculated TC by mixing rules and effective approximation theory, the simulated

TC by 2D image simulation and the measured TC by the steady-state method.

@ 0

4
4

Figure 4-1Factors that hinder the heat conduction of composites. Contact thermal resistance,
Ri23=R;+R»+R3, voids and Fe in contact with each other. voids, R4. orientation and aspect ratio of

Cf_Cua RSQ
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4.2 Experimental and calculation procedure

4.2.1 Experiments

In this study, Fe powder (FEE14PB, 100% in purity, Kojundo Chemical Laboratory
Co., Ltd., Japan, 7.874 kg m™) were used, and the average diameter was 5~10 pm. The
pitched-based Cr(K13C6U, Mitsubishi Chemical Co., Ltd., Japan, 2.18 kg m™, 8.6 um
of average diameter) was shortcut into about 4.5 mm. C~Cu with a copper layer of 0.27
pum was obtained by electroless copper plating of chopped Cr to prevent Cr from
contacting with the iron substrate and chemically reacting and being destroyed. Cr-
Cu/Fe composite (die material) was fabricated by SPS. In order to distribute the axial
direction of C+~Cu in the composite along the direction of heat flow, hot rolling was
used to change the orientation of C~Cu under the condition of rolling speed of 18r/min
and compression rate of 50%. Figure 4-2 shows the direction of SPS pressurization, hot
pressing and thermal conductivity measurement. The relative density of the composites
was measured by the Archimedes method. The ETC of the composites was measured

at 300K by a steady-state thermal conductivity measurement device.

0 decrease
3D

TC increase

Figure 4-2 The direction of SPS pressing, hot pressing and thermal conductivity measurement of

the composite.

4.2.2 Numerical methods

The copper prevents the Crfrom contacting and reacting with the iron. This reaction
will destroy the continuity of the Crand increase the interface thermal resistance. gap
is formed between the copper layer and the iron, air hinders heat conduction, and TC

of the matrix needs to be corrected. The Bruggeman equation can be used to calculate
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the effective TC of the composite with pores.

1 Y
Km = 7| Kp(3Vp = 1) + Kre(3Vre = 1) + {[Kp (3V, = 1) + Kre(3Vpe = D] + 8K, K 2]

Kre and K, are the TC of iron (54 W m™! K'!) and air (0.03 W m™! K!), respectively.
Vre and V), are the volume fraction of iron and air, respectively.

When studying a certain property of composite, a relatively simple method is to set
a layer-in-parallel (ROM) model, which is shown in Figure 4-3(a). If all C~Cu is a long
fiber horizontally distributed in the composite, ignoring all internal and external
influencing factors, only the composition ratio of the components is used to determine
the TC of the composite. The TC of the composite can be expressed by equation.

Ke = Kep—cu X Ver—cu + K X (1 - VCf—Cu)

Where K¢, Kcr.cu and Kiy are the TC of composite, Crand matrix, respectively. Vcr
cu 1s the volume fraction of C~Cu in the composite. Considering the effect of the
internal thermal resistance and on the TC of the composite, the effective TC of C~Cu

(Kce]ff cy) €an be modified by the equation:

gerf = Kerew
Cf—Cu 14 ZKCf—Cu
hd

Where, h is the thermal conductivity coefficient, 6.4x10’Wm™2K"!, which is the
reciprocal of ITR.

KCf—Cu

Kc = X Verocu + K X (1= Vep_cu)

2KCf—Cu

All C+Cu is set as one long fiber in the ROM model, but the C~Cu may be
interrupted during the preparation of the composite, which increases the contact
interface of C~Cu. Therefore, the aspect ratio and content of C~Cu need to be
considered when building the model. Nan et al. introduced a method for predicting the

ETC of particle-reinforced composites with ITR while studying the relationship
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between particle shape and contact thermal resistance. The method is based on the
analysis method of effective medium, combined with the basic concept of Kapitsa
contact thermal resistance to establish a mathematical model and calculated the ETC of
the composite according to the EMA model, which can be used in this study. Figure 4-
3(b) shows that all the C~Cu is oriented in the x-direction, the C~Cu and the matrix are
regarded as a unit, and many composite units form a composite, the heat flow direction
is the x-axis. The EMA model considers the geometrical factor and h to evaluate the

ETC of composites, and the equation can be expressed as!®!%):

14 Ver_c K — K (2L,) \
! uKm"'Lx(K)g_Km) x

Keya = K C
Ky — K
1—Vere X m (1-2L,)
Cf CuKm+ X

Lx (K)((: - m)
P2 P

Ly=1- -
x PZ—1 (pz2 _1)%

L
cosh™1pP, P=—-—=573.2
5 d

Where, Lx is the shape parameter of C~Cu, L is the length of C~Cu, 5400 pm. d is
the diameter of C~Cu, which is 9.42 um. P is the aspect ratio of C~Cu. K§ is the TC

of C-Cu in the x direction, which can be determined by the following equation.
C L- KCf—Cu
KX =
L+ 2RgmaKcr—cu

The TC of C~Cu, Kcgcu, is 580 W m! K

(a)

(b)

1

Comm

Matrix |/

X

Figure 4-3 Models of C~Cu/Fe composite (a) ROM model (b) EMA model.
Using finite element analysis to calculate the simulated TC by 2D image simulation.

The measured TC was obtained by the steady state method.
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4.3 Results and discussions

4.3.1 Thermal conductivity and resistance under the ROM model

The matrix TC correction results for the C~Cu /Fe composite and its porosity are
presented in Table 4-1. As C~Cu content increased, the porosity of the composite
increased, but the matrix TC decreased. When the volume fraction of C~Cu does not
exceed 20%, the porosity does not exceed 2.5%, the K, shows negative growth for
every 5% increase in the volume fraction of C~Cu, and the growth rate is from -0.63 to
- 1.36%. the voids have little effect on the TC of matrix. As the volume fraction of Cr
Cu exceeds 20%, the porosity increases to 6.8%. There are many voids in the composite,
which hinders heat conduction significantly, resulting in TC of the matrix dropping to
48.5Wm' K.

In the ROM model, regardless of the aspect ratio or orientation of CCu, the TC of
the composite. The TC of the composite can be determined by equation 2-5. When
ignoring the effect of voids, the calculated TC is Krom. When considering voids, the
calculated TC is Krom'. When the volume fraction of C~Cu does not exceed 20%, the
growth rates of Krom, Krom', and Kneasured for every 5% increase in the volume fraction
of C~Cu were between 19.79-48.7%, 19-32%, and 3.3-8.94%, respectively. When the
volume fraction of C~Cu exceeds 20%, the growth rate of Krom' is reduced to 12.35%.
Kmeasured Showed negative growth, with a growth rate of -2.58%, decreasing to 67.16
Wm'K"!. Through equations 2-5, the thermal resistance, Rs, was calculated when Krom
is equal to Kmeasured, and the thermal resistance, R7, was calculated when Krowm' is equal
t0 Kmeasured, the results were listed in Table 4-2, about 10 K m?> W-'. With the increase
of C-Cu content, the axial TC of C~Cu is much higher than that of the matrix, and the
TC gradually increases. However, with the increase of the contact interface, Re
increases from 2.31x10°8 to 3.6x10® Km?W™! and R; increases from 2.08x10° to
3.01x10 Km?W-!. The hindering effect of voids on heat conduction is included in R,
so R is slightly larger than R7. Since the voids increase with the increase of the C~Cu
content, the growth rate of the contact thermal resistance also increases. When the
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volume fraction of C~Cu increases from 15% to 20%, there is almost no increase in Re
and R7, and the effect of increasing C~Cu on increasing and decreasing the TC of the
composites cancels each other out.

Table 4-1. Volume fraction of voids (V;), TC of matrix (Km), TC of composites for ROM models
(Krom and Krowm') and the measured TC(Kmeasured) in the composite with different volume fraction

of C~Cu under the ROM model.

volume fraction of Cs-Cu, f/ % 0 5 10 15 20 25
V; (%) 0.4 0.8 1.3 1.7 2.5 6.8
Kn /W m'K! 54 5367 5295 52,62 5198 48.5
Krom / WmK-! 54 80.3  106.6 132.9 159.2 185.5
Krom™ / W m K-! 53.67 79.99 106.06 131.71 157.6  181.37
Kmeasured/ W m K-! 54 5883 632 6527 6889  67.16

Table 4-2 Heat transfer coefficient (hs and h7) and thermal resistance (R¢ and R7) of composites with

different volume fraction of C~Cu under the ROM model, R=1/h.

volume fraction of Cs-Cu, £,/ % 0 5 10 15 20
2 -1 7
hA/Wm k (X10) 432 4.14 3.53 3.50 2.77
2 -1 -8
Rﬁ/m KW (x10 ) 2.31 241 2.83 2.85 3.60
2 -1 7
h7/Wm k (X10) 4.81 4.51 3.81 3.79 3.32
2 -1 -8
R7/m KW (%10 ) 2.08 2.22 2.63 2.64 3.01
82 80 5vol.% C-Cu/F
—=&— 5vol.% C-Cu/Fe —&— 5vol.% e
80 —o—10vol.% c/] -Cu/Fe * » +10vol.%é -Cu/Fe _*
< T8 aisvel% C,-Cu/Fe / M 75 | —A—15vol% C,-CulFe P
~M 76 —¥—20vol.% C,-Cu/Fe // v —“E —¥—20vol.% C,-Cu/Fe ~ v
§ 74 | —e—25v0l.% C,-Cu/Fe o - E —#-25v0l.% C,-Cu/Fe| —* o v
= / B ] g 70 '
S 5 65
) 2
2 5
o (9]
/m
- 1 . in 1 . L . 1 55 1 > 1 II7 1 - i p 1 .
2.7%10" 3.2%107 3.7*10" 4.2*10" 4.7%10 3.3*%10° 3.7%10° 4.1*10° 4.5*%10° 4.9*10
Coefficient of heat transfer , h, /w m’k’ Coefficient of heat transfer , h, /w mk’
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4.3.2 Thermal conductivity and resistance under the EMA model

In the EMA model, regardless of the influence of C~Cu orientation on TC, the
internal thermal resistance is assumed to be 6.4x10* Km?*W-!. The values of TC (Kgma)
ignoring voids, TC (Kgma') of the composites with voids being considered, and
measured TC (Kmeasured) are listed in Table 4-3. Kmeasured' 1S smaller than Krom' and still
much larger than Kieasured. Through equations 2-6 and 2-7, the thermal resistance, Rg,
was calculated when Kgma is equal to Kmeasured. The thermal resistance, Ro, was
calculated when Kgma' is equal to Kmeasured, the results are listed in Table 4-4, which is
about 107 Km?W!, The calculation and the changing laws of TC and thermal resistance
are the same as those of the ROM model. Rg is always larger than Ro because of the
impediment of TC heat conduction by voids in Rs. For every 5% increase in the volume
fraction of C+Cu (from 5 vol. % to 25 vol. %), the growth rates of Rg were 14.06%,
16.44%, 0.59%, and 24.56%, and the growth rates of Ro were 5.86%, 16.97%, 0.315%
and 13.52%, respectively. With the increase of C+Cu, the contact thermal resistance
and the negatively oriented C~Cu increase, which leads to the decrease of TC. and the
positive oriented CCu increases, which leads to the increase of TC. When the volume
fraction of C~Cu increases from 15% to 20%, there is almost no increase in Rg and Ro,
and the two influencing factors cancel each other out. When the volume fraction of Cr-
Cu increases from 20% to 25%, the growth rates of Ry is smaller than that of Rs, and
the voids have little effect on the TC of the composites.

Table 4-3 TC of composites with different volume fraction of C~Cu for EMA models (Kema and

Kema”), and the measured TC (Kmeasured).

VOlume fI’aCtiOI’I Of Cf‘Cu,f\// % 0 5 10 15 20 25
V; (%) 0.4 0.8 1.3 1.7 2.5 6.8
Kema / Wm K- 54 71.35 88.37 105.05 121.41 13747
Kema”/ W m! Kt 53.67 70.74 87.44 103.89 119.80 133.34
Kmeasured/ W m™ K- 54 58.83 63.2 65.27 68.89 67.16
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Table 4-4 Heat thermal resistance (Rg and Ro) of composites with different volume fraction of C~

Cu under the EMA model.
volume fraction of C-Cu, f/% 0 5 10 15 20
f
Rg/m? KW-1(x107) 231 241 283 2.85 3.60
Ro/m? KW-1(x1077) 2.08 222 2.63 2.64 3.01
80 80
- —=— 5vol.% C,-Cu/Fe —=&— 5vol.% C,-Cu/Fe
L —e—10v0l.% C,-Cu/Fe " —e—10vol.% C,-Cu/Fe
I n N - —4&—15vol.% C,-Cu/Fe| —~ S5k - —4&—15vol.% C,-Cu/Fe
TM & v g —v—20vol.% C; -Cu/Fe _‘M 7 v - . —¥—20vol.% C; -Cu/Fe
£ o L[e25vl% Cure RS v e | —*25v0l%C -CufFe
= =70 - ‘
] Y,
= 265
2 2
k3] \ 51
£ S 601
[8a] ! [8a]
55 ! u 1 m 1 1 1 1 X 1 55 U B L > I_; P H E
2.8x107 3.2x107 3.6x107 4x10~ 4i4><10‘7 2.5x107 2.78x1073.06x103.34x1073.62x10

Thermal resistance , Ry / m’KW" Thermal resistance , Ry / m’KW'

In the EMA model, the internal thermal resistance is assumed to be a constant value
of 6.4x1078, and the TCs of C~Cu composites with different aspect ratios are calculated.
Figure 4-4 (a) and (b) shows an optical microscope image of C~Cu. The composite
fragments were completely dissolved in HCl (wt.38%), the resulting mixture was
filtered to obtain Cr~Cu, and the length of C~Cu was counted under an optical
microscope. According to statistics, the average length of C~Cu is 110 pm, which is
less than the original length (4.5 mm). Figure 4-4 shows that a large amount of C~Cu
was destroyed during the sintering and rolling process. The copper layer fell off the
carbon fiber due to mixing friction and coating stress, causing the Crto directly contact
the iron matrix and cause damage. Many CsCu cross-linked and squeezed and broke,
which greatly hinders heat conduction. Figure 4-5 shows the variation law of C~Cu
content and the TC corresponding to different C~Cu contents at initial length (4500 um)
and actual length (110 um), which is infinitely close to a straight line. The diameter of
CrCu is a fixed value, 9.42 um. The aspect ratio of C~Cu is the ratio of length to

diameter. The larger the aspect ratio of C~Cu, the faster the TC increases with the Cr
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Cu content. The measured TC is placed in the Figure 4-5, and the Kmeasured Value appears
near the TC line corresponding to the C~Cu length of 225 pm. The actual TC of the

composite is equivalent to the TC obtained by connecting two C+Cu end-to-end.

(b) N ©
Hot rolling
107

connect

(2)

10pum Hot rolling

10pm
Figure 4-4 Optical micrograph of (a)obtained Cy-Cu and (b) after rolling C;-Cu. (¢) Folding of Cr

Cu in the rolled composite.

Rl
h
T

__ Theoretical value (/=4500um)
. Theoretical value (/=225pum)
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e Measured value (Rolling direction)
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Figure 4-5 Relationship between TC of composite with different aspect ratios of Cr-Cu under the
EMA model and volume fraction of Cs-Cu.
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4.3.3 The simulated thermal conductivity by finite element volume method

The (A/B plane) simulated TC and measured TC of the rolled composite, and the
measured TC of the unrolled composite have been investigated in Chapter 3. Figure 4-
6 shows the results for the measurements of TC on the A plane before and after rolling
and the simulated TC on the A/B plane of rolled composites with different volume

fractions of CCu.

85

20 —4a— Rolled—(A/B)Simulated TC

—e— Rolled—Measured TC
75| —=— Unrolled- measured TC

70 |
65 |
60 |
551
50
as |
631) decrease 40

TC/ W/mek

TC increase 5 . 1'0 . 1I5 . 2I0 . 2I5
Volume fraction of C,-Cu, 1/ %

35 L

Figure 4-6 Simulated and measured TC of C;-Cu/Fe composites with different volume fractions of
Cr-Cu on the A/B plane.

4.3.4 The influencing factors and degree of thermal conductivity

The deviation of Krom and Krowm' is caused by voids in the composites. The
deviation of Krom' and Kema' is caused by the aspect ratio of C~Cu. The deviation of
Kema' and Kgimulated 1S caused by the orientation of C~Cu. The deviation of Ksimulated and
Kineasured 1S caused by experimental error. The results of Krom, Krom', Kema', Ksimutated
and Kmeasured are listed in Table 4-5. The effects of voids, C~Cu aspect ratio, C~Cu
orientation, and experimental error on the TC of the composites are listed in Table 4-6.
The main factors hindering thermal conduction are the aspect ratio and orientation of
Cs-Cu. With the increase of C~Cu content, the effect of aspect ratio on TC increases
from 40.586% to 43.08%, and the effect of C+~Cu orientation on TC decreases from
44.53% to 55.02%. When the volume fraction of C~Cu is 20%, the hindering effect of

the two on TC is offset by the promoting effect of C~Cu on TC, so Ksimulated and Kimneasured
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achieve the maximum value.
Table 4-5TC of composites with different volume fraction of C+~Cu for ROM models (Krom and

Krom"), EMA models (Kgma'), simulated TC (Ksimulatea)and the measured TC (Kmeasured)-

volume fraction of 5 10 15 20 25
Cf—Cu,fv /%

) Krom / Wm'K-! 80.3 106.6 1329 159.2 1855
Voids

Krom’/ Wm'K1 7999 106.06 131.71 157.6 181.37
Aspect ratio of C~Cu ROM m

Kema’ 1K . . . . .
Orientation of C-Cu ema’ /W m 70.74 87.44 103.89 119.80 133.34

. Kimutated Wm'K1  61.08 65.06 6724 71.02  68.23
Experiment error

Kmeasued/ WmTK1 5883 632 6527 6889 67.16

Table 4-6The degree of influence of various thermal resistances on the TC of composites with

different volume fraction of CxCu.

volume fraction of Cy- 5 10 15 20 95
Cu,fv/ %
Voids 1.44 1244 176 1.772 3.49

Influence Aspectratio of C~Cu  43.08 429 41.135 41.8558 40.586
coefficient (%)  Orientation of C~Cu  44.53 51.57 54.192 54.014 55.02

Experiment error 1095 4.28 2.93 2.3585 0.904
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4.4 Summary

In this chapter, 5 (10, 15, 20, 25) vol.% C~Cu/Fe composites were prepared by SPS.

In composites, the TC of the matrix has been corrected by the Bruggeman equation.

The TC of the C~Cu/Fe composites before and after being rolled with different C~Cu

content were measured, and the TC of the matrix was calculated. The TCs of the

composites were also simulated by 2D image simulation. The conclusions drawn in this

chapter are summarized as follow. Our conclusions are listed below.

(1)

2)

©)

(4)

The TC of the matrix of C~Cu/Fe composites decreased with the increasing C~Cu
content. When the volume fraction of C~Cu exceeds 20%, the porosity increases
to 6.8%, and the TC of matrix dropped to 48.5 W m™! K.

When the volume fraction of C~Cu is less than 20%, the thermal resistance hardly
increases, and the contact thermal resistance and the negatively oriented C~Cu
decrease the TC less than the positively oriented CCu increases the TC.

When the volume fraction of C~Cu exceeds 20%, the growth rate of thermal
resistance is obviously small, and the reduction effect of contact thermal resistance
and negatively oriented C~Cu on TC dominates.

The main factors hindering thermal conduction are the aspect ratio and orientation
of C~Cu. When the volume fraction of C~Cu is 20%, the contact thermal resistance
and the negatively oriented C~Cu decrease the TC is offset the positively oriented

Cr~Cu increases the TC, so Ksimulated and Kimeasured achieve the maximum value.
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5.1 Introduction

R Die casting is a casting method that presses molten alloys such as aluminum
alloys and zinc alloys into precision dies to rapidly cycle and mass-produce castings
with excellent surface and high precision!!. In Japan, this casting method is actively
used, especially in the automotive industry. In recent years, the production of die
castings has increased significantly, but the rapid heating and cooling of die castings in
the production of die steels creates thermal stresses, which can lead to shortened die
life!>). It can improve heat transfer by increasing the thermal conductivity (TC) of the
die, reducing the local thermal stress in the production process, and improving the lives
of the die.

In Chapters 2 and 3, the heat conduction and the hindering factors of heat
conduction in copper coated carbon fiber (Cs -Cu) reinforced iron matrix composites
have been investigated. In Japan, hot stamping dies are usually based on SKD61
(40CrMoV5), and other reinforcements are added to improve the mechanical and
thermal properties of composite. In fact, die materials with high TC have been
developed within the compositional standard range of SKD61(40CrMoV5) for dies.
The representative DHA-Thermo!*! from Daido steel Co. has a higher TC (37.1 W-m"
I.K-! at room temperature), nearly twice that of conventional dies. However, the TC has
reached its limit within the composition range of the JIS standard. To break this limit,
the development of composites for dies with high TC can be considered. At present,
composite for dies has attracted much attention>®!. The carbide-reinforced traditional
hot work die steel developed by Rovalma Co. in Spain has a TC above 42 W-m™-K!).
Since its composition is different from traditional tool steel, there are many problems
in practical application.

In this chapter, a die material with excellent mechanical properties and thermal
conductivity was developed by adding C;-Cu with high TC in the axial direction to the
SKD61(40CrMoV5) alloy die!”'?. C~Cu reinforced composites with high TC, but

when C; are sintered with steel, carbon reacts with iron to form solid solutions or
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carbides. Therefore, to develop a die with both the above characteristics, electroless
copper plating on the surface of Crhinders the contact between carbon and iron, and
SPS makes the orientation of C~Cu tend to be consistent to obtain a metal matrix with
dense, excellent mechanical properties and high thermal conductivity!'*-!3], Generally,
copper can be used to promote composite densification during the sintering of steel
powders!!®!8] Under the normal sintering temperature and die use temperature, iron
and copper will not form solid solutions, which can maintain the characteristics of steel.

[19-22

Copper is an austenite stabilizing element!!*-2, Heat treatment is required for die steel

to adjust the hardness and evaluate the mechanical properties. By controlling the
direction of C/~Cu, controlling the direction of heat conduction of the diel!>*3-2%,

Improve the TC in some special parts of the die to develop unique die materials.

115



Fabrication of Copper Plated Carbon Fiber Dispersed Iron Matrix Composites and Thermal
Conductivity Calculation by Two-Dimensional Microstructure Images

5.2 Experimental and calculation procedure

5.2.1 Experimental procedure

As raw materials, SKD61(40CrMoV5) powder (Mitsubishi Steel Corporation)
with an average particle size of 70 um and pitch-based carbon fiber K13C6U (about 10
um in diameter, Mitsubishi Chemical Corporation) was used. Table 5-1 shows the
chemical composition of SKD61(40CtMoV5). The TC of C~Cu along the fiber
direction and the radial direction of fiber are 580W/m-K. and 20W/m-K, respectively.
In the procedure of electroless copper plating, remove organics from Cr surfaces with
acetone, nitric acid (10wt.%) was used for roughening treatment, tin chloride solution
(SnCl,-2H,0+HCI) for sensitization treatment, palladium chloride solution (PdCl,+HCI)
for activation treatment. In the electroless copper plating solution (OPC-750 electroless
copper plating M, Okuno Chemical Industries Co., Ltd.), the Crwas treated for 2 hours.
These treatments are all carried out under the condition of ultrasonic waves. 3vol.% and
5vol.% of electroless copper plated Cyreinforced SKD61(40CrMoV5) composite were
fabricated SPS. The composite was prepared by SPS under the sintering conditions of
vacuum less than 10Pa, pressure 15MPa, sintering temperature 1173K, and holding
time 1.5ks. The SKD61(40CrMoV5) alloy without C~Cu was fabricated under the same
conditions. The density was measured by the Archimedes method. To clarify the
relationship between the orientation of C+~Cu and the direction of sintering pressure,
the microstructure was observed by scanning electron microscopy (SEM) and element
distribution was determined by EPMA. To search for the relationship between the
content of C~Cu and TC, TC was measured by steady-state method.

Table 5-1 Chemical composition of SKD61 powder used in this study.

C Si Mn P S

SKD61(40CrMoV5) 039  1.11 038  0.01 0.01
powder/ Wt.% Ni Cr Mo v Fe

0.07 4.67 116 1.04 Bal.
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5.2.2 Spark plasma sintering of C~Cu/SKD61(40CrMoV5) composite

When the axial of carbon fiber is completely parallel to the effective TC
measurement direction, the effective TC of the C~Cu/SKD61(40CrMoV5) composites
is calculated by the rule of mixture. The Cr~Cu are unidirectionally oriented, the
evaluation of effective TC in the fiber direction in composites by the rule of mixture

26-29]

follows the equation!?6->°1,

Uc = Up X Vs + Ugy X Vey + Vin (1 = Vy = Vi) X Uny

Among them, U, Uy, Ucy and Un, are the TC of composite, axial of Cy, copper and
SKD61(40CrMoV5) matrix. Vs, Vcu and Vi, are the volume fractions of Cy, copper and
SKD61(40CtMoV5) matrix. In addition, the modified equation*®! were used to
calculate the effective TC of SKD61(40CrMoV5) matrix with voids.

1 Y
Koy = 5 [Kp(3% = 1) + Ks(3Vs = D) + {[K,(3% = 1) + Ks(3Vs = DI + 8K, K} 2]

where K, and Ks are the TC of the void and SKD61(40CrMoV5) matrix. V, and
Vs are the volume fractions of voids and SKD61(40CrMoV5) matrix. In addition, if the
CrCu is not parallel to the measurement direction of TC, its TC will decrease.
Considering the orientation of CxCu, the formula for the effective TC along the
measurement direction of TC when the angle between the C~Cu and heat flow is 0 is

shown below*!-33],

KC .2
K, = K, [1 — (1 —K—a)sm 9]

where K is the TC along the measurement direction of TC when the C~Cu is
tilted by 0. K is the axial TC of the C~Cu (580 Wm™'K™") and K¢ is the radial TC of
the C~Cu (20 Wm™'K™).
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5.3 Results and discussions

5.3.1 Observation of Cs-Cu and Cr-Cu/SKD61(40CrMoVS5) composites

The C~Cu was embedded in the resin and observed by EPMA. The result was
shown in Figure 5-1, and Figure 5-1(a) is the cross-sectional image of the C~Cu. There
is a uniform copper layer of about 2 um around the Cr with a diameter of 10 um. The
line analysis results of copper and carbon in the red line range in the figure are shown
in Figure 5-1(b). The copper element was detected in the part of the white line,

indicating that the copper was uniformly formed around the Cr.

SEI 18Fm
HKMB8EBAY 15.8KU ®3,888

Figure 5-1 (a) Microstructure and (b) EPMA line analysis of C and Cu elements in the C~Cu.

Figure 5-2 shows the microstructure of 3vol.% CrCu reinforced SKD61
(40CrMoV5) composites observed by an optical microscope. In the preparation process
of the composite, the C~Cu are arranged along the direction perpendicular to the
pressure during spark plasma sintering, and the C~Cu are arranged anisotropically. As
shown in Figure 5-2(a), the directions perpendicular to the pressing direction are the X-
axis and the Y-axis, and the pressing direction is the Z-axis. Figure 5-2(b) and 2(c) show
the microstructures in the X-Z plane and the Y-Z plane, respectively. On the X-Z plane,
the C~Cu were not observed in the upper and lower parts of the figure but are
concentrated in the central part and parallel each other. On the Y-Z plane, the C~Cu has
a circular cross-section, and the C~Cu gather to form fiber bundles. The average particle
size of the SKD61 (40CrMoV5) powder used in this study is 70 um, which is larger

than the diameter(10pm) of CCu, so it is considered the C~Cu can agglomerate during
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pressure sintering.

(a) Applied pressure direction in

/

Z-axis
1

/
Fiber direction

X-axis

Figure 5-2 Fiber distribution in 3vol.% Cu plated carbon fiber/ SKD61 composites for each direction.
(a) schematics and definition of observation plane. (b) microstructure of X-Z plane, and (c)
microstructure of Y-Z plane.

Figure 5-3 is EPMA mapping of the 3vol.% CsCu reinforced SKD61(40CrMoV5)
alloy composite and the EPMA image of the distribution of copper, iron, and carbon
elements. By observing the Y-Z plane of the sample, it is found that there is a layer of
copper around the Cy, which is surrounded by iron elements. After the composite was

prepared by spark plasma sintering, the copper layer was distributed around the Cy, and
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the copper layer hinders the direct contact between the iron and Cy.

Figure 5-3 EPMA mapping of carbon (C), iron (Fe) and copper (Cu) elements for 3 vol.% Cu plated
carbon fiber/ SKD6I composites.

Table 5-2 shows the relative densities of SKD61(40CrMoV5) alloys and C~Cu
reinforced SKD61 (40CrMoV5) composites fabricated by spark plasma sintering. The
relative density is the ratio of measured density obtained by Archimedes method and
the theoretical density of the composite calculated by mixture rule. The relative density
of pure SKD61(40CrMoV35) alloy is as high as 98.1%. The relative densities of the
composites with a C~Cu content of 3vol.% and 5vol.% are 97.7% and 98.3%,
respectively, which are comparable to pure SKD61(40CrMoV5) alloy. The metal
matrix composites were prepared by the SPS, the reinforcement and the matrix will not
promote the sintering and densification, the relative density of the composite will
decrease with the increase of the reinforcement. However, the results showed that the
density did not decrease significantly, which is considered as the copper on the surface
of Cypromote the densification of the composites. In solid sintering, the main causes of
densification are atomic motion due to viscous flow, plastic flow, evaporative
agglomeration, volume diffusion, particle diffusion, and surface diffusion**3%l. Copper

is almost insoluble in iron, the main reason why copper promotes sintering densification
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is that higher plasticity of copper and fluidity compared with SKD61(40CrMoV5)
powder. In the case of adding copper, it can be sintered by SPS below the melting point.
Copper atoms are easier to evaporation, diffuse, and agglomerate.

Table 5-2 Relative density of monolithic SKD6I block and composite prepared by spark plasma

sintering.

C Si Mn P S

SKD61(40CrMoV5) 039 111 038 0.0l 0.01
powder/ Wt.% Ni Cr Mo A" Fe

54 53.67 5295 5262 5198

5.3.2 Thermal conductivity of Cr-Cu/SKD61(40CrMoVS5) composites

Figure 5-4 shows the orientation distribution of C~Cu in the 3vol.% CrCu
reinforced SKD61(40CrMoV5) alloy composite in the X-Z and X-Y planes shown in
Figure 5-2(a). As shown in Figure 5-4, the X-axis direction is 90°, it shows the
distribution of the deviation of the angle between the X-axis and the axial of C~Cu. On
the X-Y plane, the mean angle is 84.32° with a standard deviation of 34.39. On the X-
Z plane, the mean angle is 88.42° with a standard deviation of 39.29. In most cases, Cs
Cu are aligned in two planes along the X-axis.

Considering the influence factors of void, orientation of C~Cu and the rule of
mixture, the theoretical TC of the composite was evaluated by the rule of mixture.
Figure 5-5 shows the measured TC and theoretical TC of 3 vol.% and 5vol.%CrCu
reinforced SKD61(40CrMoV5) composites. According to the experimental results, the
TC increases with the increase of C~Cu content. It is found that the TC of
SKD61(40CrMoV5) steel can be improved by adding C~Cu. In particular, the TC of
5vol.%C~Cu/SKD61(40CrMoV5) composite is 42 Wm™-K™!, which is significantly
higher than that of pure SKD61(40CtMoV5) alloy (22 Wm™'K™"). The experimental
results are lower than the theoretical value. The TC of plating copper is lower than that

of conventional copper, and the acid oxide film remaining on the surface of steel powder
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during spark plasma sintering increases the thermal resistance between the
SKD61(40CrMoV5) steel particles. Carbon and copper diffused into the contact face
between SKD61(40CrMoV5) and CgCu, strain at the interface also made the

experimental result lower than theoretical TC.
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Figure 5-4 Angle distribution of the difference between C~Cu direction and X-axis in 3vol.% CrCu

dispersed SKD61 alloy composites shown in Figure 5-2(a). 90 degrees shows the X-axis direction.
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Figure 5-5 Experimental results and theoretical value of thermal conductivity for SKD61 block and

Cs-Cu dispersed SKD6I matrix composites.
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5.4 Summary

In this chapter, to improve the thermal conductivity of hot tool steel
(SKD61(40CrMoV5) alloy), the oriented C~Cu reinforced SKD61(40CrMoV5) alloy
composite was fabricated by the spark plasma sintering. The TC of the matrix of the
void-containing composite was corrected by the Bregman equation, the orientation of
Cs-Cu in the composite was considered, and the theoretical TC of the composite was
calculated, and the measured TC was obtained by the steady-state method. The results
obtained are as follows.

(1) The relative density of the C~Cu /SKD61(40CrMoV5) composite was similar to
that of pure SKD61(40CrMoV5) alloy. The copper layer on the surface of Crcan
promotes sintering densification and hinder the direct contact between
SKD61(40CrMoV5) alloy and Crand prevent the chemical reaction between iron
and carbon fiber.

(2) The CrCu reinforced SKD61(40CrMoVS5) composite exhibited higher TC than
single SKD61(40CrMoV5), and its TC increased with the increase of C~Cu content.

The 5 vol% CCu /SKD61(40CrMoV5) composite has a high TC of 42 Wm™ 'K,
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6.1 Background and objective of this study

Global warming, melting glaciers, and reduction of CO> emissions have become
major global issues. Among them, CO» emissions from transportation are second only
to electricity, and about 90% of CO: emissions from transportation come from
vehicles!!!. With the advancement of science and technology and the rapid development
of the automobile industry for more than 100 years, automobiles have become the most
commonly used means of transportation for people to travel, and the global automobile
production is also increasing day by day. After continuous research and exploration,
scholars have found that the lightweight of automobiles can not only improve the fuel
efficiency of automobiles and reduce CO> emissions, but also improve the safety and
comfort of automobiles®3l. For every 10 percent reduction in vehicle weight, fuel
efficiency can increase by nearly 2.5 percent!*>). Cars are reduced in weight by using
thinner and stronger parts. In order to perfectly match the strength and density of
automotive parts, molds are required that can produce (ultra)high-strength automotive
parts. The traditional cold stamping process not only causes the indenter to bond with
the parts in the process of preparing auto parts, reducing production efficiency, but also
shortens the life of the die due to excessive stamping pressure, which puts forward high
requirements on stamping equipment. According to the principle of metal softening at
high temperature, the cold stamping of auto parts is replaced by hot stamping.
Especially in the production process of steel auto parts with a strength exceeding
1000MPal®!, the workpiece needs to be cooled rapidly under external ambient
temperature and pressure to obtain martensite, and only hot stamping can be used.

A production system is evaluated by the production cycle, production cost, product
quality produced, and system flexibility. In the hot stamping process, the heating and
cooling time of the workpiece accounts for one-third of the production cycle. Improving
the TC of the hot stamping die can shorten the production cycle, improve production
efficiency, reduce thermal stress, and increase the service life of the die.
SKD61(40CrMoVS5) has become the most commonly used mold in Japan because of

its uniform distribution of small spherical carbides, good hardenability, strong
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resistance to high-temperature tempering softening, high-temperature impact resistance,
excellent thermal fatigue resistance, and high-temperature melting loss resistance.
Material. DHA1 produced by DAIDO STEEL, SKD61(40CrMoV5), TC at room
temperature is 28.5 Wm™'K!. In order to further improve production efficiency, DAIDO
STEEL has produced DHA-HS1. Compared with SKD61, the TC of DHA-HSI can
reach 36 Wm™'K"!, which is 1.5 times that of SKD61(40CrMoV5). DHA-HS1 has high
softening resistance, which is 10 times that of SKD61 (40CrMoV5) for workpieces
under the same conditions. The lower the temperature, the harder it is to cool down.
Under the same cooling condition, the temperature of the workpiece processed by
DHA-HSI is 30K lower than that of the SKD61(40CrMoV5) mold. It is suitable for the
integrated molding of (ultra) high-strength auto parts. The DHA-HS1 mold achieves
high TC as a whole through reasonable matching of various components in the
composite and sintering to obtain the phase with high TC. With the continuous
discovery of new materials, especially two-dimensional anisotropic carbon materials,
which have an excellent TC in the axial direction, such as carbon fibers, carbon
nanotubes, etc. These two-dimensional materials provide a new possibility for
improving the TC of composites by establishing thermal conduction channels in
composites. The preparation process of carbon nanotubes is complicated, especially
because the purification is difficult, it is not friendly to the environment, and the cost
of industrialization is high, so it is only used in small-scale laboratory applications. The
TC of Cris highly anisotropic, and the orientation of Cs in the composite can be
controlled by simple rolling, and the manufacturing is simple. At present, C; has been
able to be produced industrially on a large scale at a low cost. This paper is to add Cr
with high TC to SKD61 to improve the TC of the composite, improve the production
efficiency of the mold, and prolong the service life of the mold.

The purpose of this thesis is to improve the TC of C-Cu reinforced SKD61
(40CrMoVS5) composites and improve the production efficiency of dies by exploring
the mechanism of mechanical and thermal properties of C~Cu reinforced iron

composites.SKD61(40CrMoV5) alloy contains many chemical elements, these
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impurity atoms (except Fe) will cause lattice distortion of iron, and destroy the
continuity and stability of heat conduction, making the internal heat conduction
mechanism of composites complicated and difficult to understand. In order to clarify
the mechanism of C-Cu improving the TC of SKD61 (40CrMoV5) alloy, this thesis is
first based on pure iron (regardless of the scattering effect of impurity atoms on
phonons), with Cs-Cu as the reinforcement, and composite was fabricated by spark
plasma sintering. Due to the requirements of the mechanical properties of the die, the
mechanical properties of the Cr-Cu/Fe composites were studied, (Chapter 2). To
evaluate C;-Cu/Fe composite TC rapidly and accurately, the relationship of the
orientation of Cf-Cu in 2D cross-section and 3D space by establishing a mathematical
model was determined, and the 2D image analysis was used (Chapter 3). Based on the
research in Chapter 3, various factors on the TC of C;-Cu/Fe composites were
investigated by comparing the TC obtained from ROM and EMA models, finite element
simulation calculations, and steady-state method measurements (Chapter 4). Based on
the study of the effects of C s-Cu on the mechanical properties of C ;-Cu/Fe composites
(Chapter 2), evaluating TC of C y-Cu/Fe composites by 2D image simulation (Chapter
3) and investigating of factors influencing the TC of C s-Cu/Fe composites (Chapter 4),
in order to improve the TC of SKD611 (40CrMoV5) alloy, the TC of C y-Cu reinforced
SKD611 (40CrMoV5) alloy were investigated (Chapter 5).
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6.2 Conclusions of this study

CrCu/Fe and Cp-Cu/SKD611 (40CrMoV5) were fabricated by SPS. The

mechanical properties and TC of C~Cu/Fe were investigated. The effective TC of Cr-

Cu/Fe was evaluated by 2D image analysis, and the factors affecting the TC of the

composites and the degree of influence were investigated. The TC of Cr

Cu/SKD611(40CrMoV5) composite was explored. This thesis can draw the following

conclusions:

1.

In chapter 2, 0-40vol.%Cr~Cu/Fe composites were fabricated by spark plasma
sintering (SPS). The relative density of C~Cu/Fe composites decreased with the
increase of C~Cu content, and the relative density of composites was higher than
93%. The sintering temperature hardly affects the relative density of the composites.
When the sintering temperature is higher than 1100K, ferrite disappears, and C~Cu
is destroyed by iron to form cementite or martensite, which improves the hardness
of C~Cu/Fe composite. Cu elements are distributed around Cy. The hardness of Cr
Cu/Fe composites increases first and then decreases with the increase of C~Cu
content. When the sintering temperature is 1150K, C~Cu is destroyed to form dense
flake martensite, and the hardness of 20vol.%C-Cu/Fe composite is the highest,
reaching 226HV. The fracture mode changes when the volume fraction of C~Cu in
the C~Cu/Fe composite increases from 20% to 30%. With the increase of C~Cu
content, the tensile strength of the composites first increased and then decreased.
The tensile strength of the 20vol.%Cx-Cu/Fe composite reaches a maximum of
679MPa, which is 9.5% higher than that of pure iron under the same conditions.
Due to the scattering effect of impurity atoms on phonons, the TC of CrCu/Fe
composites decreased by 20% when carbon was added to pure iron. The orientation
of C+Cu in the composite cannot be determined, the TC of the C~Cu/Fe composite
changes irregularly with the increase of C~Cu content.

In chapter 3, 5 (10, 15, 20, 25) vol.% CCu/Fe composites were prepared by SPS.
Most of the C~Cu are aligned along the direction of heat flow by hot rolling. The

TC of the matrix of C~Cu/Fe composites decreased with the increasing C~Cu
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content. When the volume fraction of C~Cu exceeds 20%, the porosity was higher
than 2.5%, and the TC dropped to 48.5 W m-1 K-1. The ETC of each element (Cr
Cu and iron matrix) in the 2D cross-section can be obtained by counting the angle
between the projection of C~Cu on the 2D cross-section and the heat flow (02p)
and the aspect ratio of the ellipse which was formed by the intersection of C~Cu
and the 2D cross-section, which was used to calculate the angle between the C~Cu
and the heat flow (03p). Calculation of effective TC of composite materials by finite
element simulation. Rolling treatment can effectively control the orientation of Cr
Cu, and almost all the axial directions of C~Cu are oriented along the direction of
heat flow. When 6<73°, C~Cu can increase the TC of the C~Cu/Fe composite. On
the A plane, the simulated TC is consistent with the measured TC, with deviations
between 3%-4%. When the volume fraction of C~Cu was 20%, the simulated and
measured values attained their maximum value of 68.89 Wm™'K™! and 71.02 Wm
P'K !, respectively. Owing to the rolling treatment, the measured TCs before and
after rolling exhibit a large deviation of 40% to 60%.

In chapter 4, 5 (10, 15, 20, 25) vol.% CCu/Fe composites were prepared by SPS.
Most of the C~Cu are aligned along the direction of heat flow by hot rolling. The
TC of the matrix of C~Cu/Fe composites decreased with the increasing C~Cu
content. When the volume fraction of C~Cu exceeds 20%, the porosity increases
to 6.8%, and the TC of matrix dropped to 48.5 W m-1 K-1. When the volume
fraction of C~Cu is less than 20%, the thermal resistance hardly increases, and the
contact thermal resistance and the negatively oriented C~Cu decrease the TC less
than the positively oriented C~Cu increases the TC. When the volume fraction of
Cr-Cu exceeds 20%, the growth rate of thermal resistance is obviously small, and
the reduction effect of contact thermal resistance and negatively oriented C-Cu on
TC dominates. The main factors hindering TC are the aspect ratio and orientation
of C~Cu. When the volume fraction of C~Cu is 20%, the contact thermal resistance

and the negatively oriented C~Cu decrease the TC is offset the positively oriented
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Cr-Cu increases the TC, so simulated and measured TC achieve the maximum value.
In chapter 5, To improve the TC of hot tool steel SKD61(40CrMoV5) alloy, the
oriented CCu reinforced SKD61(40CrMoV5) alloy composite was fabricated by
the SPS. The TC of the matrix of the void-containing composite was corrected by
the Bregman equation, the orientation of C+Cu in the composite was considered,
the theoretical TC of the composite was calculated, and the measured TC was
obtained by the steady-state method. The relative density of the CgCu
/SKD61(40CrMoV5) composite was similar to that of pure SKD61(40CrMoV5)
alloy. The copper layer on the surface of Crcan promote sintering densification and
hinder the direct contact between SKD61(40CrMoV5) alloy and Crand prevent the
chemical reaction between iron and Cy. The C~Cu reinforced SKD61(40CrMoV5)
composite exhibited higher TC than single SKD61(40CrMoV5), and its TC
increased with the increase of CgCu content. The 5 vol% CrCu

/SKD61(40CrMoV5) composite has a high TC of 42 W-m™'K"!.
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6.3 Discuss the details of this study
We all know that there are many factors affecting the TC of C /-Cu/Fe. This study

has carried out a detailed study on these influencing factors and has made outstanding
contributions to the study of the TC of C s-Cu dispersed iron-based composites.
6.3.1 Sintering temperature

In Chapter 2, we have discussed the effect of sintering temperature on the formation
of phase during the preparation of C /-Cu/Fe composites. As shown in Figure 6-1, when
the temperature is higher than 1100K, iron-carbon compounds exist in the composite.
Cris surrounded by Cu, and it is impossible for C to enter the iron matrix. The formation
of iron-carbon compounds can only because of the destruction of the copper layer on
the surface of C-Cu. Cris in contact with the pure iron and occurs a chemical reaction,
and Crwill also be destroyed by the chemical reaction. In this experiment, the sintering
temperature should be strictly controlled not higher than 1100K. The content of C~Cu

has little effect on the phase composition.

SEM image of 20vol.%CsCu/Fe

composite sintered at 1150K.
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Figure 6-1 XRD of Cr-Cu/Fe composites with (a) different sintering temperatures and (b) different

volume fractions of Cr-Cu.

6.3.2 Orientation of C~Cu
In this study, K13C6U produced by Mitsubishi Chemical was used. Its tensile

strength is about 3.6Gpa, and its shape is a linear cylinder. The mechanical properties

135



Fabrication of Copper Plated Carbon Fiber Dispersed Iron Matrix Composites and Thermal
Conductivity Calculation by Two-Dimensional Microstructure Images

of CrCu/Fe are closely related to the orientation of C~Cu. As shown in Figure 6-2,
when the diamond indenter acts in the radial direction of C~Cu, CCu hinders the
indenter from pressing in, and the formed rhombus is small (D is small). According to

a formula 6-1, the value of hardness increases.

qy - F _2Fsin(A/2) 1.854F
S D2 D2

Fig.6-2 Schematic diagram of hardness tester forming a diamond on composite.
However, when the content of C~Cu is too large, C~Cu crosslinks to form voids,
the relative density of the composite decreases sharply (Figure 6-3), and the hardness

decreases (Figure 6-4).
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Figure 6-3 Relative density of composites at different sintering conditions with different C~Cu

contents.
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Figure 6-4 Vickers hardness of composites at different temperature with different C~Cu contents.
As shown in Figure 6-5, during the fracture process of the composite, C+Cu is
pulled out, forming dimples, and the Cu coating is peeled off. The existence of C~Cu
hinders the stretching of the composite, and the tensile strength increases with the
increase of Cr-Cu content increases (Figure 6-6). With the increase of C~Cu content,
the probability of C~Cu being arranged on the same plane increases, and Fe and Cu do
not react to form a weak bonding interface, breaking will occur on this plane easily, and

the tensile strength is drastically reduced (Figure 6-7).

Figure 6-5 SEM image of 10vol.% Cy-Cu/Fe composite.
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Figure 6-6 Tensile strength of composites with different C~Cu contents at 1150 K.

20vol.%C~Cu/Fe

i

Figure 6-7 SEM image of (20)30vol.%C+~Cu/Fe composite sintered at 1150K.
Currently, there are very few related studies on Crto improve TC of composites
while maintaining excellent mechanical properties. Most of the research focuses on
improving the TC of organic materials by adding C /"), and there are also composite
materials formed by Cf-enhanced high-TC metals, and these composite materials have
very low requirements on mechanical properties.

The TC of C~Cu is highly anisotropic, its axial TC is 580Wm™'K"!, the radial TC
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is 5 Wm™'K™!, and the TC of pure iron is 54 Wm™'K"!, which is in between both of them,
so the orientation of C~Cu has a great influence on the TC of the composites. The heat
flux was set along the X-axis, the effective TC of a C~Cu on X-axis (K;) and Y-axis (K;)
can be expected as following equations!®”),

K, =K, [1 -(1- %) sin? 930] K; = K, [1 ~(1- Z—i) cos? 930]

Figure 6-8 TC calculations of C~Cu in the direction of heat flow.
Substituting this result into equation (6-2), obtain the influence of 03p on the TC of

Cs-Cu in the direction of heat flow, as shown in Figure 6-9.

= 400
5 300t K, =K, [1 — KJ’) sin® &, ]
= 200}
3
0T KSMWmK N
i |
0 20 40 60 7380

3D-Angle(8,;,degree)

Figure 6-9 Relationship between 83p and the effective TC of Crin the direction of heat flow.
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When the TC of C/-Cu on the x-axis is equal to that of the matrix, C/-Cu neither
increases nor decreases the TC of the composite, and the angle between Cr-Cu and the
X-axis is the critical angle. In this study, ignoring the effect of voids, the critical
included angle of Cy-Cu reinforced pure iron is 73°. Similar curves can also be obtained
in the research of Zhao!®! and Yang®!, in which Zhao studied graphite dispersed Al
matrix composites, and the critical angle is 61°. While yang studied graphite-reinforced
Cu, and the critical angle is 56.6°. Both of them want to fabricate electronic packaging
composites with high TC, and the reinforcement are graphite, which has low hardness.
As shown in Figure 6-10, the composites were manufactured by SPS, and they believe
that SPS will distribute graphite along the horizontal direction (plane parallel to the

direction of pressure) during the SPS process.

Pressure
Upper punch
Graphite Gr;phla
1 — die
/ - _—
pr"' uﬂ.' 1
articies
/ ’
graphite
Lower punch
Pressure

Figure.6-10. Schematic illustration showing processing of graphite reinforced Cu matrix

composite by spark plasma sintering (left: before sintering; right: after sintering).
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As shown in Figure 6-11, after SPS sintering, the reinforcements are distributed on the A plane,
and the orientation is irregular, and the effect of the reinforcements on the TC of the composites is
not obvious. To increase the TC of the composite as much as possible, the reinforcement must be
oriented in the horizontal direction. The B plane also needs to orient the reinforcement so that the
axis of the reinforcement will be aligned with the TC measurement direction. In this study, Cr-Cu
was used as the reinforcement, which can withstand large compressive stress. In order to further
orient the Cr-Cu, the composites were rolled on the B plane. The average volume of Cr-Cu can

improve the TC of the composite material is | Wm K",

| Electrode

Graphite spacer

Upper punch Thermocouple

Mixture
Lower
punch

Graphite spacer

Electrode
Pressure

3 %
A
4.

decrease

Wﬁeﬁt flow

Figure 6-11 The schematic illustration of SPS and hot rolling
6.3.3 Aspect ratio of C~Cu
The aspect ratio of C/-Cu refers to the ratio of the length and diameter of C/-Cu.
When the diameter is constant, the smaller the aspect ratio, the smaller the length, which
will increase the contact thermal resistance and reduce the TC of the composite.
According to the interpretation of the effective approximate model, the aspect ratio is
different, and the corresponding composite materials have different change rates with

1.'%111 have done a lot of research

Cr-Cu (different slopes in the figure). Matsuura et a
on Cf-reinforced metal matrix composites. As shown in Figure 6-12, the initial length
of Cf selected in the Cf-reinforced Al matrix composite is 370 um, the length after hot

extrusion is 20 pm, and the length corresponding to the thermal conductivity calculated
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by the effective approximate model is 120 um. The equivalent Cf can be seen as the
joint effect of six actual Cf end to end. As shown in Figure 6-13, the initial length of Cr
selected in the Cy-reinforced Cu-based composite material is 150 um, the length after
hot extrusion is 45 um, and the length corresponding to the thermal conductivity

calculated by the effective approximate model is 94 pm. The equivalent Crcan be seen

350
£
E 300 —— Theonsdical value { = 370 um)
E:. —-— Theorelical vabue {f = 120 pmj
= 250 .
E --------- Theoredical walue |/ = 30 jum)
2 a0 | T ©  Measured value
5 (parallel ko the extrusion direction)
e

E 150 % ¥ Measured value
8 (nonmal to the exbrusion direciion)
E

TH}

o & 10 i5 0 25

Wolume fracticn of carbon fbar, | {5

as the joint effect of two actual Crend to end.
Figure 6-12 Relation between thermal conductivity of extruded C,/Al composite and the
volume fraction of carbon fiber.
Figure. 6-13 Relation between thermal conductivity of extruded Cr/Cu composites and the volume
fraction of Cr.

In this research, as shown in Figure 6-14, the initial length of Cf-Cu in this study
1s 4500 um, the length after hot extrusion is 110 wm, and the length corresponding to

TC calculated by the effective approximate model is 225 um.

'{2\- SZD T T T T
E /
S 500 + 1 Theoretical value (I = 150 pum)
P 480 - 4 Theoretical value ( [ =94 pm)
Z ) .-
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= -
= -
E 440 F / T - {4 ® Measured value (extrusion direction)
Té 420 e . {1 & Ultrasonic vibration treated
E 400 L . L X % Failure in consolidation
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Volume fraction of carbon fiber, fi; / %

142



Chapter 6 Conclusions, discussion and future work

O
N
T

_ Theoretical value (/=4500um)
Theoretical value (/=225um)
. Theoretical value (/=110um)

e Measured value (Rolling direction)

c0 [o0] O
< o [e]
T T T

o
N <
I I

Hed

Thermal conductivity,k/W-(m- K)"
(=38 ]
L] n
I I

- Y ’

LN
h

10 15 20 25 30
volume fraction of C,-Cu,f,/ %

<
n

Figure 6-14 Relationship between TC of composite with different aspect ratios of Cr-Cu under the

EMA model and volume fraction of Cr-Cu.

6.3.4 Quantitative analysis of the influence weight of thermal conductivity

With the continuous improvement of composite measurement technology, in order
to predict the TC of composites more accurately, scholars have continuously explored
and established a series of calculation models. The calculation methods of these models
ignore different factors, and we can use the TC calculated by different models to
roughly evaluate the weight of various neglected factors affecting composites. By
reading a lot of literature and found that scholars generally only do qualitative research,
and only focus on the influence of certain factors on the TC of composites, such as the
influence of the content and orientation of reinforcement on TC. Few scholars have
paid attention to the influence weight of various factors that hinder heat conduction in
composites on TC. But in the actual production process, by focusing on the main
influencing factors and ignoring the secondary factors, high-quality products can be

produced at the lowest cost.
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6.4 Highlights and limitations

The highlight of this study is to analyze and establish the model of Cr-Cu in three-
dimensional space, and to find the relationship between the orientation of Cf-Cu on the
two-dimensional section (02p) and the orientation of Cr-Cu in three-dimensional
space(63p) through mathematical calculations. Using the method of two-dimensional
image analysis to evaluate the TC of the composite, can quickly and accurately obtain
the TC of the composite. By comparing the TC obtained from different TC calculation
models, the weight of various heat conduction hindering factors is explored. This
calculation method is currently being used for the first time, which is of great
experimental value and has positive guiding significance for actual production. The TC
of the 5vol.%Cy-Cu dispersed SKD61 alloy in this study reaches 42 Wm™'K"!, which is
68% higher than that of SKD61 alloy and 17% higher than that of DHA-HSI.

This study also has limitations. This thesis mainly focuses on the composite of Cr
-Cu dispersed pure iron, and mainly studied the mechanism of reinforcement improving
the mechanical properties and TC of the composite, providing a new evaluation method
of TC. The experimental results of this study are far from the performance of similar
products currently on the market. By various models for calculating TC, the percentage
of the different factors on TC was evaluated. Although this evaluation method is novel,
it still cannot fully reflect various factors, such as the copper layer on the surface of the
Crnot being considered, the cracking of the composite due to the high content of Cy-
Cu during the rolling process, the copper layer was peeled off or the Cr-Cu is broken.
In real social production, in order to improve the mechanical of the mold, it is necessary
to add other trace elements, which can react with iron to form compounds and affect
the TC of composites. Theoretically, the TC of ferrite in the structure of steel is the
highest, about 70-80 Wm™'K™!, the TC of tempered martensite is 35 Wm™'K™!, and the
thermal conductivity of cementite is the lowest 7 Wm™'K"!. At present, the effect of the
phase composition of composites still cannot be calculated quantitatively, Cs-Cu has an
effect on improving the TC of the SKD61 composite, but compared to the theoretical

value, the improvement is not very obvious.
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6.5 Future work

This study is only the most basic research work on the influence of Cr-Cu on the
mechanical properties and TC of pure iron. Under real working conditions, other
elements in the composite react with pure iron to form compounds. The effect of these
compounds on improving the mechanical properties and TC needs to be further studied.
The future research direction is to gradually increase other trace elements (contained
by SKD61) except for iron on the basis of pure iron, and gradually study the influence
of various added trace elements on the mechanical properties and TC of composites.
For example, by adding carbon as a matrix on the pure iron, the iron-carbon compound
formed by the reaction of iron and carbon can not only strengthen the mechanical
properties of the composite but also have a TC much higher than that of pure iron. In
addition to the effect of adding carbon on the performance of composites, other
elements, such as nickel, chromium, etc., can improve the performance of composites.
It 1s also possible to explore the influence of various factors on the performance of
composites. Adding trace elements will improve the mechanical properties of
composites and reduce the TC of composites. According to different actual production
conditions, a variety of formulations of hot stamping die composites are designed.

Although the two-dimensional image analysis method can intuitively, quickly, and
accurately reflect the TC of the composite, the image analysis method can only obtain
the TC when the heat flow passes through a certain plane, which has some difference
from the TC of other planes parallel to the identified plane in the composite. The
evaluation method of composite TC needs to be further improved, such as the use of
three-dimensional modeling and three-dimensional structural analysis. Three-
dimensional structural analysis methods can be used, but this method is expensive and
time-consuming. Therefore, the method of three-dimensional structure analysis to

evaluate the TC of composite materials needs further study.
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