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Abstract

Ti doped, Si–Ti doped and B4C–Ti–Si doped graphites were developed. The influence of the dopants on the

properties and microstructure of these graphites were investigated. All Ti-doped graphites have a high thermal con-

ductivity, with the highest value reaching 285 W/mK for a concentration of 7 wt% Ti in the raw materials. Si added

simultaneously with Ti promotes the growth of graphite crystals and lowers the temperature necessary to obtain high

performance compared to Ti-doped graphites. A thermal conductivity up to 350 W/mK was observed for Si–Ti doped

graphites. B4C–Ti–Si doped graphites have a relatively high mechanical strength while their thermal conductivities are

limited to 130 W/mK. For both bi- and tri-element doped graphites, the thermal conductivity and mechanical strength

decrease with increasing amount of Si. Almost all Si in the bi- and tri-element doped graphites was depleted during the

heat treatment at 2200 �C, resulting in the formation of cavities. � 2002 Published by Elsevier Science B.V.

1. Introduction

In recent years carbon-based materials have been

used widely as plasma facing materials (PFCs) in fusion

devices due to their superior thermo-mechanical prop-

erties [1]. However, the chemical reactivity of C with

hydrogen ions dominates the erosion at low ion energies

below 100 eV and at elevated temperatures [2]. The ero-

sion limits the lifetime of the components, dilutes the

plasma with impurities and leads to high tritium inven-

tories in co-deposited layers [3]. To develop improved

carbon-based materials for PFCs with reduced chemical

erosion, optimized thermo-physical andmechanical prop-

erties as well as reduced hydrogen retention, doped

graphites have been developed in the past decades. The

research work was mainly concentrated on boron-doped

graphite [4–11], silicon-doped graphite [6,10–14] and

titanium-doped graphite [8,10,11,15].

The next generation of fusion devices will operate at

high flux and steady state conditions. Such conditions

impose severe criteria on selecting PFCs [16–19]: high

thermal conductivity for removing the deposited energy,

high strength, large thermal shock resistance, fine-

grained microstructure with low porosity for pulsed

plasma operation, and a favorable behavior concerning

resistance to physical sputtering, chemical erosion and

radiation-enhanced sublimation (RES) [20,21].

To fulfil the requirements of plasma facing compo-

nents for steady state operation at high fluxes, multi-ele-

ment (B4C, Si and Ti) doped graphites with fine-grained

microstructure have been developed in recent years in

China and the primary results were reported [22]. The aim

of this paper is to investigate the effects of dopants on the

thermo-physical and mechanical properties as well as on

the microstructure of the doped graphites. This will pro-

vide a basis for the design of doped graphites with high

performance.
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2. Experiment

2.1. Preparation of doped graphites

The doped graphites were produced from a mixture

of petroleum coke powder (<30 lm) with powders of
dopants (several lm). The powders were bound with
coal tar pitch by hot molded pressing under 30 MPa.

The uniaxial hot-pressing temperature was raised with a

rate of 5 �C/min, then kept at the ultimate temperature
for 3 h. All of the materials were prepared at the same

conditions, but the highest temperature was different

based on their compositions between 2200 and 2600 �C.
An incandescence pyrometer was used to measure the

hot-pressing temperature. The samples were mechani-

cally cut from bulk-doped graphites, polished, and ul-

trasonically cleaned in ethyl alcohol.

2.2. Properties testing and microstructure characteriza-

tion

The density of the samples was determined on mass

and geometry. The bending strength was tested by the

three-point bending method. The electrical resistivity

of the samples was determined by the DC four-probe

method.

A comparative instrument was used to measure the

thermal conductivity. In Fig. 1, a schematic drawing of

the comparative instrument is given, which measures the

heat flow based on the known thermal properties of

standard reference materials. The test sample is sand-

wiched between two identical reference samples. This

stack is placed between two heating elements controlled

at different temperatures. A guard heater is placed around

the test stack to ensure a constant heat flux through the

stack and no lateral heat flow losses. As heat flows from

the hot to the cold element, the temperature gradient

across the stack is measured with thermocouples. Once

the specimen reaches a steady-state thermal equilibrium,

its thermal conductivity is calculated [23].

To characterize the doped graphites, X-ray diffrac-

tometry with Cu Ka radiation ðk ¼ 0:154178 nmÞ was
used for determining the primary structure and param-

eters of the graphite crystal: d002, Lc, where d002 is the
graphite interlayer distance and Lc is the average thick-
ness of the crystallites. The degree of graphitization g

was calculated by the expression g ¼ ð0:344� d0 0 2Þ=
ð0:344� 0:3354Þ.
Scanning electron microscopy (SEM) and optical

microscopy were used to observe the surface morphology

and fracture topography. The particle size and distribu-

tion of dopants were determinded using the E-contrast

in the backscattered electrons (BE). The definite content

of each dopant was specified by energy dispersive X-ray

spectroscopy (EDX).

3. Results and discussion

3.1. Properties and microstructure of titanium-doped

graphites

Table 1 lists the basic properties of titanium-doped

graphites (TDG). Comparisons are made with a pure

graphite manufactured by the same process as the Ti-

doped graphites. The highest heating temperature for all

TDGs was 2600 �C. The TDG have a low electrical re-

sistivity, high thermal conductivity and high density in

all cases. Titanium in the graphites lowers the electrical

resistivity and enhances the thermal conductivity sig-

nificantly. The thermal conductivity up to 285 W/mK

was obtained for doped graphite with a Ti concentration

of 7 wt%. Some other properties show a weak depen-

dence on the Ti concentration in the range of 3–11 wt%

including electrical resistivity and mechanical strength.

A tendency of reduced thermal and electrical conduc-

tivities of the doped graphites was observed when the

titanium concentration in the raw material was higher

than 11 wt%. These facts imply that there are some in-

teractions between Ti dopant and carbon substrate

during the manufacture process.

In order to have a better knowledge of the properties

of Ti-doped graphites, the effect of Ti-doping on the

evolution of the microstructure was investigated. Table 2

lists the crystal parameters and the graphitization degree

of Ti-doped graphites. It was found that the degree of

graphitization of Ti-doped graphites is in the range of

78–100%, depending on the Ti concentration. The doped
Fig. 1. Schematic of test section of the instrument for detection

of thermal conductivity.
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Ti serves as the catalyst to accelerate the graphitization

of the carbon substrate during the heat treatment at high

temperatures. TDG-11 with 11 wt% Ti was almost fully

graphitized at d002 ¼ 0:3357 nm. Fig. 2 shows the surface
morphology of TDG-11 by SEM, from which the fine

laminar structure of graphite can be observed.

XRD phase analysis (Fig. 3) demonstrates that Ti

in the graphite exists only in form of titanium carbide.

The added Ti reacts with the carbon substrate to form

titanium carbide during the heat treatment at high

temperatures. Fig. 4 shows a BE image of the Ti-doped

graphite TDG-07. The particles of titanium carbide can

be easily distinguished from that of the graphite sub-

strate as white dots. These titanium carbide particles in

the doped graphite are of sub-lm size.

The data in Table 2 for Ti-doped graphites show that

the graphitization degree is connected with the size of

the graphite crystals (Lc). Theoretically for graphite
materials, the higher degree of graphitization, the higher

the thermal conductivity. Nevertheless, comparisons be-

tween Tables 1 and 2 demonstrate that it is not true for

Table 2

Crystal parameter and degree of graphitization of doped

graphites

Material d002 (nm) Lc (nm) Degree of

graphitization (%)

TDG-03 0.3360 82 93

TDG-07 0.3358 86 95

TDG-11 0.3357 90 97

TDG-15 0.3373 56 78

LTDG-07 0.3375 43 76

STDG-1 0.3357 86 96

STDG-2 0.3356 96 98

STDG-3 0.3358 91 95

STDG-4 0.3360 75 93

BSTDG-1 0.3357 84 95

BSTDG-2 0.3358 75 93

Table 1

Basic properties of doped graphites

Material Dopant

concentrations in

raw material (wt%)

Density

(g/cm3)

Bending

strength

(MPa)

Electrical

resistivity

(lXm)

Thermal

conductivity

(W/mK)

Maximum heat-

ing temperature

(�C)

Graphite 0 1.83 20.9 8.92 120 2600

TDG-03 Ti 3 2.01 34.5 2.78 230 2600

TDG-07 Ti 7 1.97 37.4 2.65 285 2600

TDG-11 Ti 11 2.09 38.2 2.10 254 2600

TDG-15 Ti 15 1.98 39.5 5.59 200 2600

LTDG-07 Ti 7 1.99 38.5 4.62 170 2200

STDG-1 Si 2.5 Ti 7.5 1.96 21.0 2.78 314 2200

STDG-2 Si 2.5 Ti 15 2.02 32.0 2.33 350 2200

STDG-3 Si 7.5 Ti 15 1.94 28.0 2.55 300 2200

STDG-4 Si 7.5 Ti 7.5 1.95 18.0 3.42 240 2200

BSTDG-1 B4C 2.5 Si 2.5 Ti 7.5 2.05 51.0 2.84 130 2200

BSTDG-2 B4C 2.5 Si 5 Ti 7.5 2.04 47.0 2.94 120 2200

Fig. 2. Secondary electron image of the surface morphology of

TDG-11.

Fig. 3. XRD phase analysis of doped graphites (1: TDG-07; 2:

STDG-2; 3: BSTDG-1).
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Ti-doped graphites. The reason for that is, a large

quantity of titanium carbide will be formed with much

addition of Ti. The particles of titanium carbide might

lead to an increase of phonon scattering.

In Tables 1 and 2, the data of a material named

LTDG-07 are also given whose composition is the same

as TDG-07, but the highest heat-treatment temperature

was 2200 �C. It can be seen that the graphitization de-
gree, Lc, of LTDG-07 is much lower than that of TDG-
07. Therefore, a conclusion can be made that the heating

temperature is one of the key factors which play an

important role in determining thermal properties. The

production of such doped graphites necessitates that the

hot-pressing temperature should reach at least 2600 �C
or even higher, because the Ti dopant has obviously

catalyzing effects on the graphitization only at that

temperature [24].

3.2. Microstructure and properties of Si–Ti-doped graph-

ites

To lower the heating temperature necessary to get

a high thermal conductivity of doped graphites, Si was

introduced simultaneously with Ti into the carbon

powders. Table 1 also lists some basic properties of

bi-element doped graphites (STDG). The thermal con-

ductivities of these STDGs are further promoted com-

pared to TDGs. It should be pointed out that the

properties of STDG, especially for mechanical strength,

have a strong dependence on the dopant concentrations.

When the Ti concentration is constant, the increase of

the Si concentration leads to a decrease of both thermal

conductivity and mechanical strength. Nevertheless, it is

reverse for both in the case of Ti dopant when the Si

concentration is constant. These facts further corrobo-

rate that there should be some complex interactions

between dopants and carbon substrate.

The XRD phase analysis (Fig. 3) shows that there are

only diffraction peaks for graphite crystals and TiC

crystals in the bi-element doped graphites. The EDX

analysis confirms that there is no Si in the doped graphite.

It is indicated that silicon has been depleted out of the

doped graphite. During heat treatment, the Si and Ti

dopants can react with carbon to form carbides. When

the heat-treatment temperature is above the decompo-

sition temperature of SiC [25], silicon carbide decom-

poses into Si and C. As shown in Fig. 5, Si formed by

decomposition of silicon carbide would diffuse along the

surface of the carbide particles to react with disordered

carbon on the leading interface, and C formed by de-

composition of the carbide has a high graphitization

degree [24]. Such process does accelerate the graphitiza-

tion of the carbon substrate. Because of the high vapor

pressure of silicon at such high temperatures, it depleted

in the doped graphite with time during the heat treat-

ment. A small amount of Si can increase the graphiti-

zation degree greatly. The XRD analysis indicates that

Fig. 4. BE image of TDG-11.

Fig. 5. Migration of a carbide particle in the carbon matrix

consuming disordered carbon and the formation of the graphite.

Fig. 6. Optical image showing the cavities formed on the sur-

face of STDG-1.
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STDG gets a high graphitization degree, especially

STDG-2, which was highly graphitized reaching the

minimum at d002 ¼ 0:3356 nm and a large size of graphite
crystals (Lc is about 96 nm). The thermal conductivity
of STDG-2 is as high as 350 W/mK.

The formation of cavities (Fig. 6) as a consequence of

the depletion of the silicon dopant will have a great in-

fluence on the properties and microstructure. The in-

crease of the Si concentration is disadvantageous to the

mechanical strength and thermal conductivity of doped

graphite when the Ti concentration is constant. To ob-

tain doped graphites with good properties, the degree

of doping of Si into the graphite should be optimized.

3.3. Properties and microstructure of boron-, silicon- and

titanium-doped graphites

It was reported that doping of boron in the carbon

substrate can improve the mechanical strength of doped

graphite [26] and reduce the chemical erosion [6,7]. From

this point of view, tri-element B4C–Ti– Si doped graph-

ites (BSTDG) were developed and their properties are

listed in Table 1. In order to restrain the growth of B4C

particles to a large scale, which would lead to brittleness

of the substrate and degradation of the mechanical

strength [22], the highest heating temperature is restricted

to about 2200 �C for all of BSTDGs. It can be seen from
Table 1, that the mechanical strength of BSTDG is

greatly improved compared with the strength of STDG,

while the thermal conductivity is limited to 130 W/mK.

Because of boron doping in the graphite, a boron–

carbon solid solution was formed by substituting carbon

atoms in the graphite lattice with boron atoms at the

trigonal sites [26], which played a great role in deter-

mining the mechanical strength of doped graphites.

Nevertheless, the formation of the solid solution [27]

would lead to an increase of phonon scattering [28] and

decrease the thermal conductivities of such kind of

doped graphites. To achieve optimized properties for

both the mechanical strength and the thermal conduc-

tivity, the amount of B4C doped in the graphite should

be less than 2.5 wt%. Although the heat-treatment

temperature for BSTDG was not higher than 2200 �C,
The XRD analysis indicates that the graphitization de-

gree of BSTDG-1 is high up to 95%. Compared with

that of B-doped graphite reported in the literature

[27], the thermal conductivity of the tri-element doped

graphites is still much higher. Two factors are consid-

ered to be responsible for their relatively higher thermal

conductivities: (i) boron carbide additives show a strong

catalyzing effect on graphitization in the temperature

range of 1600–2100 �C [29]. (ii) Titanium doped together
with B4C in the graphite can react with boron atoms to

form TiB2, which can be confirmed by XRD analysis

(Fig. 3). Such reactions can reduce the amount of boron

that was dissolved in the graphite lattice. The XRD

phase analysis of BSTDG-1 in Fig. 3 indicates that there

was also no Si and SiC detected, confirming again the

depletion of Si. For BSTDG, mechanical strength and

thermal conductivity decrease slightly with increase of

the Si content, which can be attributed to the depletion

of Si and the formation of cavities as STDGs.

4. Conclusion

Several kinds of doped graphites were developed.

Their thermo-physical and mechanical properties were

investigated and the microstructure was characterized in

order to reveal the relevance of composition, micro-

structure and properties. The effects of dopants on prop-

erties and microstructure can be summarized as follows.

1. For TDG, a high thermal conductivity was observed

in all cases due to catalyzing effects of titanium to ac-

celerate the graphitization of the carbon substrate. A

thermal conductivity up to 285 W/mK was obtained

for doped graphites with a titanium concentration of

7 wt% which implies that 7 wt% is an optimum.

2. Due to the simultaneous addition of Si and Ti to

graphites, the highest thermal-treatment temperature

necessary to get a high thermal conductivity can be

lower than that of only Ti-doped graphites. A high

thermal conductivity up to 350 W/mK was observed

for Si–Ti-doped graphites. Too much Si addition will

lead to the formation of cavities due to the Si deple-

tion at high heating temperatures. As a consequence

the mechanical and thermal properties show a ten-

dency of decrease.

3. In the case of tri-element B4C–Ti–Si doped graphites,

a high mechanical strength was achieved as expected

due to the doping of B4C. Nevertheless, the solution

of boron in the graphite lattice increases the phonon

scattering, and the thermal conductivity of such kind

of doped graphites is limited to 130 W/mK.

To obtain doped graphites with optimized properties

and microstructure, one should have a full consideration

of the effects of dopants and should take preparation

parameters into account as well.
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