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Abstract: Titanium-Zirconium-Molybdenum (TZM) alloy as the plasma facing material (PFM) will continues to be used in large 

quantities in the experimental advanced superconducting Tokamak (EAST) device. In this paper, the heat absorption ratio of TZM in 

rolled and forged state was tested by the e-beam device of Shenzhen University. The results show that the heat absorption ratio of 

TZM in both rolled and forged state is about 0.7, and it is not affected by the change of cooling effect and high temperature of the 

material. This work will be very helpful in judging the safety of TZM, which is important for long-term development of EAST. 
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Experimental advanced superconducting Tokamak (EAST) is 

a fully superconducting Tokamak with the experimental 

missions from 2006

[1]

. During the mid-campaign of 2016, 

EAST obtains H-mode plasma

 

more than 60 s

 [2]

. Furthermore, 

an achievement of 101.2 s plasma discharge with long-pulse 

H-mode was completed in 2017

[3]

. However, the heat flux 

rises on the surfaces of the in-vessel components along with 

the enhancement of the experimental parameters. Therefore, it 

is very important to study the heat absorption characteristics 

of plasma facing materials (PFM) for researching the surface 

temperature of materials. There are many options for EAST’s 

PFM, such as tungsten, TZM and graphite, which are currently 

being used

[4]

. In the current research, the graphite will be 

replaced by TZM or other materials in the latest in-vessel 

component upgrade activities as graphite has problems of 

brittleness and pollution. TZM is more advantageous than 

tungsten in the low heat load area due to its easy processing 

and lower price. The proportion of TZM in EAST plasma 

facing components (PFC) is higher than 50% at present (Fig.1). 

A lot of work about characteristics of tungsten in EAST has 

been done, which provides a great deal of help for the latest or 

further test

 [5]

. During the thermal analysis of the PFCs, the heat 

absorption ratio is an important parameter that directly affects 

the availability of the design structure. So it is very necessary 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Material distribution of EAST PFCs 

 

to study the characteristics of TZM. This paper mainly 

introduces the heat absorption ratio of TZM in rolled and forged 

state, which was tested by an e-beam device of Shenzhen 

University. The test results can provide an important reference 

for PFC material selection in EAST. All selection of internal 

parts material and test parameters for EAST will provide an 

important reference for future construction of CFETR

[6]

. 

1  Experiment 

1.1  Experimental principle 

Mo 

W 
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The heat absorption ratio refers to the ratio of the energy 

absorbed by the object to the total incident energy when heat 

ray is projected onto the object. The object that absorbs all 

flux is black body and its absorption ratio is 1. The actual 

object absorption ratio is less than 1

[7]

. 

It is well known that the fraction of the incident electron 

beam energy is reflected by PFM surface due to backscattered 

electrons. This fraction may reach values up to 50% for high Z 

materials such as tungsten

[8]

. Since the thermal load of the 

EAST PFCs is mainly derived from electron bombardment, 

this test simulates the actual EAST environment by high- 

speed electron beam scanning as the heating method

[9]

. 

In this test, the heat absorption ratio of TZM was calculated 

by theoretical calculation using the difference in inlet and 

outlet water temperature of the heat sink under TZM

[10]

. Fig.2 

shows the experimental schematic diagram, and 1~5 are the 

temperature measurement point (TMP) at different positions. 

In order to establish the worst thermal condition for EAST 

heat sinks, the cooling pipe was not placed asymmetrically 

with regard to the heated area. It would not affect the 

absorption ratio of the test results because the absorbed heat 

would be taken away by water at steady state, no matter where 

the water pipes were located.  

The exact size and location of the actual heating area can be 

determined and measured after the test (Fig.3), and the heat 

flux density can be calculated. 

It can be obtained from the formula according to the energy 

conservation law: 

L A R

=Q Q Q+                                   (1) 

where 

L

Q is the total loaded power, 

A

Q  is the total absorbed 

power, and 

R

Q is the total reflected power.  

( )

A L 1 2 3 4

/q Q Q UI Q Q Q Q= = + + +                (2) 

where

q

is the heart absorption ratio, 

U

is the voltage of 

e-beam, 

I

 is the electric current of e-beam, 

1

Q is the heat 

dissipation in the coolant, 

2

Q is the heat loss of heat radiation,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Experimental schematic diagram of heat sink 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Surface of TZM after heating test 

 

3

Q is the heat loss of heat conduction, and 

4

Q is the heat 

required to achieve steady state.  

Since the purpose is to obtain the value in steady state, Q

4

=0. 

This test used the G10 board as a heat insulation material to 

reduce the heat loss of heat conduction, so 

3

Q can be ignored 

because the thermal conductivity of G10 material is less than 

0.5 W/m·K.  

The test was carried out in a vacuum chamber with the 

vacuum level of 

3

1 10 Pa

−

× , according to the formula: 

4 4 4 4 4 4

2 2 1 1 21 1 2 22 1

( ) ( ) ( )Q AC T T AC T T A C T Tε ε ε= − < − + −   (3) 

where ε is TZM (R

a

=1.6) emissivity 

[11]

, and it can be 

determined as follows: 

0.08 ~ 0.13 (0~1000 C)

0.13 ~ 0.19 (1000~1500 C)

0.16 ~ 0.26 (1500~2000 C)





=







�

�

�

ε

 

Stefan-Boltzmann constant

8 2 4

5.67 10 W/m KC

−

= × ⋅

;

1

A and 

2

A is the area of the heated area and non-heated area, 

respectively; 

21

T is the maximum temperature of the heated 

area, T

21

=1000 °C;

22

T is the maximum temperature of the 

non-heated area, T

22

=450 °C; 

1

T  is the ambient temperature 

in the vacuum chamber, T

1

=50 °C. 

In order to simplify the calculation of radiation energy, only 

two temperatures of −1000 and 450 °C were used, providing 

an upper bound for the actual value, and the result would be 

much larger than the actual value. Even so, the calculated heat 

loss amounted to less than 1% of the loaded power. And it can 

be completely ignored without affecting the result. So, 

2

Q is 

ignored. 

In fact,  

( )

2 1

1

L

C vA T T

Q Cm T

q

Q UI UI

−

∆

≈ = =

ρ

                 (4) 

where, 

C

is the specific heat capacity of water, 

ρ

is the 

density of water, 

v

is the flow rate of water, A is the 

cross-sectional area of the cooling pipe in the heat sink, 

2

T  is 

the outlet temperature of the water, and 

1

T  is the inlet 

temperature of the water. 

1.2  Experimental platform 

The e-beam device from Shenzhen University was used for 

Point 2- cooling 

water outlet 
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the test. The TZM specimen was fixed in the same way as the 

EAST internal connection. TZM and heat sinks were bolted 

together with the graphite paper in the interlayer, ensuring a 

good contact, which is widely used in EAST device. The heat 

sink was fixedly connected to the bottom plate, and a heat 

shield made of G10 material was placed in the middle. A 

number of thermocouples were fixed on the bottom plate to 

measure the temperature of each TMP of the TZM. A 

temperature collector for testing the temperature inside the 

vacuum chamber was also installed. Finally, the bottom plate 

was fixed on the test platform, which can be moved by 2 

degrees of freedom to adjust the location of the heating area. 

1.3  Experimental procedure 

1) Get the temperature of heated and non-heated area of 

TZM and the inlet and outlet water temperatures through 

temperature collector (the K-type thermocouple is used in this 

test). 

2) Heat TZM specimen with electron beam, and record the 

temperature data when the temperature of each temperature 

collection point reaches steady state.  

3) Slightly increase or decrease the power of the electron 

beam in order to change the heating flux density of TZM. 

Record the temperature of each point again. 

4) Repeat above processes until the surface temperature of 

TZM reaches 1000 °C, for protecting the test equipment and 

considering the thermocouple capacity limitation. 

5) Change the speed of the water in the cooling water pipe 

(flow rate is set to 3, 3.5, 4 and 4.5 m/s) and repeat above 

procedure. Then, calculate the heat absorption ratio according 

to Eq.(4). 

This experiment involved two kinds of processes, one of 

which is recording the data at six steady-state points in the 

process of increasing the heat flux density (process�); the 

other is recording the data at the same steady-state points in 

the process of decreasing the heat flux density (process �). 

The purpose is to decide whether the material will have some 

change affecting the results due to high temperature, such as 

hysteresis effect. Fig.4 shows the incident heat flux density for 

each experiment, which can describe the process more clearly. 

2  Result and Discussion 

2.1  Effect of manufacturing process and cooling flow 

rate on the heat absorption ratio  

The heat absorption ratios of TZM in forged and rolled state 

at four different flow rates are shown in Fig.5, which are all 

obtained in the process of increasing the heat flux density. It 

can be seen that more than 90% of the heat absorption ratio is 

about 0.7, which varies between �0.03, and has no big 

fluctuation when the cooling water flow rate and heating flux 

density change. There is also no significant difference 

between the rolled and forged states. 

2.2  Effect of increasing and decreasing the heat flux 

density on the heat absorption ratio 

Fig.6 shows the reproducibility test data obtained during 

decreasing heat flux density process in each case. It can be 

seen that about 90% of the data is also about 0.7 and it varies 

between ±0.03. There is no significant difference between the 

results obtained with the increase of heat flux density. Thus, 

increase and decrease of the heat flux density have few effects 

on the heat absorption ratio of TZM.  

2.3  Data comparison of temperature collection points in 

repeated experiments  

In this experiment, multiple sets of data at different 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Incident heat flux density in the experiment 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Heat absorption ratio of TZM at different flow rates during 

increasing the heat flux density 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Heat absorption ratio of TZM at different flow rates during 

decreasing the heat flux density 
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Fig.7  Data of TMPs at different flow rates: (a) point 3, 3.0 m/s; (b) point 4, 3.5 m/s; (c) point 4, 4.0 m/s; (d) point 5, 4.5 m/s 

 

temperature collection points in the process of increasing and 

decreasing the heat flux density were also compared, as shown 

in Fig.7. The test data are very close at different heat flux 

densities and different flow rates, and the maximum error does 

not exceed 3%. So, the accuracy of this experimental result 

can be guaranteed. 

3  Conclusions 

1) The heat absorption ratio of TZM heated by e-beam is 

nearly about 0.7. 

2) There is also no significant difference in the heat 

absorption ratios of the TZM specimens between the rolled 

and forged states. 

3) The value of the heat absorption ratio does not change 

with the flow rate, so it can be concluded that the cooling 

condition has few effects on the heat absorption ratio value 

and can be neglected. 

4) High temperatures (≤1000 °C) may do not affect the heat 

absorption ratio of the TZM specimens. 
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