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Abstract

The high-temperature strength and creep properties are among the crucial criteria for the structural materials of

plasma facing components (PFC) of fusion reactors, as they will be subjected to severe thermal stresses. The fiber-

reinforced metal matrix composites are a potential heat sink material for the PFC application, since the combination of

different material properties can lead to versatile performances. In this article, the overall mechanical properties of two

model composites based on theoretical predictions are presented. The matrix materials considered were a precipitation

hardened CuCrZr alloy and reduced activation martensitic steel ‘Eurofer’. Continuous SiC fibers were used for the

reinforcement. The results demonstrate that yield stress, ultimate tensile strength, work hardening rate and creep re-

sistance could be extensively improved by the fiber reinforcement up to fiber content of 40 vol.%. The influence of the

residual stresses on the plastic behavior of the composites is also discussed.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Structural materials of plasma facing components

(PFCs) for future fusion reactors should withstand high

heat flux (HHF) loads and energetic neutron irradiation.

The ability to remove incident stationary heat fluxes of

10–20 MW/m2 is the prime objective for the divertor

component whereas reduced activation and mechanical

stability under irradiation and high operation tempera-

tures are the important concerns for the PFCs in general

[1,2]. It is obvious that the mechanical strength at ele-

vated temperatures is one of the crucial criteria for the

structural materials, as the PFCs will be subjected to

considerable thermal stresses.

As divertor heat sink material until now both the

dispersion strengthened (DS) and the precipitation

hardened (PH) Cu-alloys have been investigated to

suppress the loss of strength at elevated temperatures

[1,3–5]. According to the estimation in [6] based on the

RCC-MR code, the PH copper alloys could be used for

the PFCs up to 350 �C under the applied stress intensity
of 100 MPa (however, PH Cu is not code qualified yet).

On the other hand, the large coefficient of thermal ex-

pansion (CTE) of these alloys is detrimental to the

strength of a joint component consisting of two or three

materials bonded each other.

For the first wall and blanket structures of future

reactors, the so called reduced activation martensitic

steels (RAMS) have been intensively developed in the

last decade [2,7]. The service temperature of such steels

like Eurofer is normally limited to 550 �C. Recently,
there has been a research effort to develop the oxide

dispersion strengthened (ODS) RAMS to improve the

high-temperature strength [8]. It is expected that an in-

crease of the service temperature by more than 100 �C
can be achieved with the ODS RAMS compared to the

plain RAMS. The higher service temperature of the first

wall and blanket components will lead to an increased

energy efficiency of a fusion power plant.

Compared to these candidate materials the fiber-

reinforced metal matrix composites (FRMMCs) could
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become potential candidate materials for the PFC ap-

plication, since the combination of different properties

of fiber and matrix can lead to versatile performances of

these materials [9]. They can possess much higher ulti-

mate strength, work hardening rate and creep resistance

than the conventional PH or ODS alloys in a wide

temperature range. The global yielding is usually in-

creased by the fiber reinforcement. But the yield stress of

a FRMMC can be influenced by residual stresses. The

ultimate load carrying capacity of such composites will

depend either on the onset of unconstrained plastic flow

of the matrix or on the overall fiber fracture. The elastic

stiffness as well as the thermal expansion coefficient can

be tailored to some extent. This feature may be advan-

tageous for a bond joint PFC, which consists of the

plasma-facing material being bonded to the heat sink,

since the thermal mismatch stresses resulting from this

material joining can be reduced. Permanent dimensional

change by plastic ratcheting can be effectively sup-

pressed. In addition, the FRMMC can be introduced

locally into the highly loaded regions of the PFCs.

An example of the engineering applications of the

FRMMCs, although not introduced into the commer-

cial production yet, is an engine component of an air-

craft called blings, a compound of turbine blades and a

rotor ring, which will be exposed to a similar HHF en-

vironment [10].

In this article, the overall thermo-mechanical prop-

erties of two different model FRMMCs are presented.

The whole results given here are based on theoretical

investigation. For brevity, the details of the theoretical

background, with which the predictions of composite

behavior are made, will not be presented.

2. Materials and microstructure

As matrix materials, the two aforementioned metals

are used: a PH copper alloy, CuCrZr, and a RAMS,

Eurofer 97 (9CrWVTa). For the reinforcement, contin-

uous SiC fibers are used. The properties of these mate-

rials are listed in Table 1. Only the case of a

unidirectional fiber array is treated and perfect interface

is assumed. It is further assumed that firstly, the me-

chanical properties of the matrix materials do not

change through the composite processing and that sec-

ondly, there exists no residual stress. These premises

may not be valid in certain practical cases.

3. Thermo-elastic properties

In Fig. 1, the elastic moduli of the model FRMMCs

at room temperature (RT) are plotted for various fiber

volume fractions. The results were obtained using the

Mori–Tanaka mean field theory based on the Eshelby

theory (here called Eshelby method) [15,16]. According

to this theory, the elastic stiffness tensor of a FRMMC is

given by [14]

Ec ¼ fEm�1l � f fðEf � EmÞ½S � f ðS � IÞ� � Emg�1

	 ðEf � EmÞEm�1g�1;

where S denotes the Eshelby tensor, I is the fourth rank

identity tensor, f is the fiber volume fraction and Eð Þ

stands for the elastic stiffness matrix. The superscript c,

m and f means composite, matrix and fiber, respectively.

It is seen that the moduli in axial direction follow the

Voigt rule while the transverse moduli show a Reuss

type behavior. For comparison, the transverse modulus

of the CuCrZr FRMMC calculated by two other mi-

cromechanics methods (Hill’s method [17] and Hashin’s

method [18]) are plotted in Fig. 1, too. The Eshelby

method shows a good agreement with the other fully

analytical results.

In Fig. 2, the coefficients of thermal expansion

(CTEs) of the two FRMMCs are plotted. These CTE

Table 1

Properties of the matrix and the fiber materials at RT

[7,11,12,14]

CuCrZr Eurofer SiC

long fiber

Young’s modulus (GPa) 128 206 430

Poisson’s ratio 0.34 0.3 0.17

Coefficient of linear thermal

expansion (10�6 K�1)

15.7 10 5.7

Yield stress (MPa) 297 570

Work hardening rate (MPa) 1050 ffi2500a
Ultimate tensile strength

(MPa)

413 670 3800

aData of RAMS F82H from [13].

Fig. 1. Elastic moduli of the model FRMMCs at RT plotted

for various fiber contents. For the CuCrZr FRMMC, the result

obtained using the Mori–Tanaka mean field theory (labeled as

Eshelby) is compared with the predictions by two other mi-

cromechanics models (labeled as Hill and Hashin).
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values were obtained using the following formula de-

rived from the Mori–Tanaka mean field theory [14],

ac ¼ am � f fðEm � EfÞ½S � f ðS � IÞ� � Emg�1Efðaf � amÞ;

where a denotes the CTEs. The superscripts have the
same meaning as before.

The CTEs of the CuCrZr FRMMC obtained by the

Eshelby method are compared with those of the Scha-

pery model [19]. They show a good agreement in both

directions as well. The dependence of the CTEs in the

axial direction on the fiber volume fraction deviates

from the rule of mixture. It is clear that the SiC fiber

reinforcement will lead to a salient reduction of thermal

stresses in a joint PFC furnished with a copper heat sink,

since plasma facing materials usually have a much

smaller CTE than copper alloys.

4. Plastic properties

4.1. Global yield stress

The global yield stresses (in the following, yield

stresses) of the CuCrZr and the Eurofer FRMMC are

plotted in Figs. 3 and 4, respectively. The results are

presented for two different fiber volume fractions and

for a temperature range up to 700 �C. Most of the
practical cases will be covered by these parameter win-

dows.

The theoretical method to obtain the yield stresses

was the elasto-plastic Mori–Tanaka type mean field

theory based on the Eshelby theory suggested by

Withers et al. [20]. In this model, it is assumed that the

global yielding of a FRMMC is governed only by the

plastic flow in the matrix. In the framework of the mean

field scheme, the onset of global yielding of the

FRMMC is determined by investigating whether the

phase averaged total stress state in the matrix satisfies

the Tresca yield condition which would give rise to flow

if it were experienced by the matrix material free from

the reinforcement. It was demonstrated elsewhere that

this method allows one to determine the yield surface of

a copper FRMMC which was relatively in good agree-

ment with the finite element analysis [21].

The results of both FRMMCs indicate that the yield

stresses in the axial direction can be effectively increased

by the fiber reinforcement whereas the effect is much

weaker in the transverse direction. This is a natural

consequence of the load transfer and the constraint

of neighboring fibers both of which are maximized in

the axial direction. The axial yield stresses of both

FRMMCs are significantly increased by a fiber rein-

forcement of 40 volume percents (vol.%). The trend of

the temperature dependence remains unchanged either

by the fiber concentration or by the loading direction.

An important feature revealed by the comparison

with the measured results for the (O)DS alloys is that the

yield stress of the Eurofer can be as effectively improved

by the ODS technique as the fiber reinforcement whereas

the yield stress of the ODS copper is essentially lower

than that of the FRMMC with PH copper alloy matrix

Fig. 3. Global yield stresses of the CuCrZr FRMMC for two

different fiber volume fractions f (10 and 40 vol.%). For com-

parison, the experimental data of the ODS alloy as well as of

the matrix alloy are also given.

Fig. 4. Global yield stresses of the Eurofer FRMMC. For

comparison, the experimental data of Eurofer and ODS-

Eurofer are also given.

Fig. 2. Coefficients of thermal expansion of the two FRMMCs

at RT plotted for various fiber contents. For the CuCrZr

FRMMC, the result obtained using the Mori–Tanaka mean

field theory (labeled as Eshelby) is compared with the prediction

by the Schapery models.
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[8,11]. It is remarkable that the ODS Eurofer has yield

stress values which are comparable to those of the

FRMMC with 40 vol.%. In contrast to this, the ODS

copper has just similar yield stress values to the matrix

alloy CuCrZr, though a notable strengthening of copper

was achieved through the ODS technique.

4.2. Work hardening rate

One of the most dominant effects of the fiber rein-

forcement is the strong work hardening rate after initial

yielding. Fig. 5 shows the constitutive relations of the

CuCrZr FRMMC in the plastic region for two different

fiber volume fractions and loading directions. These

results were obtained using the incremental elasto-

plastic Mori–Tanaka type mean field theory based on

the Eshelby theory as formulated by Benveniste [22] and

Pettermann [23]. In this model, the von-Mises yield

condition and the Prandtl–Reuss flow rule was used. It

was shown that this method yielded stress–strain curves

of a copper FRMMC which are in excellent agreement

with the finite element analysis for the axial loading case

whereas the predictions for the transverse loading case

were somewhat overestimated [21].

The characteristic strong work hardening is also

found here especially in the axial direction and in the

range of higher fiber vol.%. This can be better appreci-

ated by comparing the composite curves with those of

the matrix alloy. The same trend will be obtained for the

Eurofer FRMMC, since the increase of the work hard-

ening rate through the fiber reinforcement is so large

that the inherent work hardening rate of the matrix alloy

can hardly impose an influence on it.

4.3. Ultimate tensile strength

It is natural to expect that the extreme high fracture

strength of ceramic fibers will contribute to a consider-

able increase of the ultimate tensile strength (UTS) of

FRMMCs. In order to utilize this advantage for the

design of structures, one should notice that the

strengthening effect depends strongly on the loading

direction as well as on the fiber volume fraction. In

addition, the bonding strength at the fiber–matrix in-

terfaces is another important parameter.

In Figs. 6 and 7, the UTS values of the two

FRMMCs in the axial as well as in the transverse di-

rection are plotted. As in the previous plots, they are

given for two different fiber volume fractions and for a

temperature range up to 700 �C. The theoretical models
used for the prediction were the modified rule of mixture

for the axial UTS [14,24] and the cylindrical hole model

by Clyne et al. for the transverse UTS [14]. It was re-

ported in several experimental studies that the modified

rule of mixture could describe the axial UTS of various

FRMMCs up to �40 vol.% fairly well [25,26]. In the
cylindrical hole model, the fibers are treated as if they

were a set of cylindrical holes. This is of course not a

realistic model, since the stress state in the matrix will be

affected by the presence of the stiff fibers even though

Fig. 5. Constitutive relations of the CuCrZr FRMMC in the

plastic regime for two different fiber volume fractions f and

loading directions.

Fig. 6. Ultimate tensile strength of the CuCrZr FRMMC in the

axial as well as in the transverse direction plotted for two dif-

ferent fiber volume fractions f.

Fig. 7. Ultimate tensile strength of the Eurofer FRMMC. For

comparison, the experimental data of Eurofer and ODS-Eu-

rofer are also given.
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they are completely debonded. It was shown experi-

mentally that this model can be a useful guide for a

FRMMC which has either a weak interfacial bonding or

fibers with low fracture strength [27]. Thus, the current

predictions of the transverse UTS should be interpreted

as giving the lower bounds of the UTS in a conservative

estimation. The upper bounds, which correspond to the

case of a perfect interface, will be the curves of the

matrix materials.

It is notable that the UTS of the FRMMCs can be

effectively improved by increasing the fiber content. The

DS copper has similar UTS values as the PH copper

CuCrZr while the UTS of the ODS Eurofer lies in the

similar level compared to that of the FRMMC with 10

fiber vol.%. To make more realistic predictions, a sta-

tistical treatment is required, since the fracture of the

fibers cannot be described in a deterministic manner.

4.4. Effect of thermal residual stress

There have been experimental evidences that the

macroscopic plastic behavior of a FRMMC can be in-

fluenced by thermal residual stresses [28]. The most

prominent effect may be the asymmetry of the yield

stress between tension and compression [20]. This effect

is found in the whole flow process showing a splitting of

the stress–strain curve and its magnitude depends un-

doubtedly on the magnitude of the thermal residual

stresses. This phenomenon was explained also by nu-

merical simulations [29,30].

Since the intensity of the thermal residual stresses is

determined by various process parameters as well as by

the in situ flow stress of the matrix, the evaluation de-

mands a careful approach. A few analytical models have

been proposed based on diverse theoretical consider-

ations [28,29].

In Fig. 8, the initial yield surfaces of the CuCrZr

FRMMC are illustrated on a bi-axial projection plane

of the stress space. The abscissa denotes the stress

component parallel to the fiber orientation while the

ordinate stands for the stress component being perpen-

dicular to it. This result was obtained using the modified

Pedersen’s Mori–Tanaka type mean field theory con-

sidering the plastic yield during cooling process [20].

Three yield surfaces of the FRMMC are plotted. The

contour line without marking indicates the yield surface

of the fiber-free matrix while the contour lines marked

with closed circles and open circles denote the yield

surfaces of the composite each with and without residual

stresses, respectively. To include the effect of the residual

stresses, it was assumed that the temperature drop dur-

ing the cooling process was 100 �C.
The diagram shows clearly that the yield surface is

shifted in the direction of the axial compression under

the presence of residual stresses. This can be understood

considering the fact that tensile stress develops in the

matrix during the cooling process, since the metallic

matrix undergoes much larger differential thermal con-

traction than the ceramic fibers. The present analysis

indicates that the fiber reinforcement may not neces-

sarily result in an improvement of the tensile yield stress

especially when the matrix alloy has a high CTE or the

processing temperature is high.

The effect of the residual stresses on the matrix yield

implies that they should also have an effect on the UTS

of a FRMMC. However, it will be by no means very

pronounced, since the large fracture strength of the fi-

bers will dominate against the change of the matrix

stress for materials with higher fiber content while the

effect the residual stresses will not be dominant for those

with lower fiber content.

5. Creep resistance

It is well known that most ceramic fibers possess a

much stronger creep resistance than alloys up to 800 �C
[12]. For axial loading, the long term creep rupture life

of a FRMMC will be determined actually by the creep

rupture of the fibers. In case of the transverse loading,

the creep rate of a FRMMC will not differ essentially

from that of the matrix materials.

In Fig. 9, the creep curves of the two FRMMCs are

plotted for two different fiber volume fractions. The

applied stress was 200 MPa. Two different temperatures

were applied to the composites: 600 �C for Eurofer
FRMMC and 400 �C for CuCrZr FRMMC. These
creep curves were calculated using the asymptotic fitting

model given by Clyne et al. [14]. This model assumes

that a steady state of creep is established under axial

Fig. 8. Initial yield surfaces of the CuCrZr FRMMC illustrated

on a bi-axial projection plane of the stress space. The abscissa

denotes the stress component parallel to the fiber orientation

while the ordinate stands for the component being perpendic-

ular to it. To include the effect of the residual stresses, it was

assumed that the temperature drop during the cooling process

was 100 �C.
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loading in which the continuous fibers bear all the load.

The composite creep rate will depend on the creep be-

havior of the fiber. In the temperature range where creep

of the fiber remains still minute, the creep strain of a

FRMMC will approach asymptotically the maximum

strain which is determined by the elastic modulus of the

fiber and the fiber volume fraction.

The results show that the creep deformation in the

axial direction is significantly suppressed by the fiber

reinforcement, so that for 40 fiber vol.% it can be ac-

tually neglected under the normal PFC operation con-

dition. Even for 10 fiber vol.%, the creep strain does not

exceed 0.4% after 50 000 h in both FRMMCs. It is ex-

pected that the saturated creep strain will change inverse

proportionally to the elastic modulus of the fiber while

being rather insensitive to temperature up to 800 �C. The
creep strains in the transient phase were calculated using

the data of creep rupture (i.e. the Larson–Miller master

curves) and maximum uniform elongation for the matrix

materials [7]. Hence the present curves would be a

conservative estimation, which, however, will not make

a notable difference.

6. Conclusions

Theoretical predictions on several key mechanical

behaviors of two selected FRMMCs, each with the

matrix of CuCrZr alloy and Eurofer steel, were per-

formed. Unidirectional reinforcement of continuous SiC

fibers was assumed. Since these matrix materials have

been considered as the structural materials for the PFCs,

attention was paid to the question how much the fiber-

reinforced composites can enhance the performance of

the matrix alloys at elevated temperatures.

The results suggested that these composites can be an

attractive candidate for the PFCs of future fusion de-

vices, especially in view of their extended high temper-

ature strength and creep resistance. It was demonstrated

that the overall mechanical properties of the matrix

metals such as the yield stress, the ultimate tensile

strength, the work hardening rate and the creep resis-

tance could be significantly improved through the rein-

forcement of long SiC fibers up to 40 vol.%.

In fact, this statement is valid only for the axial

properties since the reinforcement effect for the trans-

verse direction was weak. To fully exploit the merits of

the fiber reinforcement, it may be needed to apply

composites with reinforcement in the form of a lami-

nated multilayer. The comparison with the experimental

data of the ODS variants of the matrix materials showed

that the fiber composite of the PH copper had properties

superior to those of DS copper. For the case of the

Eurofer-matrix fiber composite, the ODS Eurofer had

comparable strength properties, but a much lower creep

resistance.

It was also demonstrated that the thermal residual

stresses have an influence on the plastic flow in the

matrix. This feature should be taken into account for

more accurate evaluation of the composite strength.

References

[1] G. Kalinin, W. Gauster, R. Matera, A.F. Tavassoli, A.

Rowcliffe, S. Fabritsiev, H. Kawamura, J. Nucl. Mater.

233–237 (1996) 9.

[2] K. Ehrlich, Fus. Eng. Des. 56&57 (2001) 71.

[3] K. Ioki, V. Barabash, A. Cardella, F. Elio, G. Kalinin, N.

Miki, M. Onozuka, T. Osaki, V. Rozov, G. Sannazzaro, Y.

Utin, M. Yamada, H. Yoshimura, Fus. Eng. Des. 58&59

(2001) 573.

[4] M. Merola, G. Vieider, M. Bet, I. Bobin Vastra, L.

Briottet, P. Chappuis, K. Cheyne, G. Dell’Orco, D.

Duglu�ee, R. Duwe, S. Erskine, F. Escourbiac, M. F�eebvre,
M. Grattarola, F. Moreschi, A. Orsini, R. Pamato, L.

Petrizzi, L. Pl€oochl, B. Riccardi, E. Rigal, M. R€oodig, J.F.

Salavy, B. Schedler, J. Schlosser, S. T€aahtinen, R. Vesprini,

E. Visca, C.H. Wu, Fus. Eng. Des. 56&57 (2001) 173.

[5] S.A. Fabritsiev, S.J. Zinkle, B.N. Singh, J. Nucl. Mater.

233–237 (1996) 127.

[6] A.F. Tavassoli, J. Nucl. Mater. 258–263 (1998) 85.

[7] R. Lindau, M. Schirra, Fus. Eng. Des. 58&59 (2001) 781.

[8] R. Lindau, A. Moeslang, M. Schirra, P. Schlossmacher, M.

Klimenkov, in: Proceedings of the 10th International

Conference on Fusion Reactor Materials, Baden-Baden,

Germany, October 14–19, 2001, Elsevier, J. Nucl. Mater.

(2002), in press.

[9] S. Suresh, A. Mortensen, A. Needleman (Eds.), Funda-

mentals of Metal Matrix Composites, Butterworth-Heine-

mann, Stoneham, 1993.

[10] C. Leyens, M. Peters, W.A. Kaysser, Adv. Eng. Mater. 2

(2000) 265.

[11] ITER Material properties handbook, ITER Document

No. S74RE1 (1997).

Fig. 9. Creep curves of the two FRMMCs plotted for two

different fiber volume fractions. The applied stress was 200

MPa. Two different temperatures were applied to the compos-

ites: 600 �C for Eurofer FRMMC and 400 �C for CuCrZr
FRMMC.

J.H. You, H. Bolt / Journal of Nuclear Materials 305 (2002) 14–20 19



[12] K.K. Chawla, Fibrous Materials, Cambridge University,

Cambridge, 1998.

[13] P. Sp€aatig, N. Baluc, M. Victoria, Mater. Sci. Eng. A

309&310 (2001) 425.

[14] T.W. Clyne, P.J. Withers, An Introduction to Metal Matrix

Composites, Cambridge University, Cambridge, 1993.

[15] J.D. Eshelby, Proc. Roy. Soc. A 241 (1957) 376.

[16] K. Tanaka, T. Mori, Acta Metall. 23 (1973) 571.

[17] R. Hill, J. Mech. Phys. Solids 12 (1964) 199.

[18] Z. Hashin, J. Amer. Inst. Aeronaut. Astronaut. (AIAA) 4

(1966) 1411.

[19] R.A. Schapery, J. Comp. Mater. 2 (1968) 380.

[20] P.J. Withers, W.M. Stobbs, O.B. Pedersen, Acta Metall. 37

(1989) 3061.

[21] J.H. You, O. Poznansky, H. Bolt, Mater. Sci. Eng. A, in

press.

[22] Y. Benveniste, Mech. Mater. 6 (1987) 147.

[23] H.E. Pettermann, A.F. Plankensteiner, H.J. B€oohm, F.G.
Rammerstorfer, Comput. Struct. 71 (1999) 197.

[24] A. Kelly, Strong Solids, Oxford University, Oxford, 1966.

[25] Y. Kawaga, B.H. Choi, in: K. Kawata (Ed.) Proceedings of

the Composites ’86: Recent advances in Japan and the

United States, Jap. Soc. Comp. Mater. (1986).

[26] H.J. Dudek, J. Kumpfert, Titan-Matrix Faserverbund-

werkstoffe f€uur Verdichter-Komponenten, DLR Statusbe-
richt Cluster Werkstoffe u. Strukturen, DLR, 1998.

[27] K.M. Prewo, K.R. Krieder, Metall. Trans. 3 (1972) 2201.

[28] P.J. Withers, D. Juul Jensen, H. Lilholt, W.M. Stobbs, in:

F.L. Matthews et al. (Ed.), Proceedings of the Interna-

tional Conference on Composite Mater. (ICCM) VI 2,

London, UK, Elsevier, Amsterdam, 1987.

[29] A. Levy, J.M. Papazian, Metall. Trans. 21A (1990) 411.

[30] D.B. Zahl, R.M. McMeeking, Acta Metall. Mater. 39

(1991) 1117.

20 J.H. You, H. Bolt / Journal of Nuclear Materials 305 (2002) 14–20


	Overall mechanical properties of fiber-reinforced metal matrix composites for fusion applications
	Introduction
	Materials and microstructure
	Thermo-elastic properties
	Plastic properties
	Global yield stress
	Work hardening rate
	Ultimate tensile strength
	Effect of thermal residual stress

	Creep resistance
	Conclusions
	References


