
1 
 

Cyclic plastic behavior of unidirectional SiC fibre-reinforced copper composites 
under uniaxial loads: An experimental and computational study  
 
Stefan Kimmig1 and Jeong-Ha You*  

Max-Planck-Institut für Plasmaphysik, Boltzmannstr.2, 85748 Garching, Germany  

 
*Corresponding author: Jeong-Ha You (you@ipp.mpg.de)  

phone: ++49 89 3299 1373  

fax: ++49 89 3299 1212  

 
1: currently at MTU Aero Engines, Munich  

Keywords  

Copper matrix composites; Fiber-reinforced composites; SiC fibers; Heat sink materials; 

Cyclic plasticity; Cyclic tests; Mean field homogenization.  

Abstract  
Silicon carbide continuous fiber-reinforced copper matrix composites (Cu/SiCf) offer huge 

potential as heat sink material for high-heat-flux applications at elevated temperatures (>300 

°C) owing to the beneficial combination of strong, stiff and refractory SiC fibers with a highly 

conductive and ductile copper matrix. As high-heat-flux components are normally subjected 

to large temperature fluctuations combined with thermal strain variations, degradation of the 

Cu/SiCf composites caused by fatigue damages under cyclic loads may affect the structural 

integrity of the component. In this study, the robustness of the Cu/SiCf composites under 

cyclic loads at different temperatures was evaluated by means of uniaxial cyclic loading tests. 

The stability of the cyclic deformation hysteresis curves was used as a measure of material’s 

durability. The experimentally observed global deformation behavior was interpreted with the 

help of a micromechanics-based theoretical model. It was shown that the Mori-Tanaka type 

mean field theory could describe the cyclic loading behavior of the composite quite well with 

a good fitting quality between the measured and simulated saturated cyclic curves. The effects 

of fiber content, applied strain range and test temperature are discussed.  



2 
 

1. Introduction  

High-heat-flux (HHF) components are those machine parts which are subjected to severe 

thermal loads in various advanced technology sectors, e.g., nuclear fusion reactors, rocket 

propulsion or power electronics. HHF components are often equipped with actively cooled 

heat sink to enhance the heat exhaust performance. Mechanical reliability (strength) and heat 

removal capability (conductivity) are the major requirements for heat sink materials.  

Conventionally, high-hardness copper alloys (e.g. precipitation hardened CuCrZr alloy, oxide 

particle-dispersed Cu) have been widely used as heat sink materials owing to their excellent 

conductivity and reasonably high strength and ductility [1-3]. But, copper-base materials can 

experience detrimental effects like softening and creep after long-term thermal exposure or by 

neutron irradiation at an elevated temperature (>300°C) [4, 5]. Such irreversible degradation 

occurs due to microstructural aging (e.g. Ostwald ripening of precipitates) or cascade damage 

(destruction of precipitates). In order to enhance the high-temperature strength, advanced heat 

sink materials with improved thermal stability and mechanical reinforcement are desired [6].  

Silicon carbide continuous fiber-reinforced copper matrix composites (Cu/SiCf) offer huge 

potential as heat sink material for HHF applications at elevated temperatures (>300°C) owing 

to the beneficial combination of strong, stiff and refractory SiC fibers with highly conductive 

and ductile copper matrix [7-9]. In a previous experimental work by the authors using Sigma 

SM 1140+ fibers, approximately a rule-of-mixture type trend of ultimate tensile strength and 

elastic stiffness was achieved for a wide range of fiber volume fractions (Vf) ranging from 10 

to 40 % at room temperature (RT) and at 300°C in full extent of strengthening effect as the 

theory predicts indicating the high fabrication quality of the composites (see Fig. 1) [9].  

 
Fig. 1. Tensile strength data of Cu/SiCf composite specimens reinforced with Sigma fibers 
measured at room temperature (black symbols) and 300°C (grey symbols) [9].  
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Moreover, Cu/SiCf composites delivered excellent creep resistance (in fiber axial direction) at 

high temperatures (~650°C) [10].  

HHF components are often subjected to a temporal variation of temperature gradients which 

may cause varying thermal stresses when thermal strains are fully or partly restrained. If the 

applied strain range is relatively large, the Cu/SiCf composites will exhibit a low cycle fatigue 

(LCF) behavior owing to the ductile copper matrix which would undergo plastic yield. In this 

circumstance, the mechanical performance and durability of the composites under variable (or 

cyclic) loads at service temperatures will be significantly affected by the LCF damage. The 

impact of LCF on the microstructural integrity of continuous fiber-reinforced metal matrix 

composites can be categorized into two mechanisms, namely, matrix cracking leading to fiber 

fracture and loss of fiber bridging [11] and interfacial debonding and decreasing friction [12]. 

In literature most of the previous experimental testing studies of LCF for continuous fiber-

reinforced metal matrix composites are focused on the fatigue crack growth behavior which 

was mostly investigated for continuous SiC fiber-reinforced titanium matrix composites [13, 

14]. The data showed that the fatigue crack growth rate was considerably reduced compared 

to the unreinforced alloys. Dedicated LCF test studies conducted for fiber-reinforced copper 

matrix composites seem to be very scarce. There is a series of LCF testing works performed 

for tungsten monofilament-reinforced copper composite samples where the essential features 

of the cyclic hardening and the role of back stress due to filament-dislocation interaction were 

elucidated [15]. To author’s knowledge, however, no previous work is found in the literature 

on the LCF performance or cyclic loading behavior of a Cu/SiCf type composite.  

In this paper, an experimental testing study on the cyclic loading behavior of unidirectional 

Cu/SiCf composite specimens in the LCF regime is reported. A number of strain-controlled 

cyclic test data are presented for several different fiber volume fractions, applied strain ranges 

and test temperatures. In addition, the testing data are compared with the predictions of the 

theoretical simulation for interpreting the observed evolution of the cyclic stress-strain curves. 

The predictive capability of the theoretical model and the simulation tool is also discussed. 

The aim of this work is to investigate the cyclic plastic deformation behavior of the Cu/SiCf 

composite (not to measure the LCF life) and to deliver original cyclic loading test data (e.g. 

saturated hysteresis curves) which can be utilized for calibrating the material parameters of 

the composites for cyclic plasticity modelling.  

2. Experiment  

2.1. Material fabrication  
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A commercial product of continuous SiC fiber (Sigma SM1140+, diameter: 105µm) with 

carbon coating (3µm thick) was used for reinforcement. In order to strengthen interfacial 

bonding, the fibers were coated with a 200nm-thick titanium film as reactive agent by means 

of magnetron sputtering and further coated with a 500nm thick copper film to protect the Ti 

film from oxidation. Next, Cu mantle was deposited onto the pre-coated fibers to form matrix 

by means of electroplating in a CuSO4 bath and the coated fibers were then heat-treated at 

550°C (in vacuum) to form a stable TiC interfacial bonding layer and to out-gas hydrogen. 

Subsequently, the coated fibers were put into a cylindrical copper capsule with unidirectional 

array and consolidated by means of hot isostatic pressing under 100MPa at 650°C. A confocal 

laser microscope image of the unidirectionally reinforced Cu/SiCf composite is shown in Fig. 

2 (on the transversal cross section). The composite material was produced for two different 

fiber volume fractions (Vf = 15 and 29% for each). Finally, the hot-isostatic-pressed capsules 

were machined to produce cylindrical test specimens with mean diameter of 3.5mm and the 

gauge length of 14mm (Fig. 3). It is noted that the practical implementation of a cyclic testing 

was not straightforward for Cu/SiCf composites due to the big difference in mechanical 

properties between the very soft matrix and the strong fibers. To ensure a uniform global 

straining of the gauge part without favored local deformation of the soft matrix, the dumbbell 

type specimen geometry was used to reduce the stress in the specimen grip zone. The 

clamping was realized by screws. The accuracy was not necessarily affected by shape, but 

probably by size. The length of the specimen was limited by the homogeneous heating 

volume of the inductive coil and the risk of buckling under compression.  

 
Fig. 2. A confocal laser microscope image of the unidirectionally reinforced Cu/SiCf 
composite in the as-fabricated state (fiber diameter: 105µm).  
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Fig. 3. Cu/SiCf composite specimen used for cyclic test (dimension in mm).  

2.2. Cyclic tests  

Extensive cyclic tests were performed using a servo-hydraulic testing machine installed at 

MTU Aero Engines AG in Munich. The load cell had a maximum load capacity of 25kN and 

was calibrated according to the ASTM E4 class 1 prescription. The machine was equipped 

with an inductive heating coil (maximum possible heating rate: 20 C/s). In this experiment the 

applied heating rate was 3 C/s. The testing configuration was aligned according to the ASTM 

E1012 prescription. The testing was conducted in a strain-controlled mode where the strain 

measurement process was calibrated according to the ASTM E83 class B1 prescription (gauge 

length: 12mm).  

Fig. 4 shows a composite specimen installed in the test rig with a strain gauge surrounded by 

the heating coil. A sawtooth-like triangular loading history consisting of tension, unloading 

and compression phases was repeatedly applied to the grip by the load cell at a constant strain 

rate of 0.001/s where viscous effect was assumed to be negligible. The tensile loading was 

limited up to a maximum elongation strain ranging between 0.25 - 0.55% while the reverse 

compressive loading was applied to null effective total strain. Compressive loads had to be 

applied to attain the original specimen length, since the copper matrix in the composite had 

already undergone plastic yield during tension. The fiber strains at the maximum elongation 

were far below the fracture strain of the SiC fiber (0.9%) so that the failure of embedded 

fibers in the composite specimens was very unlikely under the given test conditions. Test 

machine control parameters were adjusted according to the instruction of ASTM E 606 where 

the maximum error was kept below 1% of the applied strain range. The tests were conducted 

at RT and 300°C. The number of applied load cycles ranged from 100 to 1600 (300°C only). 

Testing at larger strain range was not pursued, since the specimen of the given geometry was 

still vulnerable to buckling under compression. Unfortunately, no statistical evaluation with 

multiple testing for each loading case was made due to a budgetary limitation.  
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Fig. 4. Tensile test specimen of the Cu/SiCf composite with unidirectional fiber reinforcement 
installed in a servo hydraulic test rig surrounded by an induction heating coil (gauge length: 
12mm, diameter: 3.5mm). The specimen was equipped with a contact strain gauge and a 
thermocouple (indicated by an arrow). 

3. Simulation  

For the mechanical simulation of composite deformation under cyclic loading tests, a semi-

analytical approach was applied which was based on the so called incremental Mori-Tanaka 

type mean field homogenization method, which is a nonlinear version of the originally elastic 

Mori-Tanaka theory so that plastic matrix can be modelled as well [16, 17]. This technique 

has already been applied for a dual scale finite element analysis of copper composite heat sink 

structures [18-20]. A detailed mathematical description of the model is given in Appendix. In 

this study, the simulation was conducted by means of a dedicated commercial code Digimat 

[21]. The code is capable of modelling the kinematic hardening of matrix under cyclic loads 

in addition to isotropic hardening.  

In this work, combined nonlinear isotropic-kinematic constitutive law was assumed where the 

Frederick-Armstrong kinematic hardening model was applied [22]. The constitutive equations 

of the respective hardening components are given as follows [23]:  

[ ]plb
0e e1Q eσσ ⋅−−⋅+=        (1) 
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e
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α  −−=
      (2)

 

where the meaning of the symbols is as follows.  

σe: equivalent stress, σo: the initial size of the yield surface, Q: the maximum change in the 

size of the yield surface, b: the rate at which the size of the yield surface changes as plastic 

straining progresses, epl: equivalent plastic strain, α: back-stress tensor, σ: stress tensor, C: 

the initial kinematic hardening modulus, γ: a constant determining the rate at which the 
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kinematic hardening modulus decreases with increasing plastic strains. The dot on the 

symbols denote rate. σo, Q, b, C and γ are temperature dependent material parameters to be 

calibrated. It was demonstrated in a previous study that the present constitutive model could 

capture the cyclic plasticity of copper and CuCrZr alloy very well for a wide temperature 

range [24].  

The parameter calibration was carried out by means of multi-variable numerical regression in 

such a way that the simulated cyclic stress-strain curves were fitted to the measured test data 

for the evolution during the first 50 cycles, the saturated state and the convergence within the 

first 70 cycles. In Table 1, the elastic material properties of the SiC fiber (Sigma SM) and the 

Cu matrix are given. Computational simulation was carried out for different fiber volume 

fractions or test temperatures and compared with the experimental test data to evaluate the 

predictive capability of the micromechanics-based theoretical model. It should be noted that 

just because the plastic parameters of the matrix material is calibrated does not necessarily 

mean the global cyclic deformation behavior of the composite can be well reproduced in all 

features by the micromechanics model. The overall predictive capability of the computational 

tool essentially relies on the theoretical soundness of the underlying micromechanics model 

and numerical stability of the algorithm where the plastic parameters of the matrix play only a 

limited role.  

Table 1. Elastic material properties of the SiC fiber (Sigma SM) and the Cu matrix  

 Young’s modulus Poisson ratio thermal expansion coefficient 
SiC fiber 360GPa 0.17 5.7×10-6 K-1 

Copper 110GPa (RT) 
90GPa (300°C) 0.34 16.6×10-6 K-1 (RT) 

17.5×10-6 K-1 (300°C) 

4. Results and discussion 

4.1. Experimental tests  
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(a) 

(b) 

Fig. 5. Measured cyclic stress-strain curves (a) and the evolution of peak stress values under 
tension and compression together with the portion of plastic strain amplitude (b) of the 
Cu/SiCf composite with Vf of 15% during the cyclic loading tests at RT (∆e = 0.25%).  

(a)  
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(b)  

Fig. 6. Measured cyclic stress-strain curves (a) and the evolution of peak stress values under 
tension and compression together with the portion of plastic strain amplitude (b) of the 
Cu/SiCf composite with Vf of 29% during the cyclic loading tests at RT (∆e = 0.25%).  

 
Fig. 7. Collated plots of the measured cyclic stress-strain curves (saturated curves only) of the 
Cu/SiCf composite during the cyclic loading tests at RT (∆e = 0.25%) for two different fiber 
volume fractions (Vf: 15% and 29%).  

Fig. 5 (Vf = 15%) and 6 (Vf = 29%) show the measured cyclic stress-strain curves (a) and the 

evolution of the tensile and compressive peak stresses (b), respectively, together with the 

change in plastic strain range during the cyclic loading at RT. In Fig. 7, the final saturated 

hysteresis curves of Fig. 5(a) and Fig. 6(a) are collated in a single graph for direct comparison 

between the two test cases Vf = 15% and 29 % at RT (∆e = 0.25%). As described in section 

2.2, all data plotted here were obtained for a specified total strain range respectively where 

loading and unloading was applied mostly in tensile regime. To highlight the change in cyclic 

deformation behavior, only the first five and the last five cycles are plotted for comparison.  

The cyclic curves in Fig. 5 exhibit a remarkable nonlinear hysteresis behavior already in the 

early stage of loading indicating incremental inelastic dissipation, although the applied strain 

range was quite small (0.25% in total strain) [25]. The form of the hysteresis curves changed 
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only slightly during 1600 load cycles. As the fibers are elastic and the applied load was well 

below the fracture stress of the coated fiber (ca. 2.6GPa), the hysteresis could be attributed to 

the internal residual stress field produced by the plastic straining of the copper matrix. The 

role of internal residual stress fields of a fiber-reinforced metal matrix composite on the cyclic 

plastic dissipation feature (observed as a hysteresis) was clearly demonstrated in a unit cell-

based computational study, where it was also shown that the presence of interfacial debonding 

even slightly reduced the area of hysteresis by relaxing the internal stress [26]. It was found in 

the fabrication study of the present Cu/SiCf composites that the fiber/matrix interface was 

mostly intact in the as-produced state exhibiting a good interfacial bonding quality [27]. The 

presence of any considerable initial flaws at interfaces was not observed in the microscopic 

inspection. After long-term thermal exposure (550°C, 400h), however, the Cu/SiCf composite 

specimens often showed damaged interface coatings (carbon layer) at several individual fibers 

where the affected interfaces were debonded or the fibers were cracked at much lower applied 

tensile stresses than the virgin ones [28].  

Noting that the hysteresis loop formed already from the first loading cycle, the potential 

impact of any interfacial defects is deemed little relevant in the present testing case.  

Indeed, the graph on the right shows that the plastic portion of the total strain range (0.25%) 

amounted ca. 0.04 - 0.05%. The cyclic curves stabilized within the first 200 load cycles where 

the plastic strain amplitude decreased asymptotically due to the strain hardening of the copper 

matrix. The magnitude of peak compressive stress increased slightly while the peak tensile 

stress remained nearly unaltered. No sign of fatigue deterioration was found.  

The cyclic curves of the Cu/SiCf composite with the higher Vf (29%) exhibited higher peak 

tensile stress (ca. 300MPa) and a narrower width of the hysteresis which indicates a higher 

effective stiffness and reduced plastic dissipation. This response is consistent with the basic 

knowledge of composite micromechanics. The peak compressive stress was found to be 

nearly the same as in the case of Vf = 15%. The peak stresses in tension and compression 

entered into saturation already within 100 load cycles being much earlier than in the case of 

Vf = 15%. The very first tensile loading curves both in Fig. 5 and 6 deviated from the rest of 

the cyclic curves which formed loops. This feature seems to be a consequence of initial 

residual stress produced by the mismatch in the coefficient thermal expansion (CTE) between 

the matrix and the fibers in the fabrication process. It is well known that the yield surface of a 

Cu/SiCf composite is considerably affected in the presence of initial residual stress fields 

[29].  
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(a) 

(b) 
Fig. 8. Measured cyclic stress-strain curves (a) and the evolution of peak stress values under 
tension and compression together with the portion of plastic strain amplitude (b) of the 
Cu/SiCf composite with Vf of 15% during the cyclic loading tests at 300°C (∆e = 0.25%).  

 
Fig. 9. Collated plots of the measured cyclic stress-strain curves (saturated curves only) of the 
Cu/SiCf composite (Vf: 15%) during the cyclic loading tests (∆e = 0.25%) for two different 
testing temperatures (RT and 300°C)  

Fig. 8 (Vf = 15%) shows the same kind of cyclic test data as in Fig. 5, but obtained at 300°C. 

In Fig. 9 the final saturated hysteresis curves of Fig. 5(a) and Fig. 8(a) are collated in a single 
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graph for comparison between the test cases at RT and 300°C (Vf: 15 %, ∆e = 0.25%). The 

cyclic curves at 300°C exhibit a premature saturation already from the first load cycle and 

remained fully stabilized during the following 250 load cycles. Moreover, the cyclic curves 

were shifted to the tensile direction and remained almost fully in the tensile stress regime. 

Consequently, a higher peak tensile stress (increase by approx. 50MPa) was attained while the 

null apparent elongation (zero total strain) was almost reached even by mere unloading 

(compressive stress of 20MPa). This situation roughly corresponds to a tensile loading-

unloading test case. The magnitude of stress amplitude was slightly reduced. The immediate 

saturation of the cyclic curves together with the purely loading-unloading behavior indicates 

that the effect of initial residual stress field almost disappeared at 300°C. This indicates that 

the ‘effective’ stress-free temperature of the Cu/SiCf composite may not have been higher 

than 300°C. The form and size of the hysteresis loops remained unchanged showing no cyclic 

strain hardening. This reveals the low yield stress and negligible contribution from the 

kinematic hardening of the matrix due to thermal softening. Nevertheless, the loading curves 

showed a relatively high work hardening rate owing to the efficient load transfer mechanism 

between the high-stiffness elastic fibers and the plastically deforming soft matrix [26].  

An interesting behavior was the translational shift of the cyclic curves towards higher tensile 

stress regime in the uniaxial stress space departing from the compressive stress regime. It may 

be inferred that upon elastic unloading the effect of plastically induced internal residual stress 

field being partitioned between the fibers (tensile) and the matrix (compressive) might have 

been significantly relaxed by the reduced flow stress of the thermally softened matrix leading 

to a reduction of the apparent effective yield stress of the composite upon reversed loading. 

The thermally induced residual stresses produced by CTE mismatch are thought to have little 

effect on this shift, because such effect would readily vanish once the matrix had undergone 

overall plastic yield after first load cycles losing the memory of previous stress state. The 

global plastic hardening modulus was only slightly affected by the reduced flow stress of the 

matrix indicating that the plastic behavior was overwhelmed by the internal stress partition.  
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(a)  

(b) 
Fig. 10. Measured cyclic stress-strain curves (a) and the evolution of peak stress values under 
tension and compression together with the portion of plastic strain amplitude (b) of the 
Cu/SiCf composite with Vf of 15% during the cyclic loading tests at RT (∆e = 0.35%).  

(a)  
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(b) 

Fig. 11. Measured cyclic stress-strain curves (a) and the evolution of peak stress values under 
tension and compression together with the portion of plastic strain amplitude (b) of the 
Cu/SiCf composite with Vf of 15% during the cyclic loading tests at RT (∆e = 0.45%).  

(a) 

(b) 
Fig. 12. Measured cyclic stress-strain curves (a) and the evolution of peak stress values under 
tension and compression together with the portion of plastic strain amplitude (b) of the 
Cu/SiCf composite with Vf of 15% during the cyclic loading tests at RT (∆e = 0.55%).  
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Fig. 13. Collated plots of the measured cyclic stress-strain curves (saturated curves only) of 
the Cu/SiCf composite (Vf: 15%) during the cyclic loading tests at RT for different strain 
ranges.  

Figs. 10-12 show the cyclic curves of the Cu/SiCf composite with Vf = 15% tested at RT for 

three different applied strain ranges, namely, 0.35, 0.45 and 0.55%, respectively. In Fig. 13, 

the last saturated cyclic stress-strain curves of Figs. 5(a) and 10-12(a) are collated together in 

a single plot for comparing the effect of applied strain range at RT. The cyclic curves and the 

evolution of the peak stresses exhibit a qualitatively analogous saturation behavior as in Fig. 5 

(∆e = 0.25%) whereas the width of the hysteresis loops and the peak stress values increased 

slightly with increasing strain range. A minor difference to the test case in Fig. 5 is that the 

peak tensile as well as peak compressive stresses increased slightly during the cyclic loading 

exhibiting a symmetric cyclic hardening in tension and compression. All the Cu/SiCf 

composite specimens showed no sign of fatigue degradation up to at least 200 load cycles at 

the maximum strain range of 0.55% (950 cycles at ∆e = 0.35%). in spite of the considerable 

amount of cyclic plastic dissipation (the area enclosed by the hysteresis loop).  

The full history of cyclic peak stresses (maximum and minimum) exhibits an early saturation 

(Figs. 5(b), 6(b), 8(b), 10(b), 11(b), 12(b)) indicating a stable cyclic loading performance of 

the composite up to 1600 loading cycles without macroscopically discernable sign of 

progressive fatigue degradation for the given strain range and temperatures.  

Another interesting feature is that the peak stresses in compression are the same at RT for 

different volume fractions (Fig. 7) and different strain ranges (Fig. 13) up to ∆e = 0.45%. This 

indicates that fibres do not cooperate under compressive stress (or the contribution is 

negligible). In the case ∆e = 0.55%, the compressive peak stress was slightly increased but the 

trend is roughly similar as that of the other loading cases. The cause of this slight increase is 
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unclear, probably might be due to stronger influence of neighboring fibers on the plastically 

induced residual stress field building in the matrix. 

4.2. Simulation  

Table 2. Plastic material parameters calibrated for the Cu/SiCf composite  

 σo (MPa) Q (MPa) b C (MPa) γ 
Vf=15 %, RT 44 40 150 100000 2500 
Vf=29 %, RT 44 50 200 100000 1950 
Vf=15 %, 300°C 35 10 0.1 66000 0.1 
 

In Table 2, the plastic material parameters calibrated for the Cu/SiCf composite are listed for 

three different test cases. 

 
Fig. 14. Measured and theoretically simulated cyclic stress-strain behavior (1-70th cycles) of 
the unidirectional Cu/SiCf composite under cyclic loads at 300 °C (Vf: 15%, ∆e = 0.25%).  

In Fig. 14, the theoretically simulated cyclic stress-strain behavior of the Cu/SiCf composite 

at 300°C (Vf: 15%, ∆e: 0.25%, 1-70th cycles) are plotted and compared with the measured 

data (hysteresis loops for the 1-5th cycles and 245-250th cycles). It is found that the simulation 

underestimates the plastic effect as reflected by the narrower width of the hysteresis loop. On 

the other hand, the simulation accurately reproduced the effective elastic stiffness, the average 

plastic hardening modulus and the peak stresses. The simulated hysteresis loop looks like a 

polygon (parallelepiped) rather than a smooth curvilinear loop as the measured ones. This 

feature may be attributed to the mean-field homogenization on which the simulation is based. 

Here, the plastic yield criterion is assessed only considering field-averaged stress states in the 

matrix. In the framework of the mean-field homogenization, the onset of actual partial plastic 

yield in the region of local stress concentrations in the matrix (most likely near the fibers) is 
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suppressed due to rounded-off stress singularity. This artefact tends to produce a linearized 

stress-strain response even in a plastic deformation regime [27].  

 
Fig. 15. Theoretically simulated cyclic stress-strain behavior of the reinforcing fiber and the 
matrix compared with those of the macroscopic Cu/SiCf composite (Vf: 15%) under cyclic 
loads at 300°C.  

In Fig. 15, the theoretically simulated cyclic stress-strain behavior of the reinforcing fiber and 

the matrix are plotted and compared with those of the macroscopic Cu/SiCf composite (Vf: 

15%) under cyclic loads at 300°C. The considered test condition is the same as in Fig. 14. The 

huge difference in the stress levels between the fiber and the matrix manifests the obvious 

effect of load partitioning between the constituents through the effective load transfer. In the 

present case, the stress partitioning was enhanced particularly by the high elastic modulus of 

the fiber and the low yield stress of the matrix. The resolved fiber stress reached ca. 900MPa 

at the total strain of 0.25%, and will reach 1800 MPa at 0.5%. Thus, the applied strain ranges 

in this study (up to 0.55%) could be regarded a safe loading regime excluding the risk of fiber 

fracture.  

(a) 
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(b) 

Fig. 16. Measured and simulated cyclic stress-strain curves (a) and the evolution of peak 
stress values under tension and compression together with the portion of plastic strain 
amplitude (b) of the Cu/SiCf composite with Vf of 15% during the cyclic loading tests at RT 
(∆e = 0.25%).  

(a)  

(b) 

Fig. 17. Measured and simulated cyclic stress-strain curves (a) and the evolution of peak 
stress values under tension and compression together with the portion of plastic strain 
amplitude (b) of the Cu/SiCf composite with Vf of 29% during the cyclic loading tests at RT 
(∆e = 0.25%).  
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In Fig. 16, the simulated cyclic stress-strain curves (left) of the Cu/SiCf composite (Vf: 15%) 

at RT and the predicted peak stresses and plastic strain amplitude (right) are compared with 

the measured data, respectively. A similar comparison is given in Fig. 17 for the case of Vf = 

29%. It is seen that the mean-field theory could reproduce the cyclic loading behavior quite 

well capturing the initial deformation feature as well as the transition to the stabilized state 

showing a good agreement in peak stress values with the measured ones for the whole period 

of cyclic loading. But, in the theoretical prediction, the plastic strain amplitude was notably 

underestimated due to the underestimated plastic dissipation (i.e. smaller hysteresis area) at 

both RT and 300°C (see Fig. 14). This limited modelling capability is thought to be a direct 

consequence of the mean-field approximation as mentioned above. Apart from this limitation, 

the modelling capability of the applied theoretical tool seems to be reasonable.  

5. Summary and conclusions  

In this study, the cyclic loading behavior and fatigue performance of unidirectional Cu/SiCf 

composites were systematically investigated by means of extensive experimental cyclic tests 

and micromechanics-based theoretical simulations for two different fiber volume fractions 

(15% and 29%) each at RT and 300°C, respectively. The cyclic loads were applied in a strain-

controlled mode where the total strain range was incrementally varied between 0.25% and 

0.55%. For the tests, the composite material was fabricated and the specimens were produced 

in a laboratory scale. For the simulation, a dedicated commercial code was used which was 

based on the Mori-Tanaka type mean-field homogenization model with plastic formulation. 

The tensile test data showed a high level of reproducibility indicating high quality of material 

manufacture, specimen machining and testing process.  

The major findings are summarized below:  

1. The Cu/SiCf composites underwent considerable plastic dissipation during individual 

load cycles even at the strain range of 0.25% as revealed in form of a hysteresis loop 

of saturated cyclic stress-strain curves.  

2. The amount of incremental plastic work per each load cycle decreased at higher fiber 

volume fraction.  

3. The measured cyclic curves exhibited rapid stabilization mostly within the first 50 - 

100 load cycles.  

4. At the elevated test temperature (300°C), the entire hysteresis loop was shifted to 

tensile stress regime escaping from the compressive stress, even though plastic yield 

took place. The effect of initial residual stress disappeared as well. It was inferred that 
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the relaxation of the plastically induced internal stresses due to the thermal softening 

of the matrix was the major cause of this.  

5. The composites withstood at least up to 1600 loading cycles at RT and 250 cycles at 

300°C without any signs of fatigue deterioration.  

6. The theoretical simulation based on the mean-field homogenization well reproduced 

the stabilized cyclic stress-strain curves demonstrating the modelling capability for the 

composites even with a kinematic hardening feature under reversed loading.  

7. The nonlinear mean-field theory combined with kinematic hardening model tended to 

underestimate the incremental plastic dissipation per load cycle.  

8. Distinct stress partition due to load transfer was confirmed by the simulation.  

9. The effect of test temperature and fiber content could be well captured by the applied 

theoretical model.  

10. As only one test was made per each testing condition, the results are not complete and 

additional testing is required in order to confirm the findings presented here with a 

better statistics. In addition, the number of loading cycles needs to be increased up to 

ultimate fatigue rupture to investigate the fatigue damage evolution in the late stage of 

the fatigue life. Finally, the effect of applied strain range needs to be elucidated on the 

basis of more extensive experimental data.  
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Appendix. Mori-Tanaka type mean field constitutive model.  

A1. Elastic formulation [11] 

In this chapter, some fundamental relationships for the linear elastic case are shortly 

summarized. For elastic composite materials, the global (macroscopic) constitutive relation is 

written as:  

εσ E= , or  σε C=          (A1) 

where E  and C  are the global elastic stiffness and compliance matrices, respectively.  

denotes the global volume averaged field quantities.  
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Similarly, the elastic constitutive relations for each phase p  in micro-scale are written as: 

( ) ( ) ( )p
tot

pp
tot E εσ = , or ( ) ( ) ( )p

tot
pp

tot C σε =        (A2-

a, b) 

where ( )p
tot  denotes the phase averaged total stress and strain state in the phase p . The 

superscript p  can be either matrix m  or fiber i , respectively.  

A2. Incremental plastic formulation [12] 

In the following, the incremental formulations of the Mori-Tanaka scheme and the 

corresponding algorithm to estimate the instantaneous state quantities for the elasto-plastic 

case are reviewed. The term ‘rate’ (denoted by d ) is used for time derivatives whereas the 

term ‘increment’ (denoted by ∆ ) is employed for a sufficiently small finite increment in the 

framework of numerical integration algorithm.  

The total averaged strain rates in micro-structural phase p  can be related by far-field global 

averaged strain rate and instantaneous mean field strain concentration tensors:  
( ) ( )

mech
p

t
p

tot dAd ee =          (A3) 

where the subscript t  denotes instantaneous state and subscript mech  mechanical 

contribution. ( )p
tA  is the instantaneous mean field strain concentration tensor.  

The global instantaneous tangent stiffness tE  can be written as:  

( ) ( ) ( ) ( )( ) ( )m
t

im
t

i
t AEEfEE −−+= 1         (A4) 

where f  is the volume fraction of fibers.  

According to the Benveniste’s formulation of the Mori-Tanaka mean field theory, the 

instantaneous mean field concentration tensors are written as,  

( ) ( ) ( ) ( ) ( )( )[ ] 11
1

−−





 −++−= m

t
im

tt
m

t EECSIfIfA       (A5) 

in which the original elastic formulation is re-expressed in the instantaneous terms for each 

global strain increment. I  denotes the fourth rank identity tensor and tS  represents the 

instantaneous Eshelby tensor which should be determined by numerical integration. Similar 

expressions exist for the instantaneous concentration tensors for the fiber.  
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