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ABSTRACT 
Creep behaviour of four magnesium alloy Mg-4Al-1Ca based composites reinforced with short alumina 
or carbon fibres was investigated at temperatures of 423, 473, 523 and 623 K. The threshold behaviour 
was observed in all composites as well as in the matrix alloy AX41. Both types of fibres strongly increase 
creep resistance of the composites. Greater strengthening effect was observed in composites with alumina 
fibres. In contradiction to usually observed power-law description, applied stress dependences of the 
minimum creep rate ε&  of all investigated materials were well described by Garofalo’s relationship 
modified for threshold concept. Threshold stresses and their temperature dependences were evaluated 
from these dependences and discussed in detail from the point of contemporary knowledge of 
mechanisms governing the creep behaviour of metal matrix composites.   
 
1. INTRODUCTION 
Physically based models of elevated temperature creep behaviour of metal matrix 
composites (MMC in what follows) reinforced by short and hard fibres are mostly based 
on an assumption of existence of a threshold stress, e.g. [1]. The idea of a 
phenomenological description of creep behaviour of two- or multi-phase alloys by 
means of a certain formal stress opposing to the applied stress appeared four decades 
ago. Analyzing applied stress dependences of the minimum creep rate minε&  for 
dispersion strengthened alloys, Lagneborg in 1968 suggested their description by a 
relationship [2]     

( )40min σσε −∝& ,    (1) 

where the stress σ0 opposes to the applied stress σ  and has a meaning of a friction 
stress. Practically, the creep straining can be considered stopped or negligible under 
stresses lower than this stress σ0. In later years, power - expressions have been used for 
description of the creep rate of a number of multiphase metallic materials in more 
general form rather exclusively, i.e.,  

( )n0min σσε −∝&      (2)         

with natural number exponent. However, a more general function f 
( )0min σ−σ=ε f&      (2a)  

fulfilling the condition f = 0 at σ = σ0 can also describe the threshold creep behaviour. 
Then, a modern term of the threshold stress σth is used for the stress σ0 and the 
possibility of describing the rate minε&  by similar types of equations is called threshold 
creep behaviour. Strictly, creep does not occur under threshold stress by the 
mechanisms that are dominant in the experimental range of the applied stresses in which 
the above equations are valid. Activities of other slow mechanisms should be assumed, 
which can dominate under stresses lower than the stress σth. As a rule, some diffusion 



type of creep can be considered to prevail. An original reason of the threshold concept 
application consisted in the fact, that it mostly should solve or explain relatively high 
experimental values of the stress sensitivity parameter nc, 
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observed frequently in two- or multiphase metallic materials under lower stresses at a 
given temperature.  
The threshold stress behaviour of MMC’s was analyzed in detail and interpreted by Li 
and Langdon [1, 3]. These authors suggested also a unified interpretation of threshold 
behaviour in the cases when the applied stress dependences can be well described by 
modified general creep equation, i.e.  
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where D is the diffusion coefficient, G  shear modulus, b Burgers vector length and k 
the Boltzmann constant. Assuming the validity of this relationship, the dependence of 

n1
minε&  on σ/G should be linear at a suitable exponent n and the threshold stress can be 

derived from the absolute term of this linear dependence.    
In contrast to assumptions accepted by Li and Langdon, other authors [4-6] 
investigating MMCs with Al- and Mg alloy matrices reinforced by short hard fibres did 
not observe an arguable threshold behaviour; power dependences, Eq. (2), with rather 
constant and very high values of n were indicated in wide experimental interval of 
applied stresses at a given temperature. Therefore, procedure based on the analysis of 
dependence n1

minε&  on σ/G did not yield acceptable results.  

In the present contribution, several MMC’s with magnesium alloy AX41 matrix with 
various short fibre reinforcements are tested in creep with the aim to explain 
possibilities of an application of threshold stress concept. 

 
2. EXPERIMENTAL 
2. 1. Composites 
A magnesium alloy AX41 (nominal composition Mg-4 wt.% Al-1 wt.% Ca) was used 
as the matrix of all experimental composites. The Mg-Al-Ca alloys are developed as a 
cheaper alternative of the alloys containing rare earth metals for applications at elevated 
temperatures. Mechanical properties of these alloys, namely their creep resistance, are 
improved by relatively stable precipitates of Mg17Al12 as well as Mg2Ca.  
All experimental composites were prepared by a squeeze casting procedure. The 
procedure consists in high pressure laminar filling of the die with preheated fibre 
preform by chosen alloy and slow cooling and solidification of the matrix. The 
composites were cast in the Zentrum für Funktionswerkstoffe, Clausthal-Zellerfeld, 
Germany. The cast blocks had mostly parallelepiped shape with dimensions 
approximately 50 × 90 × 90 millimetres. Fibre preforms had shapes of rectangular 
parallelepiped 25 × 25 × 70 mm and were situated at the centre of the bottom of the 
blocks. Fibre preform consisted of planar randomly distributed short fibres – Fig. 1. 
Two types of fibres were chosen – (i) Al2O3 (Saffil®) and (ii) carbon (Sigrafil®). Three 



composites with various volume fractions of the Saffil fibres distribution and one 
composite with Sigrafil fibres were investigated.         
 

 
Figure 1: Scheme of preparation of samples from experimental composites.  
 
The original distribution of fibres, i.e. random planar, is saved also in the composite 
volume. Fibres axes lie preferentially in planes parallel to a basic plane XY of the 
preform. In perpendicular planes, i.e. coplanar to XZ and YZ planes, cross sections of 
the fibres can be frequently seen. From the ingots, samples for creep tests were cut by a 
manner apparent from the figure. Alternatively, cylindrical samples were also machined 
with axes parallel to axes of illustrated parallelepiped.  
Parallelepiped samples had dimensions 6 × 6 × 12 mm and cylindrical samples were of 
6 mm diameter and height 12 mm. In order to eliminate substantially a scatter of data 
due to inhomogeneity of fibre distribution existing in the volume of prepared 
composites, samples were selected using densitometry or by light metallography 
control; the latter was applied namely in composite with Sigrafil preform as densities of 
the alloy AX41 and C-fibres are very close. 
Marking of experimental composites and characteristics of fibre distribution is apparent 
from Table I. An example of the structure of existing in the composites is illustrated in 
Fig. 2. 
 
Table I. Experimental composites and characteristics of their fibre distribution  
 

composite type of fibres volume fraction 
of fibres 

average length 
[μm] 

average diameter 
[μm] 

AA15 Saffil 
(Al2O3) 

15.2 50 - 100 3 -5  

AA20 Saffil 19.5 50 - 100 3 – 5 
AA24 Saffil 24 30 - 70 3 -4 

AC Sigrafil 
(carbon) 17 100 7 
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Figure 2: Examples of structure of the composite with Saffil (above) and Sigrafil fibres 
(below). Light microscopy, scale 100 μm. 



2.2. Creep test technique 
Compressive creep tests under constant load were performed using IPM creep machine 
see e. g. [7]. Compressive tests were preferred in the present investigation as tensile 
tests are rather unsuitable due to premature fractures caused by some artefacts in 
composite structure. In similar cases, the minimum creep rate is rather a result of 
starting fracture processes and not creep strain processes.   
The axis of acting stress was parallel to the preferential distribution plane (Fig. 1).   
Identical temperature regime was kept before the test loading. Tests were performed in a 
protective argon atmosphere. Creep curves were continuously recorded by PC. Creep 
curves exhibited usual three stages. After a relatively short primary stage, minimum 
creep was observed in a narrow strain interval. Long tertiary stage of the curve was 
finished mostly by destroying the sample into several parts. At very high stresses and 
lower temperatures, an instantaneous strain up to 0.03 appeared immediately after the 
loading. As a rule, the total creep strain did not exceed 15 percent in any creep test.  
  
3. RESULTS 
Creep behaviour of the matrix alloy AX41 was investigated and described in detail 
elsewhere [8]. It was shown that applied stress dependences of the minimum creep rate 

minε& could not be described by usual power-law relationships in the very wide 
temperature interval from 343 to 673 K. As the most suitable description, the Garofalo’s 
sinh relationship was shown: 

[ ]( ) nBA σε sinhmin =&         (5) 
with the natural exponent n = 5 or its modified version  

[ ]( )5thmin (sinh σσε −= BA&            (6) 

which reflected the threshold shape of the dependence that appeared markedly in this 
alloy predominantly at higher temperatures. Temperature dependence of the parameter 
A included the temperature dependence of the lattice diffusion coefficient, i.e. 
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where Q is the activation energy, R the gas constant and ΔHLD the activation enthalpy of 
lattice diffusion; the experimental value of Q was very close to ΔHLD for pure 
magnesium. 
Applied stress dependences of the minimum creep rate minε&  for experimental 
temperatures 423, 473, 523 and 623 K are presented in Fig. 3a-d. At first sight the 
enhanced influence of the Saffil volume on the rate minε&  is apparent. Distributed fibres 
strongly improve creep resistance of the composites. For example at 473 K (see Fig. 
3b): reinforcement with 15 vol. % Safill causes more than five order of magnitude 
decrease of rate minε& in comparison with matrix alloy without reinforcement. Further, 
the increase of volume fraction from 15 to 25 percent appeared in almost three order of 
magnitude decrease of the rate minε& . The reinforcement with Sigrafil fibres is not so 
effective as that with Saffil fibres. The decrease of the rate minε& caused by Sigrafil 
fibres is approximately only three and one half orders of magnitude. 
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Figure 3: Applied stress dependences of the creep rate minε&  
 
Detailed statistical analysis has shown that there has been no rightful possibility to 
describe these dependences by power law relationship, Eq. (4). On the other hand, these 
dependences could be very well described by modified Garofalo’s equation (6) with the 
exponent n = 5 – similarly as for the matrix alloy AX41 [8]. The suitability of such 
descriptions is documented by curves drawn in all plots – Fig. 3. Parameters of the 
drawn curves were obtained by fitting of data by the Eq. (4) using criterion of the last 
square method of relative deviations.    
Optimum values of the threshold stresses were obtained from the fitting of the 
dependences. Dependence of these stresses on reciprocal absolute temperature is plotted 
in Fig. 4. It is apparent that the threshold stress σth increases with decreasing 
temperature. For example, the stress σth increases from 50 to 150 MPa, i.e. 
approximately 3 times, when temperature decreases from 623 to 423 K, respectively, in 
the composite AA24.  Naturally, the threshold stresses grow with the growing volume 
fraction of reinforcing fibres. Similarly as the rate minε& , the threshold stress σth due to 



Sigrafil fibres is substantially lower than that due to presence of comparable volume 
fraction of Saffil fibres, cf. values for composites AA15 and AC. 

 
 
Figure 4: Dependence of the threshold stresses on the reciprocal absolute temperature 
 
4. DISCUSSION 
According to previous investigation [8], creep of the matrix alloy AX41 can be well 
described by Eq. (5). Such possibility is usually explained as a power-law breakdown, 
connected with a change of creep mechanism operating at lower stresses σ to a 
mechanism dominating under higher stresses. At lower stresses, i.e. at values Bσ ≤ 0.8, 
the sinh function Eq. (5) can be replaced by a power relationship; at higher stresses, i.e.  
Bσ  ≥ 1.2 then an exponential relationship can be used as a good approximation. A 
natural exponent n = 5 was revealed to be the most convenient stress exponent in the 
power-law part of the stress dependences of the creep rate minε& . From 
phenomenological point of view, such exponent is usually connected with the metal-
type (Class II) creep behaviour [9]. As the most probable mechanism controlling creep, 
respecting also temperature dependence of the parameter A with Q = ΔHLD, combined 
mechanism of climb and glide of dislocations can be considered (see e.g. [10] for a brief 
review). Exponential expression of the stress dependences of rate minε& applicable at Bσ 
≤ 0.8 is usually attributed to thermally activated glide of dislocations. With respect to 
the controlling role of lattice diffusion, the non-conservative glide should be the major 
creep mechanism under these conditions. A possibility to describe stress dependences of 
the rate minε&  for the alloy AX41 by modified Garofalo’s relationship, Eq. (6), allows 
assuming its creep behaviour to be also of threshold nature. Calculated  values of the 
threshold stress σth are relatively very small; practically 5 - 10 times lower than values 
observed in composites, see Fig. 6 for a comparison.  
A good description of the stress dependences of the rate minε& for all investigated 
composites by Eq. 6 allows to assume that mechanisms controlling their creep rate are 
identical with those operating in the alloy AX41 without fibre reinforcement. A simple 
explanation of such fact can be accepted namely that measured threshold stress σth can 



be predominantly assigned to the load transfer from matrix to fibres, see e.g. [3] for 
more details. Temperature dependence of the threshold stress σth is assumed in the form 
of an Arrhenius-type relationship  
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where Qth  is an energy which appears to be associated with the process of overcoming  
the obstacles by mobile dislocations [11]. Results of the present investigations clearly 
support such a possibility. The dependences of the threshold stress σth normalized to 
elastic modulus G on the reciprocal temperature are plotted in Fig. 5. It is apparent that 
parallel straight (dashed) lines can be drawn through data of all composites with Saffil 
fibres. From an optimum slope of these lines the activation energy Qth ≈ 15 kJ mol-1 

  

 
 

Figure 5: Dependences of the normalized threshold stress σth  / G on reciprocal absolute 
temperature  

 
was estimated. This value is practically one half of the relevant activation energies Qth 
obtained by Mabuchi and Higashi [12] for magnesium alloys composites reinforced 
with great particules of Mg2Si. Temperature dependence of the normalized threshold 
stress σth   / G for the matrix alloy AX41 can be also well described by Eq. (8). The 
activation energy Qth ≈ 28 kJ mol-1 was obtained from the data. This value is identical 
with the values quoted in [12]. Taking into account these values, it should be doubtful to 
estimate a mechanism governing overcoming of obstacles for dislocation glide in 
composites without detailed knowledge of processes occurring on interfaces between 
matrix and fibres. Note that an estimation of the energy Qth could not be done for the 
composite AC reinforced by Sigrafil fibres for a lack of the experimental data. 
 
5. CONCLUSIONS 

• Fibre distribution in all investigated MMC markedly enhances their creep 
resistance in comparison with the matrix alloy AX41. Strengthening due to alumina 



fibres (Saffil) is greater than strengthening due to carbon fibres (Sigrafil). The 
greater the volume fraction of alumina fibres, the greater their strengthening effect 
is.     
• Applied stress dependences of the minimum creep rate minε&  for all investigated 
composites indicate a threshold stress shape. All these dependences can be well 
described by Garofalo’s relationship modified for the threshold stress concept, Eq. 
(6). As the same dependences for the matrix alloy are also well described by this 
equation, the assumption seems to be acceptable that creep mechanisms operating in 
all these materials are identical. The possibility to apply the Garofalo’s relationship 
can indicate changes of major mechanisms depending on experimental condition 
(power-law breakdown).  
• The threshold stress σth probably represents the dominant influence of the fibre 
distribution through the load transfer factor.     
• Values of the threshold stress σth depend on temperature in all investigated 
materials; they increase with decreasing temperature. All temperature dependences 
can be well expressed by Arrhenius relationship, Eq. (8). The relevant activation 
energy Qth is lower in comparison with value observed in magnesium alloy 
composite with great strong particles. 
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