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Abstract 

The present study seeks the feasibility of using short carbon fibres recycled from polymer matrix composites as alternative to virgin carbon 
fibres in the reinforcement of magnesium alloys. The microstructures, high temperature mechanical and creep properties of AZ91 alloy and its 
composites with various recycled carbon fibre contents (2.5 and 5 wt.%) and lengths (100 and 500 μm) were investigated in the temperature 
range of 25–200 °C. The microstructural characterization showed that the high shear dispersion technique provided the cast composites with 
finer grains and relatively homogenous distribution of fibres. The materials tested displayed different behaviour depending on the type of 
loading. In general, while enhancements in the mechanical properties of composites is attributed to the load bearing and grain refinement 
effects of fibres, the fluctuations in the properties were discussed on the basis of porosity formation, relatively high reinforcement content 
leading to fibre clustering and interlayer found between the matrix and reinforcement compared to those of AZ91 alloy. The compressive 
creep tests revealed similar or higher minimum creep rates in the recycled carbon fibre reinforced AZ91 in comparison to the unreinforced 
AZ91. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

As one of the lightest structural metals, magnesium (Mg)
nd its alloys have attracted tremendous attention over the
ast few decades in many sectors such as the automotive sec-
or where weight saving is a crucial factor for energy ef-
ciency. Apart from high strength-to-weight ratio, they also
ffer high impact resistance, good castability and machinabil-
ty [1–3] . However, Mg has some drawbacks including lim-
ted toughness and poor corrosion resistance, as compared to
teel and aluminium. However, conventional Mg alloys ex-
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st which combine good room temperature strength and duc-
ility with enhanced corrosion resistance in the market, e.g.
luminium-zinc (AZ60, AZ91) and aluminium-manganese
AM50, AM60). Note, the main alloying element in such al-
oys is aluminium for improving castability which is desirable
or the manufacturing of complex shaped engineering compo-
ents in larger scales with lower costs. It has been reported
hat approximately 90% of Mg-based automotive components
ncluding fuel tank covers, steering wheels and columns that
re designed to function at room temperature are produced
rom the aforementioned alloys [4] . However, these alloys
re far from providing required strength for powertrain ap-
lications subjected to elevated temperatures, such as gear-
ox housings. The reason behind the poor high temperature
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trength is commonly attributed to the presence of aluminium,
esulting in the formation of Mg 17 Al 12 β-phase which has
oor thermal stability [5] . In addition, it is known that the
ajority of commercial Mg alloys exhibit poor creep resis-

ance at temperatures above 127 °C [6] . 
In order to improve high temperature creep properties,

ence widen the range for applications of Mg alloys, a num-
er of approaches based on grain boundary reinforcement,
olid solution and precipitation strengthening mechanisms
ave been proposed [7] . These approaches may be simply
lassified into two main groups: (1) alloy development and
2) introduction of micron or nano-sized reinforcements into
onolithic Mg alloys, which promotes metal matrix compos-

te (MMC) technologies. In alloy development, the use of rare
arth elements is often required to precipitate thermodynam-
cally stable compounds into Mg matrices [8–10] . However,
he availability, supply risk and high cost of rare earth ele-
ents are considered the main issues in this approach. This

ed to further advancements in the field of Mg-based MMCs.
he studies in such composites focused on using micron-sized
eramic particulates such as SiC, TiC and Al 2 O 3 , whiskers
nd fibres as reinforcements, and it was shown that some of
hem have satisfactory creep resistance at temperatures up to
50 °C [11–14] . 

There has been a recent attention focused on the devel-
pment of Mg matrix nanocomposites reinforced with nano-
ized ceramic particles and carbon nanotubes with less than
00 nm average diameter [15 , 16] . Such reinforcing elements
ave helped to further enhance mechanical properties and
reep resistance of Mg alloys by stimulating grain refining
nd Orowan strengthening (dislocations bowing around rein-
orcement). However, there are still some challenges regard-
ng the adaptation of these recently emerged nanocomposites
nto industrial application [4 , 17–19] . The first challenge is to
btain uniform dispersion and distribution of nano-sized rein-
orcements throughout the matrix for effective strengthening
ue to their large surface energy and low wettability in case of
olidification processes. The second challenge is the potential
armful effect and health risks of using nanoparticles as the
ffects of nanoparticles on human body have not been entirely
evealed yet [20] . It could be envisioned that nano-sized rein-
orcements may cause serious human health problems during
oth the nanocomposite fabrication processes and service in
ase of their disintegration from the matrix as a result of
anocomposite component failure. 

Considering the drawbacks of Mg matrix nanocomposites,
ne method could be the further development of Mg matrix
omposites with micron-sized reinforcements, e.g. optimis-
ng constituents and processing parameters, in order to of-
er high creep resistant Mg-based materials with reasonable
osts. Nowadays, carbon fibre reinforced plastics (CFRPs) are
ncreasingly used in the aerospace and wind energy industries
or weight savings. For this reason, it is important to recycle
FRPs from the end-of-life products for reducing their waste

n terms of environmental and sustainable manufacturing. It
as been proposed to reuse recycled carbon fibres (rCFs)
hich are extracted from polymers by various techniques in-
luding thermo-oxidation, pyrolysis and solvolysis, in order to
abricate composites for the automotive industry [21–23] . It
as reported in numerous studies that the rCFs, which are en-
ironmentally friendly and considerably less costly compared
ith virgin carbon fibres (vCFs), have been successfully in-

orporated into polymeric matrices [24 , 25] . The short CFs
hich will be chopped off from long and continuous rCFs

an be reused for reinforcing metals as well. It is considered
hat replacing vCFs which have already proven their effective-
ess in improving high temperature mechanical properties of
g alloys with low cost rCFs as reinforcement can introduce

 new class of eco-friendly Mg composites into the market. 
To the best of our knowledge, open literature sources so

ar suggested that there are only a few attempts reported for
he use of rCFs in the Mg matrix composites fabricated by
nly solid state routes [26] . However, no study was conducted
o incorporate rCFs into liquid Mg matrices and determine
heir creep properties. Therefore, a brief review of the lit-
rature on Mg matrix composites reinforced with only short
CFs is covered here. Ajukumar et al. [27] managed to ob-
ain a distribution of short CFs into liquid AZ91 alloy with
 good interfacial bonding by stir casting method, and found
hat the strength increases with increasing fibre content. Feld-
off [28] investigated the structure and chemistry of AZ91
atrix-CF interface and suggested that the plate-shaped car-

ide precipitates could be formed due to the chemical reaction
etween the carbon and liquid Mg-Al matrix. This is expected
o alter the strength of matrix-fibre bonding, and hence affect
he mechanical properties of composites. The first systematic
ttempt was made by Kainer [29] to determine the creep prop-
rties of Mg matrix composites reinforced with short CFs. In
hat study, AZ91/20 vol.% CF composites were fabricated by
queeze casting and it was reported that the composites ex-
ibited enhanced elevated temperature strength and significant
reep resistance compared to the monolithic alloy. The creep
ate at 200 °C and 60 MPa was reduced from 6.3 ×10 

−7 to
.6 ×10 

−9 s − 1 with the addition of 20 vol.% CFs. Similar
rends were also observed for the creep behaviour of AS41
lloy reinforced with 18 vol.% CFs [30] . 

The present study is aimed at determining the feasibility
f using short rCFs as an alternative to their virgin counter-
arts in the fabrication of Mg matrix composites and inves-
igating their potential effect on the microstructure and me-
hanical properties including creep resistance of the fabricated
omposites. Therefore, the developed fabrication technique is
escribed here and the measured material properties are dis-
ussed along with the observed microstructures for both un-
einforced matrix alloy and composites. 

. Experimental procedure 

.1. Materials 

AZ91 alloy, which is utilized for the production of ma-
ority of Mg cast components in industry due to their excel-
ent castability and good mechanical properties, was chosen
s the matrix material. Its chemical composition was deter-
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Fig. 1. SEM images of (a) rCF100 and (b) rCF500 as-received recycled carbon fibres. 

Table 1 
Chemical composition of AZ91 alloy (wt.%). 

Mg Al Zn Mn Nd Si Ca Cu Fe 

Bal. 8.73 0.67 0.21 0.019 0.019 0.0014 0.0027 0.0013 

Table 2 
Properties of rCFs from polymer matrix composites. 

Carbon fibre content 95% 

Tensile strength > 3500 MPa 
Tensile modulus > 230 MPa 
Fibre diameter 6 μm ( ±1 μm) 
Density 1.83 g/cm 

3 

Sizing content 0% 

Average fibre length 100 / > 500 μm 

Bulk density > 150 g/l 
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Fig. 2. Schematic experimental arrangement for high shearing dispersion pro- 
cess of rCFs. 
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ined by a spark spectrometer (Ametek-Spectro, Spectrolab
9) and is shown in Table 1 . For the reinforcement, two

ifferent rCFs in 100 and 500 μm average length were used
rCF100 and rCF500). The properties of rCFs supplied by
arboNXT Company, Germany, are given in Table 2 and

heir scanning electron microscopy (SEM) micrographs are
resented in Fig. 1 (Details of the recycling process can be
ound at https:// www.carbonxt.de/ en/ quality/ ). Prior to the in-
roduction of rCFs into the matrix, they were exposed to a
eat treatment of 400 °C in a furnace for an hour in order to
urn away any polymer remnants that may be left from the
ecycling process and remove any absorbed gases, which may
ecrease the wettability between the rCFs and liquid Mg [31] .
n the composite fabrication, the required amount of rCFs was
ntroduced into the melt in aluminium foil bags in order to
void their undesirable spread into air during handling and
ixing operations. 

.2. Composite fabrication 

Approximately 13 kg of commercial AZ91 molten alloy
as placed into a steel crucible and held at 710 °C under a
rotective gas of Ar/1% SF 6 . 2.5 and 5 wt.% rCFs in alu-
inium foil bags were introduced into the melt and the melt
as sheared for 5 min at 2000 rpm by a high shear dispersion
evice (Zyomax Ltd.) that was previously heated to 350 °C.
his device is known to be more effective than mechani-
al stirrers in terms of generating required energy to deag-
lomerate potential particle or fibre agglomerations and it
as been reported that the high shearing dispersion technique
eads to microstructural refinement and reasonable dispersion
f nanoparticles into various Mg alloys [32–34] . Further in-
ormation about the device and technique can be found else-
here [34] . The schematic experimental setup for compos-

te fabrication is illustrated in Fig. 2 . When the device com-
osed of an open cylinder stator and motor driven rotor with
 propeller is activated into the molten alloy, a reasonable
uantity of melt is sucked into the stator and sheared and
ushed inside the stator opening/holes. Thus, intensive shear-
ng, in other words a high dispersion rate, can be achieved
o facilitate deagglomeration of fibres. After the dispersion
rocess, the molten composite was cast into cylindrical steel

https://www.carbonxt.de/en/quality/
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Table 3 
Hardness test results and density measurements of the cast reference alloy 
and composites. 

Sample Hardness (HV) Density (g/cm 

3 ) 

AZ91 55.5 ±2.9 1.818 
AZ91/2.5 wt.% rCF100 58.4 ±5.6 1.807 
AZ91/2.5 wt.% rCF500 59.9 ±2.2 1.817 
AZ91/5.0 wt.% rCF100 64.7 ±3.0 1.818 
AZ91/5.0 wt.% rCF500 61.1 ±4.2 1.804 
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olds with 100 mm diameter and 200 mm height preheated
o 500 °C. Each mould containing about 3 kg liquid compos-
te at around 670 °C was then placed into a water bath at a
peed of 100 mm/min to secure controlled solidification con-
itions. For comparison, the reference alloy without the addi-
ion of rCFs was also cast under similar conditions. In total,
ve sets of cast samples were produced. These are reference
Z91 alloy, AZ91/2.5 wt.%rCF100, AZ91/2.5 wt.%rCF500,
Z91/5 wt.%rCF100 and AZ91/5 wt.%rCF500 composites. 

.3. Microstructural characterization and mechanical testing 

The microstructures were investigated with an optical mi-
roscope (Leica DMI5000) and SEM (Tescan Vega 3 and
eiss Evo 10) backscattered electron (BSE) imaging and
econdary electron (SE) modes and energy dispersive X-ray
EDX) spectrometry. The samples were ground with abrasive
apers ranging from 500 to 2500 grit size and polished with
ater-free 1 μm colloidal silica (OPS) and 1 μm diamond sus-
ension. They were then exposed to etching with a solution
f 15 ml distilled water, 140 ml ethanol, 6.5 ml acetic acid
nd 8 g picric acid for only optical microscopy. The average
izes of grains revealed and the densities of cast samples were
easured based on linear intercept method and Archimedes’

rinciple, respectively. X-ray diffraction (XRD) was carried
ut for the phase identification of samples with the following
iffractometer parameters: Cu K α radiation with a wavelength
f 0.15418 nm, step scanning 2 θ from 20 ° to 90 ° with a step
ize of 0.02 °, 40 kV and 40 mA operating voltage and current,
espectively. 

Vickers hardness (HV) testing was conducted with a load
f 5 kgf for 30 s. Ten indentations were made on each sample
nd the average data was presented. For mechanical testing,
og-bone shaped tensile (based on DIN 50143 and 50144
tandards, in 6 mm gauge diameter and 30 mm gauge length),
ompression (9 mm diameter and 13.5 mm height) and com-
ression creep (6 mm diameter and 15 mm height) specimens
ere machined from each set of cast cylinders. The tensile

nd compression tests were performed with a strain rate of
0 

−3 s −1 using a Zwick Z050 universal testing machine at
oom temperature (RT), 150, 175 and 200 °C. At least three
pecimens were tested for each set of specimens and test tem-
erature, and average values were reported. The compression
reep tests were carried out at 150 °C, 175 °C and 200 °C un-
er constant compressive stresses between 50 and 120 MPa.
TS lever arm creep test machines were used in which the
amples were kept at a constant temperature with a tempera-
ure deviation of ±1 °C controlled by two thermocouples. The
eformation was recorded as a function of time. 

. Results and discussion 

.1. Microstructural characterization 

Fig. 3 compares the polarized optical images of reference
Z91 alloy and its composites with rCFs from the middle

ections in the cast blocks of each sample. As seen, the in-
roduction of rCFs into AZ91 alloy significantly refined the
icrostructure and led to the reduction in grain sizes. The
easured average grain sizes are given along with the poros-

ty rates which were determined from the theoretical and mea-
ured densities of samples in Fig. 4 a and b, respectively (The
easured densities are given in Table 3 ). It can be suggested

hat there are no considerable effects of fibre content and
ength on the average grain sizes. It is also seen that the
orosity rate tended to increase with the additions of rCFs,
ut the composites showed the divergent porosity rates rang-
ng from 1.0% to 1.7%. This increased porosity level for the
omposites may be due to the possible air entrapment in the
olten metal during the fibre feeding. 
The SEM micrographs of the AZ91 alloy and rCF re-

nforced composites in BSE mode are presented in Fig. 5 .
t is observed that the rCFs were dispersed and distributed
nto the matrix both vertically and horizontally, showing no
referential orientation into the alloy. In addition, their dis-
ribution into the matrix is relatively uniform without signif-
cant casting defects and noticeable clusters except for the
Z91/5 wt.%rCF500 composite ( Fig. 5 e). The microstructure
f this composite exhibits a few rCF agglomerates and this
mplies that the high shear dispersion technique is quite ef-
ective in terms of deagglomerating the vast majority of such
icron-sized fibres. As shown in Fig. 6 , the EDX elemen-

al mapping analysis performed on a selected region of the
Z91/2.5 wt.%rCF100 composite confirms that the rCFs (C
ap) were embedded into the primary α-Mg grains and sec-

ndary β phase (mainly consists of Mg 17 Al 12 intermetallic)
recipitating along the grain boundaries. A single fibre em-
edded into an α-Mg grain that is marked on the SEM im-
ge in Fig. 6 has been further investigated by EDX analysis
n order to detect any chemical reaction which could have
aken place between the reinforcement and matrix as shown
n Fig. 7 . It is known that carbonaceous reinforcements are
ost likely to react with liquid Al forming brittle and unde-

irable Al 4 C 3 phase at the interface. Although the single fibre
as incorporated into a primary α-Mg grain containing no
l, the fibre-Mg interface, i.e. the surrounding of the fibre,
isplays considerable Al concentration as seen in the Al map
 Fig. 7 ). This segregation on the fibre surface may be ascribed
o the accumulation of Al, as the main alloying element, at the
olidification front due to the temperature difference between
he fibres and liquid alloy during the composite fabrication.
he formation of an intermediate layer due to the reaction
etween the rCFs and liquid Al in the alloy would gener-
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Fig. 3. Optical micrographs of (a) reference AZ91 alloy, (b) AZ91/2.5 wt.%rCF100, (c) AZ91/2.5 wt.%rCF500, (d) AZ91/5 wt.%rCF100 and (e) 
AZ91/5 wt.%rCF500 composite. 
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te a stress concentration, which is expected to weaken the
nterfacial bonding, hence the mechanical properties [35] . 

It seems that there is an oxide formation around the single
bre as noticed in Fig. 7 . Along with this oxide formation in

he vicinity of reinforcement, a number of oxygen rich areas
ere also detected in all composite microstructures and a rep-

esentative SEM micrograph of such areas with the EDX anal-
sis is given in Fig. 8 . This may suggest that considerable ox-
dation occurred during the composite fabrication despite the
se of protective gas. Furthermore, the performed XRD anal-
ses of the reference alloy and composites indicate the gen-
ral phase identification containing α-Mg solid solution and β

hase (Mg 17 Al 12 ) and carbon in Fig. 9 . Several investigations
36-39] reported that apart from the Mg and Mg 17 Al 12 phases
he carbides such as Al 4 C 3 and Al 2 MgC 2 being the reaction
roducts were also observed in XRD analyses for the incor-
oration of carbonaceous reinforcements into molten Mg-Al
lloys. Alongside with the formation of Al 4 C 3 as discussed
arlier, it was shown that Al 2 MgC 2 can be formed at the
F-matrix interface for Mg alloys containing Al at a concen-

ration between 0.6 and 19 wt.% [40] . However, those carbide
hases cannot be identified by XRD in these AZ91 matrix
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Fig. 4. Average grain sizes (a) and porosity rates (b) of the reference AZ91 alloy and composites with various rCF contents and lengths. 
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omposites in spite of following a delicate sample prepara-
ion with water-free based agents as they are highly reactive
ith water. The main reason for not observing the potential
eaks of Al 4 C 3 and Al 2 MgC 2 is likely to be their relatively
ower content in the composites, which is likely to be less
han the detection level of the XRD device. Nevertheless, the
se of high resolution transmission electron microscopy is
urther suggested to precisely identify the intermediate phase
ound on the surface of rCFs embedded into AZ91 alloy as
hown in Fig. 7 . 

.2. Hardness 

The hardness measurement results for the reference alloys
nd composites with different rCF additions are presented in
able 3 and these show an increase of approximately 5–8%
nd 10–16% in hardness of AZ91 with 2.5 and 5 wt.% rCF
ontents, respectively. As seen, the hardness is increased with
ncreasing reinforcement addition due to the hardening effect
f CFs limiting the local deformation, but the hardness en-
ancement is considered to be limited. Also, it is observed
hat there is no substantial effect of fibre length on the hard-
ess values of composites containing 2.5 wt.% rCF. On the
ther hand, the shorter rCFs in 100 μm length displayed a
oticeable hardness increment compared to the longer rCFs
n 500 μm length for 5 wt.% rCF addition. This difference
nd limited hardness enhancement in all composites are con-
istent with the reported porosity rates in Fig. 4 , and they
an be therefore attributed to the increased amount of casting
efects with reinforcement additions. 

.3. Tensile and compressive strength 

The tensile and compressive properties including the aver-
ge values of 0.2% proof stress (PS), ultimate tensile strength
UTS), ultimate compressive strength (UCS) and failure strain
or the reference alloy and composites reinforced with rCFs at
arious temperatures are listed in Tables 4 and 5 , respectively.
n addition to the average test data, the representative ten-
ile and compressive engineering stress versus strain curves
f samples for RT, 150, 175 and 200 °C are given in Figs.
0 and 11 , respectively. It can be observed from the average
ensile test results that the 0.2% PS increased by between
 and 23% with the incorporation of rCFs into AZ91 alloy,
hile the UTS and ductility decreased by 12–20% and 58–
5%, respectively, depending on the fibre content and length
t ambient conditions. In addition, the strength values tend to
ecrease, and ductility tends to rise with elevating tempera-
ure for all samples as expected since Mg 17 Al 12 intermetallic
egins softening at temperatures above 100 °C. Despite the
ivergent outcomes, the trend, in which the composites usu-
lly have greater PS values and reduced UTS and ductility
ompared to the unreinforced alloy with a few exceptions, is
lso observed to continue over the entire temperature range.
t is well established that the strength enhancement in com-
osites reinforced with micron-sized constituents is predomi-
antly originated from load bearing and grain size reduction
y the reinforcement, and increased dislocation density due to
he mismatch in coefficient of thermal expansion between the

atrix and reinforcement upon solidification. However, the re-
uction in UTS and ductility results of composites, which is
lso consistent with the previously reported studies [41 , 42] , in
rinciple, can be primarily ascribed to the porosity formation
nd the presence of relatively higher reinforcement content
ince the incorporation of more fibres inferring more clusters
an induce large amount of pores as shown in Figs. 4 and
 e. Another explanation for the weakened properties could
e given based on the formation of a relatively thick reaction
ayer at the rCF-matrix interface ( Fig. 7 ) as potential struc-
ural damages (flaws or notches) led by the uneven chemical
ttack on the fibre surfaces is likely to impair the load bearing
apacity of composites [43 , 44] . 

The effect of fibre content on both the PS and UTS was
ot found to be significant for all test temperatures as the
omposites with 2.5 and 5 wt.% rCFs showed comparable
alues with a margin of around 10%. This limited strength
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Fig. 5. SEM images of (a) reference AZ91 alloy, (b) AZ91/2.5 wt.%rCF100, (c) AZ91/2.5 wt.%rCF500, (d) AZ91/5 wt.%rCF100 and (e) AZ91/5 wt.%rCF500 
composites. 

Table 4 
Tensile properties of cast AZ91 alloy and its composites reinforced with rCFs at different test temperatures. 

0.2% PS (MPa) UTS (MPa) Failure strain (%) 

Sample /test temperature RT 150 °C 175 °C 200 °C RT 150 °C 175 °C 200 °C RT 150 °C 175 °C 200 °C 

AZ91 87 ±12 93 ±17 82 ±14 70 ±5.7 165 ±14 166 ±13 146 ±7 112 ±4 2.4 ±0.3 6.1 ±4 5.1 ±3.7 3.7 ±0.9 
AZ91/2.5 wt.%rCF100 95 ±2.8 93 ±5 80 ±2.7 74 ±5 132 ±13 128 ±10 126 ±5 106 ±7 0.8 ±0.2 1.6 ±0.7 2.6 ±0.8 2.3 ±1 
AZ91/2.5 wt.% rCF500 107 ±7 101 ±9 78 ±6.5 81 ±5.7 146 ±11 141 ±15 126 ±14 116 ±4 1 ±0.5 2.3 ±1.1 2.4 ±1.4 3.7 ±1.5 
AZ91/5.0 wt.% rCF100 104 ±4 97 ±5 85 ±7.6 79 ±5.2 146 ±11 135 ±13 123 ±8 105 ±14 0.8 ±0.2 1.2 ±0.5 1.3 ±0.5 1.3 ±0.8 
AZ91/5.0 wt.% rCF500 102 ±6 104 ±12 84 ±5.5 79 ±2.7 135 ±17 133 ±19 117 ±16 109 ±5.5 0.6 ±0.2 1.2 ±1 1.1 ±0.6 1.2 ±0.4 
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Fig. 6. EDX elemental mapping analysis on a selected area of AZ91/2.5 wt.%rCF100 composite. 

Table 5 
Compressive properties of cast AZ91 alloy and its composites reinforced with rCFs at different test temperatures. 

0.2% CPS (MPa) UCS (MPa) Failure strain (%) 

Sample/test temperature RT 150 °C 175 °C 200 °C RT 150 °C 175 °C 200 °C RT 150 °C 175 °C 200 °C 

AZ91 93 ±3 89 ±4 86 ±1.3 81 ±4 262 ±7 264 ±24 243 ±14 225 ±10 6.6 ± 1.7 8 ± 4 9 ±1 24 ±8 
AZ91/2.5 wt.% rCF100 117 ±4 110 ±3 103 ±1 101 ±4 373 ±10 355 ±18 337 ±40 260 ±30 11 ±0.8 25 ±2 31 ±8 40 ±5 
AZ91/2.5 wt.% rCF500 119 ±7 105 ±2 106 ±3 99 ±2 379 ±5 385 ±17 369 ±47 312 ±32 11 ±0.2 29 ±2 33 ±6 42 ±5 
AZ91/5.0 wt.% rCF100 133 ±4 121 ±8 114 ±5 113 ±3 377 ±2 356 ±16 285 ±10 271 ±35 9.5 ±0.2 21 ±5 30 ±3 41 ±8 
AZ91/5.0 wt.% rCF500 134 ±5 125 ±4 116 ±2 111 ±2 356 ±12 336 ±3 279 ±11 235 ±20 8.6 ±0.8 20 ±1 27 ±3 35 ±7 
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nhancement by 5 wt.% rCFs could be due to the presence of
ncreased reinforcement content as the incorporation of more
bres inferring more clusters can induce large amounts of
ores, which is already shown in Figs. 4 and 5 e. On the
ther hand, the failure strain values of the composites con-
aining 2.5 wt.% fibres were considerably higher than those
f composites with 5 wt.% fibres at elevated temperatures. It
as been suggested that larger reinforcement rich regions at
igher reinforcement additions could result in concentrated
trains due to impeded plastic deformation of the matrix. The
educed ductility at 5 wt.% rCF content can be therefore at-
ributed to that strain localization leading to premature fail-
re because of the modulus difference between the fibres and
lloy [39] . When considering the influence of fibre length
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Fig. 7. EDX analysis of a single embedded rCF in the AZ91/2.5 wt.%rCF100 composite as indicated in Fig. 6 . 
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n the tensile properties, it should be noted that there were
o noticeable differences between the different rCF lengths
sed in terms of the observed composite microstructures due
o the potential fibre breakage during the high shear disper-
ion ( Fig. 5 ). Nevertheless, it is seen that the composite with
.5 wt.% rCFs in 500 μm length generally displayed relatively
igher strength and ductility results for the whole tempera-
ure range compared to those of the composites containing
.5 wt.% fibres in 100 μm length. This can be ascribed to the
educed porosity level of AZ91/2.5 wt.%rCF500 composite in
he first place ( Fig. 4 ). In addition, Tian et al. [45] reported
hat fibre aspect ratio (fibre length/diameter) plays a crucial
ole along with the fibre orientation on the performance en-
ancement of Mg/CF composites and suggested that an as-
ect ratio up to around 20 can significantly contribute to the
trength enhancement. When uneven orientations of rCFs into
he composites are considered, in spite of the fibre breakage
ny difference between the average aspect ratios of rCFs (17
or 100 μm and 83 for 500 μm length, prior to the composite
abrication) is also likely to result in different tensile test out-
omes. It is observed that the fibre length effect on the tensile
roperties of composites with 5 wt.% rCFs became less ap-
arent than the composites with 2.5 wt.% rCFs as the results
f AZ91/5.0 wt.% rCF100 and AZ91/5.0 wt.% rCF500 com-
osites are very close to each other. This could be attributed
o severe entanglement and clustering of CFs due to their rel-
tively high concentration and it can be suggested that fibre
ength is unlikely to play a significant role above a certain
einforcement content leading to noticeable clustering. 

The compressive proof stress (CPS) of AZ91 alloy was
arkedly improved about 27% and 43% with the incorpo-

ation of 2.5 and 5 wt.% rCFs, respectively, at ambient tem-
erature. The similar improvement rates were also observed
or the CPS of composites at elevated temperatures although
ll CPS values tend to drop. Apparently, the effect of fibre
ength on the CPS values (at a constant CF content) is not so
emarkable through the whole temperature range. It is inter-
sting that the axial PS values of all samples in compression
re higher than those in tension. This asymmetry is often as-
ociated with the difference between tensile and compressive
bre axial stresses [46] . Contrary to the tensile properties, the
CS and compressive failure strain of rCF reinforced com-
osites were enhanced compared to those of AZ91 alloy. RT
CS values of composites were approximately 43% higher

han that of unreinforced reference alloy with only one ex-
eption as the AZ91/5.0 wt.% rCF500 composite showed ap-
roximately 35% improvement in the UCS. It is also seen
n the UCS results that the strengthening effect induced by
CFs reduces as the testing temperature rises. RT ductility,
ompressive failure strain, of AZ91 alloy was enhanced with
.5 wt.% rCF content by 67% and this enhancement decreased
o around 44 and 30% for 5 wt.% rCF100 and rCF500 addi-
ions, respectively, due to cluster formation with increasing
bre content. Despite the fluctuations in the ductility values
f all samples, maximum ductility enhancement by the incor-
oration of reinforcement was obtained at 150 and 175 °C. At
00 °C, the composites possessed comparable ductility incre-
ent with those tested at ambient conditions. Similar com-

ressive ductility enhancement for Mg/SiC composites at both
oom and elevated temperature was reported by Rahmani et al.
47] . It is worth noting that materials having hexagonal crystal
tructure with a limited number of slip systems (hence lim-
ted ability to deform), such as Mg, are deformed by means
f crystallographic slip and deformation twinning. Improved
uctility of Mg matrix composites owing to reinforcement ad-
ition can be primarily linked to grain refinement, homoge-
ously distributed reinforcement, and activation of non-basal
lip mechanisms by texture changes [48 , 49] . Substantial grain
efinement in the present study is more likely to be the main
eason for the improved compressive ductility of composites.
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Fig. 8. (a) BSE and (b) SE SEM micrographs of the AZ91/2.5 wt.% rCF500 composite with (c) the EDX elemental mapping of a selected region. 
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t is also possible that local stresses induced by fibres and
wins leading to intensification of non-basal slip during com-
ression contribute to ductility enhancement [50] . However,
urther investigations based on detailed microstructural exam-
nation and grain orientation are required in order to ascer-
ain the reasons for the compressive ductility enhancement.

oreover, compared to tensile plasticity, larger compressive
ailure strains of composites can be explained by the tendency
f plastic deformation to take place early at the fibre ends as
ensile deformation advances in the vicinity of the fibre ends
46] . Meanwhile, it is observed that the effects of fibre content
nd length on the UCS and compressive failure strain values
re similar to those found in the tensile test results. It can
e suggested that the AZ91/2.5 wt.% rCF500 sample is the
ost promising composite in terms of UCS and compressive

uctility results. 
In Fig. 12 , the SEM tensile fracture surface images of
Z91 alloy and its composites reinforced with rCFs for

ll test temperatures are presented to understand the frac-
ure mechanisms. While the fracture surfaces of AZ91 al-
oy without rCFs at RT ( Fig. 12 a) and 200 °C ( Fig. 12 p) re-
ealed cleavage steps, those at 150 °C ( Fig. 12 f) and 175 °C
 Fig. 12 k) largely displayed dimples and tear ridges, which
s more likely to indicate ductility improvement. This ductil-
ty improvement observed in the fracture surface analysis is
lso consistent with the tensile test data obtained ( Table 4 ).
lmost all composite fracture surfaces showed similar charac-

eristic through the whole temperature range as they contain
imples and embedded rCFs in different orientations along
ith casting defects such as micropores ( Fig. 12 n and o). It

an be suggested that the fracture of composites occurred via
bre breakage and fibre debonding depending the orientation
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Fig. 9. (a) XRD peaks of the reference alloy and composites with rCFs. 
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1

f rCFs with respect to the tensile direction. For example, the
bre breakage can be observed at higher magnification in de-

ail in Fig. 13 a and b for the fibre clusters and individual fibre,
espectively. Fig. 13 c illustrates the fibre debonding where the
CFs were displaced from the matrix. The oxide rich inter-
ediate layer, which was found on the surface of some rCFs

mbedded into AZ91 alloy in Fig. 7 , was also observed on
he fracture surfaces as indicated in Fig. 13 d. In addition, the
EM fracture surface images of cast AZ91 alloy and its com-
osites reinforced with rCFs after compression testing at RT
re shown in Fig. 14 (Note that the fracture surface images
fter compression tests at elevated temperatures were not ob-
ained because complete fracture did not occur resulting in
wo separate broken pieces due to the softening/mushing ef-
ect at that temperature range). AZ91 alloy displayed a typi-
al flat cleavage fracture along with some cleavage steps and
icrocracks ( Fig. 14 a). However, the dimpled structures are
ore prominent in the fractographic images of composites
ithout significant cracks ( Fig. 14 b–d, especially in Fig. 14 c).
his may imply that the compressive properties of composites
ig. 10. Representative tensile engineering stress versus strain curves of cast AZ9
75 °C and (d) 200 °C. 
ere enhanced via the crack bridging effect of rCFs compared
o those of the reference alloy. Nevertheless, further investiga-
ions are needed to fully understand the effect of rCFs on the
racture mechanism of AZ91 alloy at both room and elevated
emperatures. 

.4. Creep 

The investigated materials were tested with compression
reep tests, because a compressive stress for magnesium al-
oys represents the typical load for applications. Most mag-
esium alloy components are produced by high-pressure die
asting, gravity die casting or sand casting and then bolted
ogether or to surrounding structures. During this process, the
omponent is subjected to compressive stress, which can even
ncrease with rising temperatures, e.g. if the screws are made
f an aluminium alloy or steel. These materials have lower
oefficients of thermal expansion (CTE) than the magnesium
lloy, which generates additional compressive stresses in the
omponents. 

As examples, compressive creep curves taken at 150 °C and
 constant stress of 80 MPa are shown in Fig. 15 a. Fig. 15 b
hows the first derivative with respect to time of the same tests
s plot of creep rates over time. The matrix alloy AZ91 shows
rimary creep followed by steady-state deformation and after
bout 70 h a transition to tertiary creep where the specimen
ails. The rCF-reinforced AZ91 composites show significantly
horter primary creep and a very long stationary secondary
reep range. From the curves in Fig. 15 b, the minimum creep
ates for the tests at 150 °C and 80 MPa are determined. 

With the minimum creep rates for all stresses, graphs can
e generated for the tests at 150 °C, 175 °C and 200 °C from
hich the stress exponent n can be determined. This follows

he Norton equation, which shows the relationship between
he minimum creep rate and the applied creep stress at con-
tant temperature. Fig. 16 a, b and c show these graphs. 

It can be seen that at 150 °C all materials reinforced with
CFs have approximately the same creep resistance. The de-
iation of the individual minimum creep rates is only minor.
he situation is different with the minimum creep rates of
Z91. At a creep stress of 60 MPa, the minimum creep rate

s an order of magnitude smaller than that of the reinforced
1 alloy and its composites reinforced with rCFs for (a) RT, (b) 150 °C, (c) 
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Fig. 11. Representative compressive engineering stress versus strain curves of cast AZ91 alloy and its composites reinforced with rCFs for (a) RT, (b) 150 °C, 
(c) 175 °C and (d) 200 °C. 

Fig. 12. Representative SEM fracture surface images of cast AZ91 alloy and its composites reinforced with rCFs after tensile testing at various temperatures. 
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o  
Z91. Comparable minimum creep rates for all materials can
nly be determined at stresses from 80 MPa upwards. For the
einforced AZ91, stress exponents can be determined by lin-
ar fits that range between 5.9 and 7.5. A linear fit is not
ossible for the pure AZ91, therefore a stress exponent can-
ot be determined. 

It is similar with the plotting of minimum creep rate over
reep stress in tests at 175 °C. Again, all reinforced AZ91-
ased composites show very similar minimum creep rates
ith stress exponents between 5.4 and 6.2, but the unrein-

orced AZ91 has significantly lower minimum creep rates
t 60 and 80 MPa. Only at 100 MPa the creep rate is even
lightly higher than that of the composites. A stress exponent
f 17.4 can be calculated by applying a linear fit. 
Minimum creep rates over applied stresses at 200 °C
reep tests show again similar behaviour. Fibre rein-
orced AZ91 shows similar behaviour no matter what con-
ent and fibre length is used. Stress exponents are be-
ween 5.4 and 6.6. Unreinforced AZ91 has significantly
ower minimum creep rates and a stress exponent of 9.3.
he lower the applied stress, the larger is the differ-
nce between rCF reinforced composites and unreinforced
Z91. 
The microstructure of AZ91 consists of α-magnesium and

he β-phase Mg 17 Al 12 . This β-phase is mainly present at the
rain boundaries and has a very low melting point of only
37 °C. It is responsible for only moderate creep properties
f AZ91 when it is produced by high pressure die casting and
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Fig. 13. Detailed SEM tensile fracture surface analyses of rCF reinforced AZ91 matrix composites showing (a) and (b) fibre breakage, (c) fibre debonding 
and (d) interlayer formed on the fibre surface. 

Fig. 14. Representative SEM fracture surface images of cast AZ91 alloy and its composites reinforced with rCFs after compression testing at RT. 

Fig. 15. (a) Creep deformation over time of compression creep tests performed at 150 °C and 80 MPa and (b) first derivative of (a) showing creep rate over 
time of identical tests. 
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 fine-grained structure is present, because the beta phase be-
ins to soften at temperatures above 127 °C [5 , 6] . The finer
he microstructure, the more β-phase is formed and the more
rain boundary sliding can occur as a rate-controlling defor-
ation mechanism during creep. The fact that the very fine-
rained structure of the rCF-reinforced AZ91 creeps much
aster than the coarse-grained unreinforced AZ91 is there-
ore due to the large difference in grain size, which cannot
e compensated by the strength-enhancing influence of the
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Fig. 16. Plots of minimum creep rate over applied creep stress at (a) 150 °C, (b) 175 °C and (c) 200 °C. 

4

 

t

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Conclusions 

In summary, the following conclusions can be drawn from
he conducted experiments. 

1. The rCFs were successfully introduced into AZ91 alloy
by means of a high shearing dispersion device. Reason-
ably uniform dispersion and distribution of rCFs were
obtained with a few clusters. It was also found that
the microstructure was refined and the porosity level
increased with the addition of reinforcement. 

2. Depending on the fibre length, i.e. 100 and 500 μm, the
average hardness value of reference alloy was improved
by approximately 6.5% and 13% with 2.5 and 5 wt.%
rCF contents, respectively. Despite the divergent tensile
test results, the composites usually have greater PS and
decreased UTS and ductility for the temperature range
between 25 and 200 °C compared to AZ91 alloy. The
weakened properties were attributed to the porosity for-
mation due to the relatively higher rCF content and the
impaired load bearing capacity caused by the chemical
attack between the reinforcement and matrix. Contrary
to the tensile test outcomes, the UCS and compressive
failure strain of composites were markedly enhanced,
which was ascribed to the substantial grain refinement
along with the activation of non-basal slip mechanisms
by texture changes. Although the effects of fibre con-
tent and length on both tensile and compression prop-
erties were not found to be significant, AZ91/2.5 wt.%
rCF500 composite generally displayed higher strength
and ductility results for the entire temperature range as
it has relatively higher fibre aspect ratio and lower rCF
content inferring less agglomeration of reinforcement. 

3. In general, for the cast recycled fibre reinforced com-
posites, minimum creep rates were not improved in
comparison to their unreinforced counterparts as a re-
sult of the significantly smaller grain sizes in the com-
posites. The mechanism controlling creep was grain
boundary sliding in the composites due to the increased
amount of β phase formed at the grain boundaries. 

4. The findings of this study are likely to be the first results
performed on rCF reinforced Mg matrix composites and
thus the processing parameters could be modified for fu-
ture composite optimization. Therefore, future work is
suggested to evaluate the full potential of such compos-
ites for high temperature engineering applications. 
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