
Available online at www.sciencedirect.com 

Journal of Magnesium and Alloys 11 (2023) 2518–2529 
www.elsevier.com/locate/jma 

Full Length Article 

Influence of recycled carbon fiber addition on the microstructure and 

creep response of extruded AZ91 magnesium alloy 

Sinan Kandemir a , ∗, Jan Bohlen 

b , Hajo Dieringa 

b 

a Department of Mechanical Engineering, Izmir Institute of Technology, Gülbahçe, Urla, İzmir 35430, Türkiye 
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Abstract 

In this study, the recycled short carbon fiber (CF)-reinforced magnesium matrix composites were fabricated using a combination of stir 
casting and hot extrusion. The objective was to investigate the impact of CF content (2.5 and 5.0 wt.%) and fiber length (100 and 500 μm) 
on the microstructure, mechanical properties, and creep behavior of AZ91 alloy matrix. The microstructural analysis revealed that the CFs 
aligned in the extrusion direction resulted in grain and intermetallic refinement within the alloy. In comparison to the unreinforced AZ91 
alloy, the composites with 2.5 wt.% CF exhibited an increase in hardness by 16–20% and yield strength by 5–15%, depending on the fiber 
length, while experiencing a reduction in ductility. When the reinforcement content was increased from 2.5 to 5.0 wt.%, strength values 
exhibited fluctuations and decline, accompanied by decreased ductility. These divergent outcomes were discussed in relation to fiber length, 
clustering tendency due to higher reinforcement content, and the presence of interfacial products with micro-cracks at the CF-matrix interface. 
Tensile creep tests indicated that CFs did not enhance the creep resistance of extruded AZ91 alloy, suggesting that grain boundary sliding is 
likely the dominant deformation mechanism during creep. 
© 2023 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 

Magnesium (Mg) alloys are ideal metallic materials to be
tilized in many aerospace, automotive, and sport applications
or weight-saving purposes due to their high specific mechan-
cal properties. They also possess several favorable features,
ncluding good castability, machinability, and recyclability [1–
] . However, the most widely used Mg alloys in the indus-
ry, such as the AZ (aluminum-zinc) and AM (aluminum-
anganese) series, generally exhibit limited high-temperature

trength and creep resistance due to the presence of the low
elting point Mg 17 Al 12 phase in their microstructures [4 , 5] .

n addition to alloy development, where thermally stable in-
ermetallic phases are formed by adding various elements to
inder dislocation motion and grain boundary sliding at basal
∗ Corresponding author. 
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nd non-basal planes of Mg during creep, one promising ap-
roach is to reinforce Mg alloys, and thus the grain bound-
ries, with different additives such as ceramic particulates,
hort and long fibers, to improve creep resistance [6–11] . It
as reported that such Mg matrix composites may show sub-

tantial improvement in creep resistance up to 350 °C [10] . 
It is known that the mechanical and creep properties of

g matrix composites are governed by two factors: (1) the
roperties of matrix and reinforcement, and (2) the size, con-
ent, distribution, and orientation of reinforcement. Therefore,
he interaction between the composite matrix and the cor-
esponding reinforcement (interfacial bonding) is particularly
mportant, along with the fabrication method used to incor-
orate reinforcing material. Among Mg matrix composites,
hose reinforced with particulates are generally preferred due
o their isotropic properties and low material and fabrication
ost [12] . However, short fiber-reinforced Mg matrix compos-
tes could outperform their particulate-reinforced counterparts
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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 
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Fig. 1. Schematic experimental setup for the high shear dispersion process. 
n terms of creep performance. This is because the dominant
echanism for the enhanced creep resistance of composites

s considered to be the transfer of load from the matrix to the
einforcement, which is more effective in composites with a
igher aspect ratio of reinforcement [13 , 14] . To make these
omposites suitable for widespread applications, the relatively
igh cost can be reduced by using low-cost fibers such as re-
ycled reinforcements and appropriate fabrication methods. 

Reinforcing materials are typically incorporated into Mg-
ased matrices using conventional methods, such as casting
nd powder metallurgy routes. In comparison to powder met-
llurgy processes, casting routes, such as stir casting, ap-
ear to be more economical and convenient for mass pro-
uction. However, solidification processes have several draw-
acks. These include the segregation of reinforcements dur-
ng casting processes, difficulties in achieving uniform dis-
ribution of reinforcements throughout liquid Mg due to the
oor wettability of ceramic-based reinforcing materials, and
he presence of entrapped gases and inclusions resulting from

elt agitation and the high oxygen affinity of Mg [8 , 10] . To
ddress the issues associated with casting, and further en-
ance the properties of such cast composites, traditional ther-
al deformation and severe plastic deformation processes,

uch as friction stir vibration technique, can be applied as
econdary processes, leading to significant grain refinement
15 , 16] . Among these processes, extrusion and rolling are
ommonly used for cast composites at elevated temperatures
o reduce porosity and refine the matrix grains through dy-
amic recrystallization nucleation during processing [17–22] .
t is suggested that extrusion, as a simpler manufacturing pro-
ess, offers better size precision compared to rolling [23] .
urthermore, hot extrusion is known to have the potential to
ragment brittle secondary phases/reinforcements and improve
he distribution of reinforcements, thereby enhancing the me-
hanical properties [18 , 21] . 

In our previous study [24] , we investigated the effect of
sing recycled short carbon fibers (rCFs) obtained from used
olymer matrix composites as an alternative reinforcement to
heir virgin counterparts on the creep performance of AZ91
lloy. In that study, the rCF-reinforced Mg matrix compos-
tes were fabricated using a high shear dispersion technique
n liquid state. However, no significant enhancement was ob-
erved in the creep resistance of those composites, as they
xhibited random reinforcement distribution throughout the
atrix, similar to the monolithic alloy. However, it is en-

isioned that the creep resistance of rCF-reinforced compos-
tes could be improved by achieving preferential alignment of
CFs in the matrix through hot extrusion after composite fab-
ication. Tayebi et al. [25] incorporated 5 vol.% SiC whiskers
nto ZK60 alloy using stir casting, followed by an extrusion
rocess. They demonstrated that the aligned whiskers in the
xtrusion direction resulted in an anisotropic structure, lead-
ng to a substantial improvement in strength. 

To the best of our knowledge, no comprehensive study
as been reported in the literature regarding the investiga-
ion of the creep resistance of aligned recycled carbon fiber-
einforced Mg matrix composites fabricated through the ex-
rusion process after casting. Therefore, the objective of this
tudy is to examine the impact of a post-indirect extrusion
rocess on the microstructure and mechanical properties of
ast Mg matrix composites reinforced with rCFs. Further-
ore, this study investigates and discusses the hardness, ten-

ile strength, and creep behavior of both unreinforced and
einforced Mg alloys after extrusion, with a focus on the rCF
ontent and size. 

. Materials and methods 

The most common Mg alloy, AZ91, was chosen as the
atrix material for the composite fabrication. Its chemical

omposition, obtained through spark spectrometry (Amatek-
pectro, Spectrolab M9), is provided in Table 1 . The rCFs
Carbonxt) with an average diameter of 6 μm and average
engths of 100 μm and 500 μm were utilized as the rein-
orcement. These reinforcements will be referred to as CF100
nd CF500, respectively. 

Stir casting, utilizing a high shear dispersion device (Zy-
max Ltd.), was initially employed to prepare the compos-
te samples, as depicted in Fig. 1 . AZ91 ingots weighing
3 kg were melted in an electric resistance furnace at 710 °C
nder an Ar + SF 6 shielding gas. After adding the CFs to
he molten alloy in contents of 2.5 and 5 wt.%, the mix-
ure was sheared for 5 min. at a rotor speed of 2000 rpm.
ubsequently, the molten composites were poured into the
ylindrical steel molds preheated to 500 °C. Each mold con-
ained approximately 3 kg of composite melt at 670 °C,
hich was then cooled in a water bath at room temperature
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Table 2 
Average grain sizes of extruded samples. 

Sample Average grain size, d ( μm) 

AZ91 7.1 ± 0.9 
AZ91/2.5 wt.%CF100 5.9 ± 0.9 
AZ91/2.5 wt.%CF500 6.0 ± 0.7 
AZ91/5.0 wt.%CF100 5.1 ± 0.9 
AZ91/5.0 wt.%CF500 5.1 ± 0.6 
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RT) to achieve controlled solidification. Additionally, a ref-
rence alloy without CFs was cast using the same parame-
ers for comparative purposes. Further details on the high-
hear dispersion process can be found elsewhere [24] . In to-
al, five different samples were cast, namely the reference
Z91 alloy, AZ91/2.5 wt.%CF100, AZ91/2.5 wt.%CF500,
Z91/5 wt.%CF100, and AZ91/5 wt.%CF500 composites. 
For the extrusion process, all cast samples were machined

o produce 150 mm long billets with a diameter of 50 mm.
ndirect extrusion was performed on the billets after preheat-
ng them to 300 °C for 1 h. This process resulted in round
ars with a diameter of 10 mm, corresponding to an extrusion
atio of 1:25. The extrusion was carried out using a 2.5 MN
utomatic extrusion press (Müller Engineering GmbH & Co.
G). To prevent hot cracking, the ram speed was maintained

t a relatively slow rate of 1.4 mm/s. The selection of ex-
rusion parameters was based on previously published reports
26 , 27] . 

The microstructural analysis of the extruded samples was
onducted using optical microscopy (Leica DMI5000) and
canning electron microscopy (SEM, FEI Quanta FEG 250)
quipped with energy dispersive X-ray spectroscopy (EDX).
he prepare the samples for analysis, transverse and longitu-
inal sections were cut from the extruded bars, perpendicular
nd parallel to the extrusion direction, respectively. The cut
amples were then polished with emery papers ranging from
00 to 2500 grit size and 1 μ water-free diamond suspen-
ion. For etching, a picric acid-based solution recommended
y Kree et al. [28] was employed for a brief period of a
ew seconds. The average grain sizes of the samples were
etermined based on linear intercept method. For delicate ob-
ervation of the reinforcement-matrix interface, the samples
o be examined under SEM were not subjected to etching.
he textures of the extruded samples were analyzed using an
-ray diffractometer (XRD, PANalytical X’pert PRO MRD)
ith Cu K α radiation and a beam size of 2 × 1 mm 

2 . Six
ole figures were measured up to a tilt angle of 70 ° To obtain
omplete pole figures, normalized and background-corrected
ole figures were recalculated from the orientation distribu-
ion function using an open-source code called MTEX [29] . 

Vickers hardness (HV) testing was performed with a load
f 2 kgf and a dwell time of 10 s. For both tensile and creep
ests, dog-bone-shaped specimens with M10 screw heads
ere machined from the extruded bars, following the DIN
0125 standard. The specimens had a gage section of Ø6
m × 30 mm, with their longitudinal axes aligned with the

xtrusion direction (ED). The RT uniaxial tensile properties
f the extruded samples were determined using a universal
esting machine (Zwick Z050) with a strain rate of 10 

−3 s −1 .
ive tensile specimens were tested for each set of samples,
nd the average results were reported. Tensile creep tests were
onducted at a temperature of 150 °C under constant stresses
anging from 40 to 80 MPa. Additionally, tests were carried
ut under a constant stress of 40 MPa at 125 °C and 175 °C to
etermine the activation energies. Lever arm creep machines
ATS) were utilized, wherein creep deformation was measured
sing two extensometers with a gage length of 30 mm on the
pecimen. The specimens had a total length of 60 mm, a di-
meter of 6 mm, and were securely fastened to the clamping
ith M10 threads. The temperature was directly measured

t the clamping point of the specimen and maintained at a
onstant level with an accuracy of ±1 °C. 

. Results and discussion 

.1. Microstructures 

Fig. 2 displays the optical micrographs of the reference
Z91 alloy and its CF-reinforced composites taken from the

ongitudinal sections of the extruded bars. The dark areas
n Fig. 2 b-e indicate the CFs, which were relatively evenly
istributed within the matrix. All samples exhibited a typi-
al dynamically recrystallized microstructure characterized by
ner and comparatively equiaxed α-Mg grains after hot extru-
ion. The measured average grain sizes presented in Table 2
emonstrate that the addition of CFs led to a reduction in
rain size in the AZ91 alloy. Specifically, with 2.5 wt.% and
.0 wt.% CF additions, the grain size decreased by approxi-
ately 17% and 28%, respectively. This significant grain re-
nement can be attributed to the enhanced matrix distortion,
hich subsequently increases the driving force for recrystal-

ization in the presence of CFs [30 , 31] . Furthermore, the CFs
cted as pinning sites and likely restricted the grain growth
t elevated temperatures [32] . On the other hand, the effect
f fiber length on the average grain size was found to be in-
ignificant. This observation aligns with the SEM micrographs
 Fig. 3 d,f,h,j), which indicate that the composites contained
Fs of similar sizes despite using CFs with different lengths

100 and 500 μm) initially. There could be two potential rea-
ons for the observed reduction in fiber length after extrusion.
he first reason is fiber breakage during high shear dispersion

n the casting process prior to extrusion. The second rea-
on may be related to fiber fracture resulting from increased
symmetric stresses due to the plastic mismatch between the
eformed alloy and the rotating CFs during extrusion [25 , 33] .

It is evident from Fig. 3 , which shows the microstruc-
ures of both the reference alloy and composites taken per-
endicular and parallel to the ED, that the CFs were pre-
ominantly aligned in the ED, along with the secondary β

hase composed mainly of Mg 17 Al 12 intermetallic. Fig. 4 a
rovides a schematic illustration of the formation of stringer
ntermetallic particles precipitating along the grain boundaries
arallel to the ED, as well as the alignment of CFs dur-
ng hot extrusion. For instance, Fig. 4 b and c compare the
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Fig. 2. Optical images of extruded (a) reference AZ91 alloy, (b) AZ91/2.5 wt.%CF100, (c) AZ91/2.5 wt.%CF500, (d) AZ91/5.0 wt.%CF100 and (e) 
AZ91/5.0 wt.%CF500 composites. 
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icrostructures of the AZ91/2.5 wt.%CF100 composite before
nd after extrusion, respectively. While the as-cast composite
xhibits an average grain size of 65 μm, the extruded compos-
te shows a reduction to approximately 5.9 μm. This suggests
hat dynamic recrystallization resulted in grain and intermetal-
ic refinement with a more uniform distribution within the
lloy. 

On one hand, no substantial cavities were detected in the
icinity of CFs embedded into the matrix, except for a few
icro-voids, which may indicate improved reinforcement-
atrix bonding, as illustrated in Fig. 5 a showing the mi-

rostructure of the AZ91/2.5 wt.%CF100 composite. The
DX analysis in Fig. 5 b reveals that the CFs were mainly
ccumulated around the Al-rich intermetallics, consistent with
ur previous investigation on the as-cast form [20] . This seg-
egation of Al, as the major alloying element, on the CF
urfaces can be attributed to the fact that the reinforcement
as pushed into the secondary phase with a relatively low
elting point at the solidification front. On the other hand, it
as observed that some CFs tended to interact with the ma-

rix, forming an intermediate layer between them during cast-
ng, as shown in Fig. 6 . As suggested by several published
eports, the interfacial products between the carbonaceous re-
nforcement and liquid Mg-Al alloy are potentially Al 4 C 3 and
l 2 MgC 2 [35–38] . These carbides, which cannot be detected
y an XRD device due to their relatively low content as dis-
ussed in our earlier study [20] , are likely to fracture during
xtrusion due to their brittle nature. These fractures appear
s micro-cracks at the fiber-matrix interface, as indicated in
he microstructure of the AZ91/2.5 wt.%CF100 composite in
ig. 6 . These cracks are considered to be prone to interfacial
ebonding, leading to a decrease in the mechanical properties.
he presence of silicon (Si) and oxygen (O) is also noticeable

rom the EDX elemental map in Fig. 6 , suggesting that Si in
he alloy composition accumulated around the CF and this
einforcement was oxidized during the composite fabrication.
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Fig. 3. SEM images of extruded (a,b) reference AZ91 alloy, (c,d) AZ91/2.5 wt.%CF100, (e,f) AZ91/2.5 wt.%CF500, (g,h) AZ91/5.0 wt.%CF100 and (i,j) 
AZ91/5.0 wt.%CF500 composites. (a,c,e,g,i) and (b,d,f,h,j) the microstructures of the samples perpendicular and parallel to the extrusion direction, respectively. 
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Fig. 4. Hot extrusion process diagram: (a) schematic microstructural evaluation of CF reinforced AZ91 alloy during deformation, reproduced from Refs. 
[25 , 34] , (b) SEM image of as-cast AZ91/2.5 wt.%CF100 composite before extrusion, (c) SEM image of extruded AZ91/2.5 wt.%CF100 composite parallel to 
the extrusion direction. 

Fig. 5. (a) Micro-voids around the CFs and (b) EDX analysis of a single 
embedded CF in the extruded AZ91/2.5 wt.%CF100 composite parallel to 
the extrusion direction. 
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Fig. 6. Carbon fiber-matrix interface SEM image and EDX analysis of the 
extruded AZ91/2.5 wt.%CF100 composite perpendicular to the extrusion di- 
rection. 
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Fig. 7 illustrates the crystallographic textures of the ex-
ruded round bars in the form of pole figures representing
he basal {0001} and prismatic { 10 ̄1 0 } planes of AZ91 alloy
nd its CF-reinforced composites. The ED is located at the
enter of the pole figures, and each displacement represents
 tilt out of the ED up to 90 ° around the circle. In all cases,
he expected rotational symmetry around the ED is observed.
ypically, the basal planes are concentrated at the outer part,

ndicating a 90 ° rotation of their normal direction relative to
he ED. Additionally, the prismatic planes are somewhat con-
entrated in the center with deviations, corresponding to the
xpected 90 ° tilt due to the lattice structure. This finding is
ommonly observed in round bar extrusions of Mg alloys,
articularly when the microstructure is fully recrystallized.
imilarly, the inverse pole figures shown in Fig. 8 also indi-
ate distinct texture development during extrusion, but there
re no significant changes in the texture with the addition
f reinforcement. In other words, the CFs are unlikely to
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Fig. 7. Pole figures {0001}, { 10 ̄1 0 } of (a) AZ91 alloy, (b) AZ91/2.5 wt.%CF100, (c) AZ91/2.5 wt.%CF500, (d) AZ91/5.0 wt.%CF100 and (e) 
AZ91/5.0 wt.%CF500 composites. 

Fig. 8. Inverse pole figures of (a) AZ91 alloy, (b) AZ91/2.5 wt.%CF100, (c) AZ91/2.5 wt.%CF500, (d) AZ91/5.0 wt.%CF100 and (e) AZ91/5.0 wt.%CF500 
composites. 
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Table 3 
Hardness and tensile properties of extruded AZ91 alloy and its composites reinforced with CFs. 

Sample Hardness (HV) 0.2% PS (MPa) UTS (MPa) Failure strain (%) 

AZ91 86 ± 2 189 ± 13 301 ± 2 16 ± 2 
AZ91/2.5 wt.%CF100 100 ± 3 199 ± 5 307 ± 3 12 ± 2 
AZ91/2.5 wt.%CF500 103 ± 9 218 ± 8 312 ± 4 12 ± 3 
AZ91/5.0 wt.%CF100 105 ± 5 215 ± 15 297 ± 9 9 ± 3 
AZ91/5.0 wt.%CF500 106 ± 7 182 ± 14 289 ± 8 6 ± 1 
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nfluence the deformation and recrystallization mechanisms
hat would alter the general substructure of these materials. 

.2. Hardness and tensile properties 

The average values of hardness and tensile test results for
ot-extruded AZ91 alloy and AZ91/CF composites are pre-
ented in Table 3 . Comparing with the extruded alloy, the
ardness of composites increased by approximately 16–20%
nd 23% for 2.5 and 5 wt.% CF contents, respectively. This
ardness improvement can be attributed to the grain refine-
ent and the hardening effect of the CFs embedded into the
atrix. However, similar to the grain size measurement, no

ignificant difference was observed in the average hardness
alues of composites with different fiber lengths at the same
einforcement content. The hardness enhancement was also
ound to be limited in the composites containing 5 wt.% CFs,
ossibly due to the increased number of micro-voids ( Fig. 5 a)
nd micro-cracks ( Fig. 6 ) surrounding the CFs, resulting from
he increased matrix-reinforcement interfacial area. Addition-
lly, other factors such as potential variations across the ex-
ruded samples and the varying effectiveness of alignment for
roken fibers during extrusion, depending on the initial fiber
ength and content, may also come into play. 

The representative RT tensile engineering stress versus
train curves of extruded AZ91 alloy and its CF-reinforced
omposites are presented in Fig. 9 . With the addition of
ig. 9. Representative tensile engineering stress versus strain curves of ex- 
ruded AZ91 alloy and its CF reinforced composites at RT. 
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l  
.5 wt.% CF, the average 0.2% proof stress (PS) and ultimate
ensile strength (UTS) of AZ91 alloy improved by 5–15%
nd 2–4%, respectively, depending on the initial fiber length.
t is known that the strength improvement in fiber-reinforced
omposites is generally explained by load transfer from ma-
rix to fibers, enhanced dislocation density resulting from the
ifference in coefficient of thermal expansion between ma-
rix and reinforcement (upon hot-extrusion), and grain size
efinement. The load transfer theory, based on the Shear-Lag
odel, assumes that the fiber aspect ratio is higher than the

ritical value of σ f /2 τm 

(where σ f is the fiber tensile strength
nd τm 

is the matrix shear strength) for effective load trans-
er [39–41] . The critical value is calculated to be 18.5 based
n σ f = 3500 MPa [20] and τm 

= 94.5 MPa (assuming
m 

= σ m 

/2, where σ m 

is the matrix yield strength, which
s 189 MPa from Table 3 ). This suggests that the length of
bers with an average diameter of 6 μm should be greater

han 111 μm for effective load transfer. However, the average
ength of the CFs embedded into the matrix in the longitudinal
irection is well below 100 μm, as seen in Fig. 3 (b,d,f,h,j),
ndicating that load transfer is unlikely to play a crucial role
n the strengthening. It can be suggested that the relatively
oor bonding due to the matrix-reinforcement interaction dra-
atically impairs the strengthening capacity of enhanced dis-

ocation density as well as that of load transfer. Therefore,
he limited strength enhancement in the composites reinforced
ith 2.5 wt.% CF is considered to be mainly due to the grain

ize reduction. 
When the reinforcement content was increased from

.5 wt.% to 5 wt.%, 0.2% PS and UTS showed fluctuations
nd a decline, respectively. These divergent PS and reduced
TS values may be ascribed to the fact that the increased ad-
ition of CF into the matrix leads to more reinforcement clus-
ering and the formation of interfacial products with micro-
racks at the CF-matrix interface. It is known that fracture
ropagation tends to occur through such cracks and micro-
ores within the fiber clusters, resulting in a significant re-
uction in mechanical properties [42 , 43] . The observed trend,
here ductility typically deteriorates with an increasing con-

ent of brittle reinforcement, was also observed in this study.
he failure strain of AZ91 alloy reduced by 25% and 44–63%
ith the addition of 2.5 wt.% and 5 wt.% CF, respectively.
his reduction in ductility is more likely to be associated with
train concentration and premature failure of the composites
s higher reinforcement content causes strain localization, im-
eding the plastic deformation of the matrix [44] . 

Although all composite microstructures possess a similar
ength for the embedded fibers, the AZ91/2.5 wt.%CF500
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omposite displayed enhanced strength compared to the
Z91/2.5 wt.%CF100 composite, suggesting that the strength

ncreases with the increased length of the as-received CFs at
he same content. It is known that distributing reinforcement
nto the matrix becomes more difficult with decreasing rein-
orcement size, leading to clustering and agglomeration. It is
onsidered that the as-received CFs with an average length
f 100 μm tended to cluster, and these clusters, as indicated
n Fig. 3 c, could not be sufficiently broken during extrusion
ue to a smaller fiber aspect ratio compared to the as-received
Fs with 500 μm average length. Since, fibers or whiskers
ith a greater aspect ratio are more likely to fracture eas-

ly because of their lower fracture strength and the presence
f greater flaws [33 , 45] . Shi et al. [33] also stated that the
reakage of smaller reinforcement can refine the distance be-
ween neighboring reinforcements ( λ), and the cracks would
asily propagate throughout broken fibers with decreasing λ

due to smaller resistance), leading to lower strength. There-
ore, the decline in strength by shorter as-received CFs at
.5 wt.% content can be attributed to their tendency to clus-
er into the matrix, hence decreasing λ. However, contrary to
hat was observed in 2.5 wt.% CF-reinforced composites,
ig. 10. SEM tensile fracture surface images of extruded (a) AZ91 alloy, (b) AZ9
e) AZ91/5.0 wt.%CF500 composites. 
horter as-received CFs (AZ91/5 wt.%CF100) showed im-
roved strength and ductility compared to longer as-received
Fs (AZ91/5 wt.%CF500) for 5 wt.% CF-reinforced compos-

tes. This variation in mechanical properties is also ascribed
o fiber clustering, as the AZ91/5 wt.%CF500 composite has
ore CF clusters than the AZ91/5 wt.%CF100 composite

 Fig. 3 g and i). It can be suggested that a single-pass extrusion
ay not be sufficient to effectively break and homogenously

istribute the longer CFs that become entangled with each
ther at higher contents. 

Fig. 10 reveals the representative SEM fracture surface im-
ges of extruded AZ91 alloy and its CF-reinforced composites
or investigating the fracture mechanisms. Almost all fracture
urfaces exhibit dimples and tear ridges, indicating a rela-
ively ductile fracture. Unlike the fracture surface of the cast
omposites [20] , fiber debonding was not observed on these
racture surfaces of extruded composites. It is evident that the
Fs aligned in the extrusion (tensile) direction were broken,
nd the dimples formed in the vicinity of fractured fiber by
ragmenting the intermediate layer, i.e. weak physical bond-
ng, into many pieces ( Fig. 10 b). This may suggest that the
tress is concentrated around the CFs, and some of the load is
1/2.5 wt.%CF100, (c) AZ91/2.5 wt.%CF500, (d) AZ91/5.0 wt.%CF100 and 
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Fig. 11. (a) Creep curves of all materials tested at 150 °C and 40 MPa and of (b) AZ91/5 wt %CF500 tested at constant stress of 40 MPa at different 
temperatures of 125 °C, 150 °C and 175 °C. 
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Fig. 12. Double logarithmic plot of minimum creep rate versus applied stress 
from creep tests at 150 °C and stresses of 40, 50, 60, and 80 MPa. 
orne by these fibers during tensile deformation, demonstrat-
ng their strengthening effect. However, the limited strength-
ning is likely due to inefficient stress transfer between the
atrix and CFs caused by the fragmentation of the interme-

iate layer. Fiber breakage is considered to be the main frac-
ure mechanism in these extruded CF-reinforced Mg matrix
omposites. The alloy and AZ91/2.5 wt.%CF100 composite
xhibit larger voids compared to the other composites. Addi-
ionally, the composites with 2.5 wt.% CFs ( Fig. 10 b and c)
how relatively smaller dimples compared to those contain-
ng 5 wt.% CFs ( Fig. 10 d and e), which is consistent with
he observed trend of reduced ductility with increasing fiber
ontent in Table 3 . 

.3. Creep properties 

The dependence of the minimum creep rate εs in a creep
est on the applied constant stress σ and temperature T is
escribed in Eq. (1) . 

˙  s = 

ADGb 

kT 

(σ

G 

)n 
(1)

here A is a material dependent constant, G the shear mod-
lus, b the Burgers vector, k the Boltzmann constant and
 the stress exponent, which gives information about the
ate-controlling deformation mechanisms during creep. Ten-
ile creep tests at 150 °C were carried out at constant stresses
etween 40 and 80 MPa in order to determine stress expo-
ents using the minimum creep rates obtained from the creep
urves. As an example, the tensile creep curves from tests at
onstant temperature of 150 °C and 40 MPa are shown in
ig. 11 a. The curves in Fig. 11 a show a very short, primary
reep stage during which work hardening takes place. This
s followed by the secondary, stationary creep phase, during
hich softening and hardening take place simultaneously and
alance each other in amount. This second phase is followed
y the tertiary creep stage, during which the materials only
often and the creep rate increases. The third stage ends with
he failure of the specimens. The stress exponent n can be
etermined by plotting the minimum creep rates versus the
pplied constant stresses in a double logarithmic plot. 

To determine the activation energy during creep in tests
t constant stress and different temperatures, creep tests were
arried out at 40 MPa and temperatures of 125 °C, 150 °C
nd 175 °C, represented as examples of AZ91/5 wt %CF500 in
ig. 11 b. D is the diffusion coefficient, and it can be expressed
s: 

 = D 0 · exp 

[
− Q c 

RT 

]
(2)

here D 0 is the frequency factor and Q C 

the apparent activa-
ion energy for creep. 

Fig. 12 shows the double logarithmic plot of minimum
reep rate versus applied stress for creep tests at 150 °C.
he slopes of the lines correspond to the respective stress
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Fig. 13. Plot of the logarithm of minimum creep rate versus 1/T of creep 
tests 40 MPa and temperatures of 125 °C, 150 °C, and 175 °C. 
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xponent n. The line of AZ91 lies furthest down, i.e. it has
he lowest minimum creep rates. Thus, no strengthening effect
as occurred due to the recycled CF. 

In the literature, stress exponents of n = 1 are attributed
o creep deformation where diffusion processes are the rate-
etermining deformation mechanisms [46 , 47] , n = 2 corre-
ponds to creep deformation dominated by grain boundary
liding (GBS) [48] , and n = 3 to creep deformation where
iscous glide of dislocations is dominant [49–51] . Dislocation
limb as the rate-determining deformation mechanism corre-
ponds to a stress exponent of n = 5 [50–52] . The stress expo-
ent of the AZ91 is 2.5 and that of the CF-reinforced AZ91
anges between 3.1 and 3.8. Therefore, it seems that grain
oundary sliding can be considered as a rate-determining de-
ormation mechanism in the unreinforced AZ91 and that the
ominance of grain boundary sliding is weakened by the re-
ycled CFs in the composites, as the stress exponents be-
ome larger than 3 and thus reach the range of dislocation-
ominated deformation mechanisms. 

In order to determine the activation energy of creep (Q c ),
lots were drawn of the minimum creep rate versus the in-
erse temperature of creep tests at 40 MPa constant stress
 Fig. 13 ). According to Eq. (2) , Q c can be calculated from
he slope. All determined activation energies range between
6 and 48 kJ/mol and therefore are significantly smaller
han the activation energy for self-diffusion in magnesium
 SD 

= 135 kJ/mol [53 , 54] and for grain boundary diffusion
n magnesium Q GB 

= 92 kJ/mol [55] . A similarly low value
f the activation energy at low creep stresses was found
or dispersion-strengthened magnesium, here the values were
round 48 kJ/mol [56] . The dominant deformation mechanism
dentified was grain boundary sliding, which is inhibited by
ispersoids at the grain boundaries. 

Stress exponents of n = 2 and activation energy for creep
f 30–45 kJ/mol have been determined in creep studies, also
arried out on AZ91. Grain boundary sliding identified by
arker line offsets has been identified as the dominant defor-
ation mechanism as well [57] . It is said in [57] that GBS

s likely to happen in materials with grain sizes smaller than
0 μm, which is the case here. 

. Conclusions 

In the present study, the following conclusion can be drawn
rom the investigations. 

1. The CF-reinforced magnesium matrix composites were
uccessfully produced through stir casting followed by one-
ass hot extrusion. It was observed that the majority of the
Fs with initial average fiber lengths of 100 and 500 μm
ere broken during extrusion and uniformly aligned in the
D, resulting in grain and intermetallic refinement compared

o the matrix alloy. The grain size of the matrix decreased by
pproximately 17% and 28% with increasing reinforcement
ontent of 2.5 and 5.0 wt.% CF, respectively. The pole fig-
res indicated no significant difference in the crystallographic
extures of the extruded round bars with the addition of CFs.

2. In comparison to the unreinforced AZ91 alloy, the com-
osites with 2.5 wt.% CF exhibited improved hardness by
6–20% and yield strength by 5–15%, primarily due to grain
efinement, while ductility was reduced. At a higher CF con-
ent of 5.0 wt.%, the 0.2% PS and UTS fluctuated and de-
lined, respectively, which is ascribed to an increased cluster-
ng tendency of the reinforcement and weak physical bond-
ng observed between the matrix and CFs. At a 2.5 wt.% CF
ontent, the composite with an initial average fiber length of
00 μm showed improved strength compared to the compos-
te with a fiber length of 500 μm, suggesting that strength
ncreases with longer as-received CFs at the same content.
owever, shorter CFs exhibited better strength performance

han longer fibers at a 5 wt.% CF content due to increased
ber clustering in the AZ91/5 wt.%CF500 composite. Fiber
lustering resulted in a shorter distance between neighboring
Fs, diminishing resistance to crack propagation and thus re-
ucing strength. 

3. Tensile creep tests demonstrated that the CFs did not
nhance the creep resistance of extruded AZ91 at 150 °C.
he stress exponent ( n = 2) and activation energy for creep

Q c = 36 - 48 kJ/mol) indicated that grain boundary sliding is
he dominant deformation mechanism during creep. 
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