,.) Available online at www.sciencedirect.com

ScienceDirect

Check for
updates

Journal of Magnesium and Alloys 11 (2023) 2518-2529

Full Length Article

Influence of recycled carbon fiber addition on the microstructure and
creep response of extruded AZ91 magnesium alloy

Sinan Kandemir®*, Jan Bohlen®, Hajo Dieringa®
2 Department of Mechanical Engineering, Izmir Institute of Technology, Giilbahge, Urla, Izmir 35430, Tiirkiye
b Helmholtz-Zentrum Hereon, Institute of Material and Process Design, Max-Planck-Strafle 1, Geesthacht 21502, Germany

Received 23 February 2023; received in revised form 6 June 2023; accepted 23 June 2023
Available online 29 July 2023

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 pm)
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.
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1. Introduction

Magnesium (Mg) alloys are ideal metallic materials to be
utilized in many aerospace, automotive, and sport applications
for weight-saving purposes due to their high specific mechan-
ical properties. They also possess several favorable features,
including good castability, machinability, and recyclability [1—
3]. However, the most widely used Mg alloys in the indus-
try, such as the AZ (aluminum-zinc) and AM (aluminum-
manganese) series, generally exhibit limited high-temperature
strength and creep resistance due to the presence of the low
melting point Mg;7Alj, phase in their microstructures [4,5].
In addition to alloy development, where thermally stable in-
termetallic phases are formed by adding various elements to
hinder dislocation motion and grain boundary sliding at basal
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and non-basal planes of Mg during creep, one promising ap-
proach is to reinforce Mg alloys, and thus the grain bound-
aries, with different additives such as ceramic particulates,
short and long fibers, to improve creep resistance [6—11]. It
was reported that such Mg matrix composites may show sub-
stantial improvement in creep resistance up to 350 °C [10].
It is known that the mechanical and creep properties of
Mg matrix composites are governed by two factors: (1) the
properties of matrix and reinforcement, and (2) the size, con-
tent, distribution, and orientation of reinforcement. Therefore,
the interaction between the composite matrix and the cor-
responding reinforcement (interfacial bonding) is particularly
important, along with the fabrication method used to incor-
porate reinforcing material. Among Mg matrix composites,
those reinforced with particulates are generally preferred due
to their isotropic properties and low material and fabrication
cost [12]. However, short fiber-reinforced Mg matrix compos-
ites could outperform their particulate-reinforced counterparts
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in terms of creep performance. This is because the dominant
mechanism for the enhanced creep resistance of composites
is considered to be the transfer of load from the matrix to the
reinforcement, which is more effective in composites with a
higher aspect ratio of reinforcement [13,14]. To make these
composites suitable for widespread applications, the relatively
high cost can be reduced by using low-cost fibers such as re-
cycled reinforcements and appropriate fabrication methods.

Reinforcing materials are typically incorporated into Mg-
based matrices using conventional methods, such as casting
and powder metallurgy routes. In comparison to powder met-
allurgy processes, casting routes, such as stir casting, ap-
pear to be more economical and convenient for mass pro-
duction. However, solidification processes have several draw-
backs. These include the segregation of reinforcements dur-
ing casting processes, difficulties in achieving uniform dis-
tribution of reinforcements throughout liquid Mg due to the
poor wettability of ceramic-based reinforcing materials, and
the presence of entrapped gases and inclusions resulting from
melt agitation and the high oxygen affinity of Mg [8,10]. To
address the issues associated with casting, and further en-
hance the properties of such cast composites, traditional ther-
mal deformation and severe plastic deformation processes,
such as friction stir vibration technique, can be applied as
secondary processes, leading to significant grain refinement
[15,16]. Among these processes, extrusion and rolling are
commonly used for cast composites at elevated temperatures
to reduce porosity and refine the matrix grains through dy-
namic recrystallization nucleation during processing [17-22].
It is suggested that extrusion, as a simpler manufacturing pro-
cess, offers better size precision compared to rolling [23].
Furthermore, hot extrusion is known to have the potential to
fragment brittle secondary phases/reinforcements and improve
the distribution of reinforcements, thereby enhancing the me-
chanical properties [18,21].

In our previous study [24], we investigated the effect of
using recycled short carbon fibers (rCFs) obtained from used
polymer matrix composites as an alternative reinforcement to
their virgin counterparts on the creep performance of AZ91
alloy. In that study, the rCF-reinforced Mg matrix compos-
ites were fabricated using a high shear dispersion technique
in liquid state. However, no significant enhancement was ob-
served in the creep resistance of those composites, as they
exhibited random reinforcement distribution throughout the
matrix, similar to the monolithic alloy. However, it is en-
visioned that the creep resistance of rCF-reinforced compos-
ites could be improved by achieving preferential alignment of
rCFs in the matrix through hot extrusion after composite fab-
rication. Tayebi et al. [25] incorporated 5 vol.% SiC whiskers
into ZK60 alloy using stir casting, followed by an extrusion
process. They demonstrated that the aligned whiskers in the
extrusion direction resulted in an anisotropic structure, lead-
ing to a substantial improvement in strength.

To the best of our knowledge, no comprehensive study
has been reported in the literature regarding the investiga-
tion of the creep resistance of aligned recycled carbon fiber-
reinforced Mg matrix composites fabricated through the ex-

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

Mg Al Zn Mn Nd Si Ca Cu Fe
Bal. 873 067 021 0019 0019 0.0014 0.0027 0.0013

trusion process after casting. Therefore, the objective of this
study is to examine the impact of a post-indirect extrusion
process on the microstructure and mechanical properties of
cast Mg matrix composites reinforced with rCFs. Further-
more, this study investigates and discusses the hardness, ten-
sile strength, and creep behavior of both unreinforced and
reinforced Mg alloys after extrusion, with a focus on the rCF
content and size.

2. Materials and methods

The most common Mg alloy, AZ91, was chosen as the
matrix material for the composite fabrication. Its chemical
composition, obtained through spark spectrometry (Amatek-
Spectro, Spectrolab M9), is provided in Table 1. The rCFs
(Carbonxt) with an average diameter of 6 wm and average
lengths of 100 pm and 500 wm were utilized as the rein-
forcement. These reinforcements will be referred to as CF100
and CF500, respectively.

Stir casting, utilizing a high shear dispersion device (Zy-
omax Ltd.), was initially employed to prepare the compos-
ite samples, as depicted in Fig. 1. AZ91 ingots weighing
13 kg were melted in an electric resistance furnace at 710 °C
under an Ar+SFg shielding gas. After adding the CFs to
the molten alloy in contents of 2.5 and 5 wt.%, the mix-
ture was sheared for 5 min. at a rotor speed of 2000 rpm.
Subsequently, the molten composites were poured into the
cylindrical steel molds preheated to 500 °C. Each mold con-
tained approximately 3 kg of composite melt at 670 °C,
which was then cooled in a water bath at room temperature
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Fig. 1. Schematic experimental setup for the high shear dispersion process.
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(RT) to achieve controlled solidification. Additionally, a ref-
erence alloy without CFs was cast using the same parame-
ters for comparative purposes. Further details on the high-
shear dispersion process can be found elsewhere [24]. In to-
tal, five different samples were cast, namely the reference
AZ91 alloy, AZ91/2.5 wt.%CF100, AZ91/2.5 wt.%CF500,
AZ91/5 wt.%CF100, and AZ91/5 wt.%CF500 composites.

For the extrusion process, all cast samples were machined
to produce 150 mm long billets with a diameter of 50 mm.
Indirect extrusion was performed on the billets after preheat-
ing them to 300 °C for 1 h. This process resulted in round
bars with a diameter of 10 mm, corresponding to an extrusion
ratio of 1:25. The extrusion was carried out using a 2.5 MN
automatic extrusion press (Miiller Engineering GmbH & Co.
KG). To prevent hot cracking, the ram speed was maintained
at a relatively slow rate of 1.4 mm/s. The selection of ex-
trusion parameters was based on previously published reports
[26,27].

The microstructural analysis of the extruded samples was
conducted using optical microscopy (Leica DMI5000) and
scanning electron microscopy (SEM, FEI Quanta FEG 250)
equipped with energy dispersive X-ray spectroscopy (EDX).
The prepare the samples for analysis, transverse and longitu-
dinal sections were cut from the extruded bars, perpendicular
and parallel to the extrusion direction, respectively. The cut
samples were then polished with emery papers ranging from
400 to 2500 grit size and 1 p water-free diamond suspen-
sion. For etching, a picric acid-based solution recommended
by Kree et al. [28] was employed for a brief period of a
few seconds. The average grain sizes of the samples were
determined based on linear intercept method. For delicate ob-
servation of the reinforcement-matrix interface, the samples
to be examined under SEM were not subjected to etching.
The textures of the extruded samples were analyzed using an
X-ray diffractometer (XRD, PANalytical X’pert PRO MRD)
with Cu Ko radiation and a beam size of 2 x 1 mm?. Six
pole figures were measured up to a tilt angle of 70° To obtain
complete pole figures, normalized and background-corrected
pole figures were recalculated from the orientation distribu-
tion function using an open-source code called MTEX [29].

Vickers hardness (HV) testing was performed with a load
of 2 kgt and a dwell time of 10 s. For both tensile and creep
tests, dog-bone-shaped specimens with M10 screw heads
were machined from the extruded bars, following the DIN
50125 standard. The specimens had a gage section of @6
mm x 30 mm, with their longitudinal axes aligned with the
extrusion direction (ED). The RT uniaxial tensile properties
of the extruded samples were determined using a universal
testing machine (Zwick Z050) with a strain rate of 1073 s~!.
Five tensile specimens were tested for each set of samples,
and the average results were reported. Tensile creep tests were
conducted at a temperature of 150 °C under constant stresses
ranging from 40 to 80 MPa. Additionally, tests were carried
out under a constant stress of 40 MPa at 125 °C and 175 °C to
determine the activation energies. Lever arm creep machines
(ATS) were utilized, wherein creep deformation was measured
using two extensometers with a gage length of 30 mm on the

Table 2
Average grain sizes of extruded samples.

Sample Average grain size, d (um)
AZ91 7.1 £ 09
AZ91/2.5 wt.%CF100 59+ 09
AZ91/2.5 wt.%CF500 6.0 £ 0.7
AZ91/5.0 wt.%CF100 5.1+ 09
AZ91/5.0 wt.%CF500 5.1+ 0.6

specimen. The specimens had a total length of 60 mm, a di-
ameter of 6 mm, and were securely fastened to the clamping
with M10 threads. The temperature was directly measured
at the clamping point of the specimen and maintained at a
constant level with an accuracy of 1 °C.

3. Results and discussion
3.1. Microstructures

Fig. 2 displays the optical micrographs of the reference
AZ91 alloy and its CF-reinforced composites taken from the
longitudinal sections of the extruded bars. The dark areas
in Fig. 2b-e indicate the CFs, which were relatively evenly
distributed within the matrix. All samples exhibited a typi-
cal dynamically recrystallized microstructure characterized by
finer and comparatively equiaxed o-Mg grains after hot extru-
sion. The measured average grain sizes presented in Table 2
demonstrate that the addition of CFs led to a reduction in
grain size in the AZ91 alloy. Specifically, with 2.5 wt.% and
5.0 wt.% CF additions, the grain size decreased by approxi-
mately 17% and 28%, respectively. This significant grain re-
finement can be attributed to the enhanced matrix distortion,
which subsequently increases the driving force for recrystal-
lization in the presence of CFs [30,31]. Furthermore, the CFs
acted as pinning sites and likely restricted the grain growth
at elevated temperatures [32]. On the other hand, the effect
of fiber length on the average grain size was found to be in-
significant. This observation aligns with the SEM micrographs
(Fig. 3d,f,h,j), which indicate that the composites contained
CFs of similar sizes despite using CFs with different lengths
(100 and 500 pwm) initially. There could be two potential rea-
sons for the observed reduction in fiber length after extrusion.
The first reason is fiber breakage during high shear dispersion
in the casting process prior to extrusion. The second rea-
son may be related to fiber fracture resulting from increased
asymmetric stresses due to the plastic mismatch between the
deformed alloy and the rotating CFs during extrusion [25,33].

It is evident from Fig. 3, which shows the microstruc-
tures of both the reference alloy and composites taken per-
pendicular and parallel to the ED, that the CFs were pre-
dominantly aligned in the ED, along with the secondary S
phase composed mainly of Mg;7Al;, intermetallic. Fig. 4a
provides a schematic illustration of the formation of stringer
intermetallic particles precipitating along the grain boundaries
parallel to the ED, as well as the alignment of CFs dur-
ing hot extrusion. For instance, Fig. 4b and ¢ 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.

microstructures of the AZ91/2.5 wt.%CF100 composite before
and after extrusion, respectively. While the as-cast composite
exhibits an average grain size of 65 wm, the extruded compos-
ite shows a reduction to approximately 5.9 wm. This suggests
that dynamic recrystallization resulted in grain and intermetal-
lic refinement with a more uniform distribution within the
alloy.

On one hand, no substantial cavities were detected in the
vicinity of CFs embedded into the matrix, except for a few
micro-voids, which may indicate improved reinforcement-
matrix bonding, as illustrated in Fig. 5a showing the mi-
crostructure of the AZ91/2.5 wt.%CF100 composite. The
EDX analysis in Fig. 5b reveals that the CFs were mainly
accumulated around the Al-rich intermetallics, consistent with
our previous investigation on the as-cast form [20]. This seg-
regation of Al, as the major alloying element, on the CF
surfaces can be attributed to the fact that the reinforcement
was pushed into the secondary phase with a relatively low

melting point at the solidification front. On the other hand, it
was observed that some CFs tended to interact with the ma-
trix, forming an intermediate layer between them during cast-
ing, as shown in Fig. 6. As suggested by several published
reports, the interfacial products between the carbonaceous re-
inforcement and liquid Mg-Al alloy are potentially Al4C; and
AlLMgC, [35-38]. These carbides, which cannot be detected
by an XRD device due to their relatively low content as dis-
cussed in our earlier study [20], are likely to fracture during
extrusion due to their brittle nature. These fractures appear
as micro-cracks at the fiber-matrix interface, as indicated in
the microstructure of the AZ91/2.5 wt.%CF100 composite in
Fig. 6. These cracks are considered to be prone to interfacial
debonding, leading to a decrease in the mechanical properties.
The presence of silicon (Si) and oxygen (O) is also noticeable
from the EDX elemental map in Fig. 6, suggesting that Si in
the alloy composition accumulated around the CF and this
reinforcement 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 (ij)
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.

™ 50 um

C Al 0 Zn
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.

Fig. 7 illustrates the crystallographic textures of the ex-
truded round bars in the form of pole figures representing
the basal {0001} and prismatic {1010} planes of AZ91 alloy
and its CF-reinforced composites. The ED is located at the
center of the pole figures, and each displacement represents
a tilt out of the ED up to 90° around the circle. In all cases,
the expected rotational symmetry around the ED is observed.
Typically, the basal planes are concentrated at the outer part,
indicating a 90° rotation of their normal direction relative to
the ED. Additionally, the prismatic planes are somewhat con-
centrated in the center with deviations, corresponding to the

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.

expected 90° tilt due to the lattice structure. This finding is
commonly observed in round bar extrusions of Mg alloys,
particularly when the microstructure is fully recrystallized.
Similarly, the inverse pole figures shown in Fig. 8 also indi-
cate distinct texture development during extrusion, but there
are no significant changes in the texture with the addition
of reinforcement. In other words, the CFs are unlikely to
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Fig. 7. Pole figures {0001}, {1010} 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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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

influence the deformation and recrystallization mechanisms
that would alter the general substructure of these materials.

3.2. Hardness and tensile properties

The average values of hardness and tensile test results for
hot-extruded AZ91 alloy and AZ91/CF composites are pre-
sented in Table 3. Comparing with the extruded alloy, the
hardness of composites increased by approximately 16-20%
and 23% for 2.5 and 5 wt.% CF contents, respectively. This
hardness improvement can be attributed to the grain refine-
ment and the hardening effect of the CFs embedded into the
matrix. However, similar to the grain size measurement, no
significant difference was observed in the average hardness
values of composites with different fiber lengths at the same
reinforcement content. The hardness enhancement was also
found to be limited in the composites containing 5 wt.% CFs,
possibly due to the increased number of micro-voids (Fig. 5a)
and micro-cracks (Fig. 6) surrounding the CFs, resulting from
the increased matrix-reinforcement interfacial area. Addition-
ally, other factors such as potential variations across the ex-
truded samples and the varying effectiveness of alignment for
broken fibers during extrusion, depending on the initial fiber
length and content, may also come into play.

The representative RT tensile engineering stress versus
strain curves of extruded AZ91 alloy and its CF-reinforced
composites are presented in Fig. 9. With the addition of

320 -
280
240
& 2004/
2
2 160
o
B 120 —— AZ91
—— AZ91/2.5wt.%CF100
—— AZ91/2.5wt.%CF500
80 + —— AZ91/5wt.%CF100
1 AZ91/5wt.%CF500
40 4

O T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18
Strain (%)

Fig. 9. Representative tensile engineering stress versus strain curves of ex-
truded AZ91 alloy and its CF reinforced composites at RT.

2.5 wt.% CF, the average 0.2% proof stress (PS) and ultimate
tensile strength (UTS) of AZ91 alloy improved by 5-15%
and 2-4%, respectively, depending on the initial fiber length.
It is known that the strength improvement in fiber-reinforced
composites is generally explained by load transfer from ma-
trix to fibers, enhanced dislocation density resulting from the
difference in coefficient of thermal expansion between ma-
trix and reinforcement (upon hot-extrusion), and grain size
refinement. The load transfer theory, based on the Shear-Lag
model, assumes that the fiber aspect ratio is higher than the
critical value of o¢/2t,, (where o+ is the fiber tensile strength
and t,, is the matrix shear strength) for effective load trans-
fer [39-41]. The critical value is calculated to be 18.5 based
on o = 3500 MPa [20] and 7, = 94.5 MPa (assuming
Tm = Om/2, where o, is the matrix yield strength, which
is 189 MPa from Table 3). This suggests that the length of
fibers with an average diameter of 6 pum should be greater
than 111 pwm for effective load transfer. However, the average
length of the CFs embedded into the matrix in the longitudinal
direction is well below 100 wm, as seen in Fig. 3 (b,d,fh,j),
indicating that load transfer is unlikely to play a crucial role
in the strengthening. It can be suggested that the relatively
poor bonding due to the matrix-reinforcement interaction dra-
matically impairs the strengthening capacity of enhanced dis-
location density as well as that of load transfer. Therefore,
the limited strength enhancement in the composites reinforced
with 2.5 wt.% CF is considered to be mainly due to the grain
size reduction.

When the reinforcement content was increased from
2.5 wt.% to 5 wt.%, 0.2% PS and UTS showed fluctuations
and a decline, respectively. These divergent PS and reduced
UTS values may be ascribed to the fact that the increased ad-
dition of CF into the matrix leads to more reinforcement clus-
tering and the formation of interfacial products with micro-
cracks at the CF-matrix interface. It is known that fracture
propagation tends to occur through such cracks and micro-
pores within the fiber clusters, resulting in a significant re-
duction in mechanical properties [42,43]. The observed trend,
where ductility typically deteriorates with an increasing con-
tent of brittle reinforcement, was also observed in this study.
The failure strain of AZ91 alloy reduced by 25% and 44—63%
with the addition of 2.5 wt.% and 5 wt.% CF, respectively.
This reduction in ductility is more likely to be associated with
strain concentration and premature failure of the composites
as higher reinforcement content causes strain localization, im-
peding the plastic deformation of the matrix [44].

Although all composite microstructures possess a similar
length for the embedded fibers, the AZ91/2.5 wt.%CF500
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composite displayed enhanced strength compared to the
AZ91/2.5 wt.%CF100 composite, suggesting that the strength
increases with the increased length of the as-received CFs at
the same content. It is known that distributing reinforcement
into the matrix becomes more difficult with decreasing rein-
forcement size, leading to clustering and agglomeration. It is
considered that the as-received CFs with an average length
of 100 pwm tended to cluster, and these clusters, as indicated
in Fig. 3c, could not be sufficiently broken during extrusion
due to a smaller fiber aspect ratio compared to the as-received
CFs with 500 pm average length. Since, fibers or whiskers
with a greater aspect ratio are more likely to fracture eas-
ily because of their lower fracture strength and the presence
of greater flaws [33,45]. Shi et al. [33] also stated that the
breakage of smaller reinforcement can refine the distance be-
tween neighboring reinforcements (A), and the cracks would
easily propagate throughout broken fibers with decreasing A
(due to smaller resistance), leading to lower strength. There-
fore, the decline in strength by shorter as-received CFs at
2.5 wt.% content can be attributed to their tendency to clus-
ter into the matrix, hence decreasing A. However, contrary to
what was observed in 2.5 wt.% CF-reinforced composites,

shorter as-received CFs (AZ91/5 wt.%CF100) showed im-
proved strength and ductility compared to longer as-received
CFs (AZ91/5 wt.%CF500) for 5 wt.% CF-reinforced compos-
ites. This variation in mechanical properties is also ascribed
to fiber clustering, as the AZ91/5 wt.%CF500 composite has
more CF clusters than the AZ91/5 wt.%CF100 composite
(Fig. 3g and 1). It can be suggested that a single-pass extrusion
may not be sufficient to effectively break and homogenously
distribute the longer CFs that become entangled with each
other at higher contents.

Fig. 10 reveals the representative SEM fracture surface im-
ages of extruded AZ91 alloy and its CF-reinforced composites
for investigating the fracture mechanisms. Almost all fracture
surfaces exhibit dimples and tear ridges, indicating a rela-
tively ductile fracture. Unlike the fracture surface of the cast
composites [20], fiber debonding was not observed on these
fracture surfaces of extruded composites. It is evident that the
CFs aligned in the extrusion (tensile) direction were broken,
and the dimples formed in the vicinity of fractured fiber by
fragmenting the intermediate layer, i.e. weak physical bond-
ing, into many pieces (Fig. 10b). This may suggest that the
stress is concentrated around the CFs, and some of the load is

Fig. 10. SEM tensile fracture surface images of extruded (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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Fig. 11. (a) Creep curves of all materials tested at 150 °C and 40 MPa
temperatures of 125 °C, 150 °C and 175 °C.

borne by these fibers during tensile deformation, demonstrat-
ing their strengthening effect. However, the limited strength-
ening is likely due to inefficient stress transfer between the
matrix and CFs caused by the fragmentation of the interme-
diate layer. Fiber breakage is considered to be the main frac-
ture mechanism in these extruded CF-reinforced Mg matrix
composites. The alloy and AZ91/2.5 wt.%CF100 composite
exhibit larger voids compared to the other composites. Addi-
tionally, the composites with 2.5 wt.% CFs (Fig. 10b and c)
show relatively smaller dimples compared to those contain-
ing 5 wt.% CFs (Fig. 10d and e), which is consistent with
the observed trend of reduced ductility with increasing fiber
content in Table 3.

3.3. Creep properties

The dependence of the minimum creep rate &5 in a creep
test on the applied constant stress o and temperature 7 is
described in Eq. (1).

n
6= 20%(9) 0
kT \G
where A is a material dependent constant, G the shear mod-
ulus, b the Burgers vector, k the Boltzmann constant and
n the stress exponent, which gives information about the
rate-controlling deformation mechanisms during creep. Ten-
sile creep tests at 150 °C were carried out at constant stresses
between 40 and 80 MPa in order to determine stress expo-
nents using the minimum creep rates obtained from the creep
curves. As an example, the tensile creep curves from tests at
constant temperature of 150 °C and 40 MPa are shown in
Fig. 11a. The curves in Fig. 11a show a very short, primary
creep stage during which work hardening takes place. This
is followed by the secondary, stationary creep phase, during
which softening and hardening take place simultaneously and
balance each other in amount. This second phase is followed
by the tertiary creep stage, during which the materials only
soften and the creep rate increases. The third stage ends with

and
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of (b) AZ91/5wt%CF500 tested at constant stress of 40 MPa at different

the failure of the specimens. The stress exponent n can be
determined by plotting the minimum creep rates versus the
applied constant stresses in a double logarithmic plot.

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

as:
Q.
RT
where Dy is the frequency factor and Q¢ the apparent activa-
tion energy for creep.
Fig. 12 shows the double logarithmic plot of minimum

creep rate versus applied stress for creep tests at 150 °C.
The slopes of the lines correspond to the respective stress

D = Dy - exp |:— 2)
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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.
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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.

exponent n. The line of AZ91 lies furthest down, i.e. it has
the lowest minimum creep rates. Thus, no strengthening effect
has occurred due to the recycled CF.

In the literature, stress exponents of n = 1 are attributed
to creep deformation where diffusion processes are the rate-
determining deformation mechanisms [46,47], n = 2 corre-
sponds to creep deformation dominated by grain boundary
sliding (GBS) [48], and n = 3 to creep deformation where
viscous glide of dislocations is dominant [49-51]. Dislocation
climb as the rate-determining deformation mechanism corre-
sponds to a stress exponent of n = 5 [50-52]. The stress expo-
nent of the AZ91 is 2.5 and that of the CF-reinforced AZ91
ranges between 3.1 and 3.8. Therefore, it seems that grain
boundary sliding can be considered as a rate-determining de-
formation mechanism in the unreinforced AZ91 and that the
dominance of grain boundary sliding is weakened by the re-
cycled CFs in the composites, as the stress exponents be-
come larger than 3 and thus reach the range of dislocation-
dominated deformation mechanisms.

In order to determine the activation energy of creep (Q.),
plots were drawn of the minimum creep rate versus the in-
verse temperature of creep tests at 40 MPa constant stress
(Fig. 13). According to Eq. (2), Q. can be calculated from
the slope. All determined activation energies range between
36 and 48 kJ/mol and therefore are significantly smaller
than the activation energy for self-diffusion in magnesium
Qsp=135 kJ/mol [53,54] and for grain boundary diffusion
in magnesium Qgp=92 kJ/mol [55]. A similarly low value
of the activation energy at low creep stresses was found
for dispersion-strengthened magnesium, here the values were
around 48 kJ/mol [56]. The dominant deformation mechanism
identified was grain boundary sliding, which is inhibited by
dispersoids at the grain boundaries.

Stress exponents of n = 2 and activation energy for creep
of 30—45 kJ/mol have been determined in creep studies, also
carried out on AZ91. Grain boundary sliding identified by

marker line offsets has been identified as the dominant defor-
mation mechanism as well [57]. It is said in [57] that GBS
is likely to happen in materials with grain sizes smaller than
10 wm, which is the case here.

4. Conclusions

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

1. The CF-reinforced magnesium matrix composites were
successfully produced through stir casting followed by one-
pass hot extrusion. It was observed that the majority of the
CFs with initial average fiber lengths of 100 and 500 pwm
were broken during extrusion and uniformly aligned in the
ED, resulting in grain and intermetallic refinement compared
to the matrix alloy. The grain size of the matrix decreased by
approximately 17% and 28% with increasing reinforcement
content of 2.5 and 5.0 wt.% CF, respectively. The pole fig-
ures indicated no significant difference in the crystallographic
textures of the extruded round bars with the addition of CFs.

2. In comparison to the unreinforced AZ91 alloy, the com-
posites with 2.5 wt.% CF exhibited improved hardness by
16-20% and yield strength by 5-15%, primarily due to grain
refinement, while ductility was reduced. At a higher CF con-
tent of 5.0 wt.%, the 0.2% PS and UTS fluctuated and de-
clined, respectively, which is ascribed to an increased cluster-
ing tendency of the reinforcement and weak physical bond-
ing observed between the matrix and CFs. At a 2.5 wt.% CF
content, the composite with an initial average fiber length of
100 pm showed improved strength compared to the compos-
ite with a fiber length of 500 wm, suggesting that strength
increases with longer as-received CFs at the same content.
However, shorter CFs exhibited better strength performance
than longer fibers at a 5 wt.% CF content due to increased
fiber clustering in the AZ91/5 wt.%CF500 composite. Fiber
clustering resulted in a shorter distance between neighboring
CFs, diminishing resistance to crack propagation and thus re-
ducing strength.

3. Tensile creep tests demonstrated that the CFs did not
enhance the creep resistance of extruded AZ91 at 150 °C.
The stress exponent (n = 2) and activation energy for creep
(Qc=36 - 48 kJ/mol) indicated that grain boundary sliding is
the dominant deformation mechanism during creep.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors express their gratitude to the German Aca-
demic Exchange Service (DAAD) for providing a scholar-
ship to Dr. Sinan Kandemir during his tenure at Helmholtz-
Zentrum Hereon (HZH), formerly known as Helmholtz-
Zentrum Geesthacht, to conduct this research. The authors



S. Kandemir, J. Bohlen and H. Dieringa/Journal of Magnesium and Alloys 11 (2023) 2518-2529 2529

also acknowledge HZH and the Materials Research Cen-
ter at Izmir Institute of Technology for granting access to
their laboratory and SEM facilities, respectively. Furthermore,
the authors extend their appreciation to CarboNXT GmbH
(www.carbonxt.de) for supplying the carbon fibers utilized in
this study.

References

[1] L.J. Polmear, Light Alloys: Metallurgy of the Light Metals, Edward
Arnold, London, 1981.

[2] B.B. Clow, Adv. Mater. Process. 150 (1996) 33-34.

[3] K.U. Kainer, Magnesium — Alloys and Technology Editor, Wiley-VCH
Verlag, 2003.

[4] M. Regev, A. Rosen, M. Bamberger, Metall. Mater. Trans. A 32 (2001)
1335-1345, doi:10.1007/s11661-001-0224-5.

[5] A. Srinivasan, J. Swaminathan, M.K. Gunjan, U.T.S. Pillai, B.C. Pai,
Mater. Sci. Eng. A 527 (2010) 1395-1403, doi:10.1016/j.msea.2009.10.
008.

[6] V. Sklenicka, M. Pahutova, K. Kucharova, M. Svaboda, T.J. Langdon,
Key Eng. Mater. 171 (2000) 593-600, doi:10.4028/www.scientific.net/
KEM.171-174.593.

[7]1 H. Dieringa, N. Hort, K.U. Kainer, Adv. Technol. Mater. Process. 6
(2004) 136-141.

[8] H.Z. Ye, X.Y. Liu, J. Mater. Sci. 20 (2004) 6153-6171, doi:10.1023/B:
JMSC.0000043583.47148.31.

[9] V. Sklenicka, K. Kuchatovd, M. Svoboda, I. Saxl, in: Proceedings of the
12th International Conference on Fracture, Ottawa, 2009, doi:10.4028/
www.scientific.net/ KEM.171-174.593.

[10] L. Chen, Y. Yao, Acta Metall. Sin. 27 (2014) 762-774 (English Letters),
doi:10.1007/s40195-014-0161-0.

[11] H. Dieringa, N. Hort, in: Proceedings of the TMS 2018 147th Annual
Meeting & Exhibition Supplemental, Cham, Springer, 2023 The Miner-
als, Metals & Materials Series, doi:10.1007/978-3-319-72526-0_64.

[12] S.C. Tjong, Z.Y. Ma, Mater. Sci. Eng. R 29 (2000) 49-113, doi:10.
1016/S0927-796X(00)00024-3.

[13] M. Pahutova, V. Sklenicka, K. Kucharova, M. Svoboda, Int. J. Mater.
Prod. Technol. 18 (2003) 116-140, doi:10.1504/IJMPT.2003.003588.

[14] M. Svoboda, M. Pahutovd, K. Kuchafovd, V. Skleni¢ka, K.U. Kainer,
Mater. Sci. Eng. A 462 (2007) 220-224, doi:10.1016/j.msea.2006.02.
466.

[15] L.B. Tong, M.Y. Zheng, L.R. Cheng, S. Kamado, H.J. Zhang, Mater.
Sci. Eng. A 569 (2013) 48-53, doi:10.1016/j.msea.2013.01.052.

[16] A. Abdollahzadeh, B. Bagheri, M. Abbasi, F. Sharifi, A.O. Moghaddam,
Surf. Topogr. Metrol. Prop. 9 (2021) 035038, doi:10.1088/2051-672X/
ac2176.

[17] K.Nie W.Li, Z. Liu, K. Deng, Y. Li, X. Tong, Mater. Charact. 189
(2022) 11970, doi:10.1016/j.matchar.2022.111970.

[18] F. Khorosani, M. Emamy, M. Malekan, H. Mirzadeh, B. Pourbahari,
T. Krajndk, P. Mindrik, Mater. Charact. 147 (2019) 155-164, doi:10.
1016/j.matchar.2018.10.018.

[19] R.A. Saravanan, M.K. Surappa, Mater. Sci. Eng. A 276 (2000) 108-116,
doi:10.1016/S0921-5093(99)00498-0.

[20] A.K. Khanra, H.C. Jung, K.S. Hong, K.S. Shin, Mater. Sci. Eng. A.
527 (2010) 6283-6288, doi:10.1016/j.msea.2010.06.031.

[21] X.J. Wang, L. Xu, X.S. Hu, K.B. Nie, K.K. Deng, K. Wu, M.Y. Zheng,
Mater. Sci. Eng. A. 528 (2011) 6387-6392, doi:10.1016/j.msea.2011.
04.064.

[22] M.J. Shen, X.J. Wang, C.D. Li, M.F. Zhang, X.S. Hu, M.Y. Zheng,
K. Wu, Mater. Des. 52 (2013) 1011-1017, doi:10.1016/j.matdes.2013.
05.067.

[23] M. Zhou, J. Cao, F. Yu, X. Wei, Mater. Sci. Forum 488-489 (2005)
483-486, doi:10.4028/www.scientific.net/MSF.488-489.483.

[24] S. Kandemir, S. Gavras, H. Dieringa, J. Magnes. Alloy. 9 (2021) 1753—
1767, doi:10.1016/j.jma.2021.03.029.

[25] M. Tayebi, S. Nategh, H. Najafi, A. Khodabandeh, J. Alloy. Compd.
830 (2020) 154709, doi:10.1016/j.jallcom.2020.154709.

[26] J. Bohlen, G. Cano, D. Drozdenko, P. Dobron, K.U. Kainer, S. Gall,
S. Miiller, D. Letzig, Metals 8 (2018) 147, doi:10.3390/met8020147.

[27] M. Nienaber, K.U. Kainer, D. Letzig, J. Bohlen, Front. Mater. 6 (2019)
253, doi:10.3389/fmats.2019.00253.

[28] V. Kree, J. Bohlen, D. Letzig, K.U. Kainer, Prakt. Metallogr. 41 (2004)
233-246 Pract. Metallogr., doi:10.1515/pm-2004-410505.

[29] F. Bachmann, R. Hielscher, H. Schaeben, Solid State Phenom. 160
(2010) 63-68, doi:10.4028/www.scientific.net/SSP.160.63.

[30] M.T. Sun, J.Q. Wen, J. Wang, X.H. Li, Y.J. Li, Light Alloy Fabr. Tech-
nol. 44 (2016) 55-62.

[31] Z. Yang, H. Xu, Y. Wang, M. Hu, Z. Ji, Results Phys. 12 (2019) 888—
895, doi:10.1016/j.rinp.2018.12.039.

[32] S.L. Xiang, X.J. Wang, M. Gupta, K. Wu, X.S. Hu, M.Y. Zheng, Sci.
Rep. 6 (2016) 38824, doi:10.1038/srep38824.

[33] W. Shi, L. Yuan, F. Xu, Z. Zheng, D. Shan, Mater. Char. 138 (2018)
98-106, doi:10.1016/j.matchar.2018.01.055.

[34] Z. Zeng, N. Stanford, C.H.J. Davies, J.F. Nie, N. Birbilis, Int. Mater.
Rev. 64 (2019) 27-62, doi:10.1080/09506608.2017.1421439.

[35] F. Bosselet, B.E. Mentzen, J.C. Viala, M.A. Etoh, J. Bouix, Eur. J.
Solid State Inorg. Chem. 35 (1998) 91-99, doi:10.1016/S0992-4361(98)
80017-9.

[36] J.C. Viala, G. Claveyrolas, F. Bosselet, J. Bouix, J. Mater. Sci. 35 (2000)
1813-1825, doi:10.1023/A:1004745006226.

[37] AM.K. Esawi, M.A.E. Borady, Compos. Sci. Technol. 68 (2008) 486—
492, doi:10.1016/j.compscitech.2007.06.030.

[38] M. Suresh, A. Srinivasan, U.T.S. Pillai, B.C. Pai, Procedia Eng. 55
(2013) 93-97, doi:10.1016/j.proeng.2013.03.225.

[39] A. Kelly, W.R. Tyson, J. Mech. Phys. Solid 13 (1965) 329-350, doi:10.
1016/0022-5096(65)90035-9.

[40] F. Ma, P. Liu, W. Li, X. Liu, X. Chen, K. Zhang, D. Pan, W. Lu, Sci.
Rep. 6 (2016) 36126, doi:10.1038/srep36126.

[41] FE. Ma, S. Lu, P. Liu, W. Li, X. Liu, X. Chen, K. Zhang, D. Pan,
W. Lu, D. Zhang, J. Alloy. Compd. 695 (2017) 1515-1522, doi:10.
1016/j.jallcom.2016.10.291.

[42] W. Jiang, G. Li, Y. Wu, X. Liu, Z. Fan, J. Mater. Process. Technol. 258
(2018) 239-250, doi:10.1016/j.jmatprotec.2018.04.006.

[43] J. Zhu, W. Jiang, G. Li, F. Guan, Y. Yu, Z. Fan, J. Mater. Process.
Technol. 283 (2020) 116699, doi:10.1016/j.jmatprotec.2020.116699.

[44] J. Liang, H. Li, L. Qi, W. Tian, X. Li, X. Chao, J. Wei, J. Alloy. Compd.
728 (2017) 282-288, doi:10.1016/j.jallcom.2017.09.009.

[45] L.M. Tham, M. Gupta, L. Cheng, Mater. Sci. Eng. A 326 (2002) 355-
363, doi:10.1016/S0921-5093(01)01526-X.

[46] J. Harper, J.E. Dorn, Acta Mater. 5 (1957) 654-665, doi:10.1016/
0001-6160(57)90112-8.

[47] AJ. Ardell, S.S. Lee, Acta Mater. 34 (1986) 2411-2423, doi:10.1016/
0001-6160(86)90144-6.

[48] T.J. Langdon, Acta Metall. Mater. 42 (1994) 2437-2443, doi:10.1016/
0956-7151(94)90322-0.

[49] J. Weertman, J. Appl. Phys. 28 (1957) 362-364.

[50] FA. Mohamed, K.T. Park, E.J. Lavernia, Mater. Sci. Eng. A 150 (1992)
21-35, doi:10.1016/0921-5093(90)90004-M.

[51] O.D. Sherby, PM. Burke, Prog. Mater. Sci. 13 (1968) 323-390, doi:10.
1016/0079-6425(68)90024-8.

[52] J. Weertman, J. Appl. Phys. 28 (1957) 1185-1189, doi:10.1063/1.
1722604.

[53] J. Combronde, G. Brebec, Acta Metall. 19 (1971) 1393-1399, doi:10.
1016/0001-6160(71)90077-0.

[54] P.G. Shewmon, EN. Rhines, JOM 6 (1954) 1021-1025, doi:10.1007/
BF03398339.

[55] HJ. Frost, M.F. Ashby, in: Deformation Mechanism Maps, Pergamon
Press, Oxford, 1982, p. 44.

[56] B.Q. Han, D.C. Dunand, Mater. Sci. Eng. A 300 (2001) 235-244,
doi:10.1016/S0921-5093(00)01781-0.

[57] M.S. Dargusch, G.L. Dunlop, K. Pettersen, In: Magnesium alloys and
their applications. Proceedings, By Mordike, B.L.; Kainer, K.U. (eds.),
(1998) 277-282.


http://refhub.elsevier.com/S2213-9567(23)00137-8/sbref0001
http://refhub.elsevier.com/S2213-9567(23)00137-8/sbref0002
http://refhub.elsevier.com/S2213-9567(23)00137-8/sbref0003
https://doi.org/10.1007/s11661-001-0224-5
https://doi.org/10.1016/j.msea.2009.10.008
https://doi.org/10.4028/www.scientific.net/KEM.171-174.593
http://refhub.elsevier.com/S2213-9567(23)00137-8/sbref0007
https://doi.org/10.1023/B:JMSC.0000043583.47148.31
https://doi.org/10.4028/www.scientific.net/KEM.171-174.593
https://doi.org/10.1007/s40195-014-0161-0
https://doi.org/10.1007/978-3-319-72526-0_64
https://doi.org/10.1016/S0927-796X(00)00024-3
https://doi.org/10.1504/IJMPT.2003.003588
https://doi.org/10.1016/j.msea.2006.02.466
https://doi.org/10.1016/j.msea.2013.01.052
https://doi.org/10.1088/2051-672X/ac2176
https://doi.org/10.1016/j.matchar.2022.111970
https://doi.org/10.1016/j.matchar.2018.10.018
https://doi.org/10.1016/S0921-5093(99)00498-0
https://doi.org/10.1016/j.msea.2010.06.031
https://doi.org/10.1016/j.msea.2011.04.064
https://doi.org/10.1016/j.matdes.2013.05.067
https://doi.org/10.4028/www.scientific.net/MSF.488-489.483
https://doi.org/10.1016/j.jma.2021.03.029
https://doi.org/10.1016/j.jallcom.2020.154709
https://doi.org/10.3390/met8020147
https://doi.org/10.3389/fmats.2019.00253
https://doi.org/10.1515/pm-2004-410505
https://doi.org/10.4028/www.scientific.net/SSP.160.63
http://refhub.elsevier.com/S2213-9567(23)00137-8/sbref0030
https://doi.org/10.1016/j.rinp.2018.12.039
https://doi.org/10.1038/srep38824
https://doi.org/10.1016/j.matchar.2018.01.055
https://doi.org/10.1080/09506608.2017.1421439
https://doi.org/10.1016/S0992-4361(98)80017-9
https://doi.org/10.1023/A:1004745006226
https://doi.org/10.1016/j.compscitech.2007.06.030
https://doi.org/10.1016/j.proeng.2013.03.225
https://doi.org/10.1016/0022-5096(65)90035-9
https://doi.org/10.1038/srep36126
https://doi.org/10.1016/j.jallcom.2016.10.291
https://doi.org/10.1016/j.jmatprotec.2018.04.006
https://doi.org/10.1016/j.jmatprotec.2020.116699
https://doi.org/10.1016/j.jallcom.2017.09.009
https://doi.org/10.1016/S0921-5093(01)01526-X
https://doi.org/10.1016/0001-6160(57)90112-8
https://doi.org/10.1016/0001-6160(86)90144-6
https://doi.org/10.1016/0956-7151(94)90322-0
http://refhub.elsevier.com/S2213-9567(23)00137-8/sbref0049
https://doi.org/10.1016/0921-5093(90)90004-M
https://doi.org/10.1016/0079-6425(68)90024-8
https://doi.org/10.1063/1.1722604
https://doi.org/10.1016/0001-6160(71)90077-0
https://doi.org/10.1007/BF03398339
http://refhub.elsevier.com/S2213-9567(23)00137-8/sbref0055
https://doi.org/10.1016/S0921-5093(00)01781-0

	Influence of recycled carbon fiber addition on the microstructure and creep response of extruded AZ91 magnesium alloy
	1 Introduction
	2 Materials and methods
	3 Results and discussion
	3.1 Microstructures
	3.2 Hardness and tensile properties
	3.3 Creep properties

	4 Conclusions
	Declaration of competing interest
	Acknowledgments
	References


