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Abstract:

Magnesium and its alloys are considered as an important material for modern light
structures at the present time and therefore they have a wide area of usage especially in
electronics, aircraft, and automotive industries. Its popularity increases further as a result of
its production as a composite material. In this study, carbon nanotube (CNT) reinforced
MgAl matrix composite materials were produced by using the hot pressing method. While
0.25 wt%, 0.50 wt%, 0.75 wt%, and 1.00 wt% CNT were added, 450°C, 500°C, and 550°C
was selected as sintering temperatures. The effect of sintering temperature and amount of
CNT on some properties of the composites was examined. Microstructure and phase
composition of the materials were examined by using optical microscopy (OM), scanning
electron microscope (SEM), X-ray diffraction (XRD), and energy-dispersive X-ray
spectroscopy (EDS). The hardness of the composites was measured in Brinell. Relative
densities of the materials were determined in accordance with Archimedes’ principle. A dense
and slightly porous structure was obtained based on both SEM images and density
measurements. XRD analyses showed that there were Mg, Mg;;Al;,, and MgO phases in the
composites. The reason for the absence of Al in graphics was that Al formed the solid solution
by being dissolved in Mg. Also, the C peak could not be determined for CNT. The hardness of
the composites increased with the increasing sintering temperature and CNT addition. The
highest hardness value was measured as 88.45 HB10 with the addition of 1.00 wt% CNT at
550°C. Free distribution of CNT in the matrix caused this hardness increase.
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1. Introduction

Magnesium alloys have a specific importance in the defense industry and
transportation sector due to their properties of lightness and high specific strength
(strength/density) [1-3]. Its unalloyed form has low strength and toughness values; therefore,
it is used as alloyed.

Magnesium also has high thermal conductivity, high dimensional stability, good
electromagnetic protection, high damping, high workability, and easy recycling properties [4,
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5].

These properties make Mg alloys valuable in numerous industries such as automotive,
computer, aviation, mobile phones, and sports materials. Mg is also used as an implant
material due to low weight and compatibility to metabolism [6, 7]. In addition, the number of
studies conducted on using energy resources more efficiently has increased in recent years. In
this context, studies have been conducted on making vehicles lighter in order to reduce fuel
consumption in automotive industry [8].

The use of magnesium alloys may substantially decrease weights of structures
without compensating their structural properties. Among alloy elements, Al, Zn, and Mn
increase strength, toughness, and corrosion resistance, respectively. However, the increase in
the amount of Zn causes to red shortness. As alloy elements; rare earth elements are added for
reducing microporosity, Zr for grain refining, Ag or Cu for improving high-temperature
properties, and Th for improving friction properties at the present time [9, 10].

Recently, metal matrix composites (MMCs) are commonly researched and produced
due to their excellent advanced technological properties. Magnesium matrix composites
among these MMCs are interesting materials because of low density, high strength and high
wear resistance [11, 12]. In composite materials, on the other hand, the reinforcing member is
desired to have small grain size, low density especially for light structures, and high hardness
for strength. Carbon nanotubes (CNT) are new generation materials to be used for this
purpose. Due to their strength/density ratios, CNTs are one of the ideal reinforcing elements
for composite materials. In recent years, they are also used as reinforcing element in Al, Mg,
Ti, and their alloys [13-15].

Magnesium alloys and composites can be produced by using different methods. These
methods are mainly casting and powder metallurgy methods. In the casting method, which is
an expensive and detailed method, it is difficult to control the formation of intermetallic
brittle phases. This brings the powder metallurgy method into the forefront in the production
of these materials. In addition, in the casting method, it is a problem to homogenous mix
reinforcing element, especially in composites. However, a homogenous mixture can be
obtained by using powder metallurgy method [16].

In this study, MgAl alloys were produced by the powder metallurgy method adding
carbon nanotubes. In this way, strengths of MgAl alloys were increased with both formation
of phases and external addition of particles. Thus, the effect of production parameters and
material addition on some properties of composites was experimentally examined.

2. Experimental procedures
2.1. Materials and fabrication

In this study, carbon nanotube reinforced (CNT) MgAl matrix composite materials
were produced. An alloy of the mixture (95% Mg + 5% Al) containing magnesium (Alfa
Aesar) with 99.8% purity and -325 mesh grain size and also aluminum powder (Alfa Aesar)
with 99.5% purity and -325 mesh grain size was used as matrix material in all experiments.
The multi-walled CNT was chosen as 9.5 nm in diameter and 1 micron in size (Sigma-
Aldrich). 0.25 wt%, 0.50 wt%, 0.75 wt%, and 1.00 wt% CNT were added into the matrix in
order to determine its effect on properties.

It is required to mix the chosen powders well and to ensure their homogeneous
distribution in the matrix in order for them to yield the required performance in the matrix in
composite production. For this purpose, powder mixers operating based on triaxial rotation
principle were used. Firstly, 5 wt.% Aluminum was added into magnesium powder which was
supplied as ready. This mixture was stirred at 20 rpm for 30 minutes and then at 20 rpm for
120 minutes in the powder mixer by adding CNT at different ratios. 1 wt% PEG
(polyethylene glycol) was added into composite powder mixture to maintain distribution, to



S. Islak et al./Science of Sintering, 49 (2017) 347-357 349

prevent taking off matrix powders from graphite molds, and to minimize frictions between
mold and powder. After the mixing process was completed, the mixture was kept in storage
tubes in order to prevent contact with air and oxidation. The powder mixtures stirred in the
mixer, was operating according to triaxial rotation principle, were pressed in the hydraulic
cold pressing machine. The goal of cold pressing is to easily place powder mixtures in
graphite molds before hot pressing and to use molds with a smaller volume. Then, composites
placed in graphite molds were transformed into bulks in sizes of 10 x 10 x 40 mm by using a
PLC controlled vacuum hot press machine (Zhengzhou Golden Highway, SMVB 80, China),
which was operating according to principle of direct resistance heating, at 450°C, 500°C, and
550°C for 4 minutes and under 35 MPa.

2.2. Characterization of the composites

In order to determine densities of the composites, densities of all samples were
measured by using a scale (AND GR-200) with 10™ precision according to Archimedes’
principle. According to this method, dry weights of the samples in the air were first measured
and then they were placed into a tared metal basket and immersed into a measuring cup full of
distilled water, the temperature of which was measured. After the samples were weighed
again in the water, their density values were calculated according to the equation (1) below:

PCIEICH)
A-B (1)

In this equation; d is the density of sample (g/cm’), 4 - weight of the sample in air
(gr), B - weight of the sample in the water (gr), and d; - density of water at the temperature
measured (g/cm’). Relative densities of samples were calculated according to the following
formula (2) by considering theoretical densities and experimental densities of the composites:

p, =-L-x100
Pk Q)

Where, p, - relative density (%), p - experimentally measured density (g/cm’) and p -
theoretical density calculated based on powder mixture ratios (g/cm”).

The hardness of the samples obtained by using hot pressing method was measured in
Brinell by using a 2.5 mm diameter ball with a 62.5 kg load in the brinell hardness testing
machine. In order to determine hardness exactly, hardness values were measured from the
middle, end, intermediate, and rear parts of the samples and a total of 6 hardness values were
taken from each sample. Mean hardness values of the samples were calculated by taking an
average of remaining hardness values after ignoring the highest and the lowest values.

For metallographic examinations, the samples were molded by using cold molding
technique and ground by rough and fine grinding stages, respectively. Ground samples were
polished by using 3 and 1 micron diamond solutions, respectively and etched by using HNO;
(40 pct.) + C,Hs0OH (60 pct.) solution. Olympus GX4 inverted metallurgical microscope and
Stream image analysis system was used for optical examinations. FEI QUANTA 250 FEG
SEM device was used to carry out SEM analyses. EDS analyses were also carried out along
with SEM in order to determine the chemical composition of the microstructure. X-ray
analysis was performed in order to determine the phases in the microstructure. X-ray analyses
were performed by using Bruker D8 Advance device.
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3. Results and discussion

Fig. 1 and Fig. 2 shows optical images of the composites. It was clearly seen from the
images that Mg and Al powders were mixed homogeneously. However, carbon nanotube
particles were observed to have a partially homogeneous distribution. They were observed to
coagulate in clusters at some points. CNTs were generally located at points where powder
particles joined. It was also seen from images that the structure became tighter as sintering
temperature increased.

CoOTY
Fig. 1. Optical images: (a) MgAl, (b) MgAl- 0.25% CNT, (c) MgAl- 0.50% CNT, (d) MgAl-

different sintering temperatures:
(a) 450 °C, (b) 500 °C, and (c) 550°C.
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Fig. 3 shows SEM images of the fracture surface of MgAl- 1.00% CNT composite at
different sintering temperatures. Intergranular separation was observed due to sintering
conditions of 450°C. The rupture was partially observed between Mg grains by waisting. This
was associated the fact that matrix had a ductile structure and the samples were subjected to
excessive plastic deformation and ruptured. In addition, it was understood that ductile
fractures occurred since the hardness of magnesium was also low in zones where waisting
was intense. There was a weak bonding at the interface of grains at 450°C. This is because
when fracture surface images were examined, it was observed that there was a certain space
between powder particles. When fracture surfaces of the composites sintered at 500°C and
550°C were examined, the fracture was found to be caused by the plastic deformation rather
than being between grains. The fracture surface images showed that porosity also
significantly decreased as sintering temperature increased.

A - FRT g)
Fig. 3. Fracture surface images for MgAl- 1.00% CNT: (a) and (b) 450°C, (¢), (d) and (e)
500°C, (f) and (g) 550°C.
Fig. 3 shows the view of the carbon nanotube. Its diameter was approximately 15 nm.
In addition, locations of carbon nanotubes were seen more evidently from fracture surfaces
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(Fig. 4). As we mentioned above, CNTs were located in clusters.

Fig. 4. MAP analysis of fracture surface for MgAl- 1.00% CNT sintered at 500°C.
Fig. 5 and Fig. 6 show EDS analysis of undoped MgAl and MgAl- 1.00% CNT
sintered at 500°C. CNT was hardly determined in the structure. EDS analysis clearly revealed
that composites were oxidized. It was also obvious that oxidation was present in joint points

of powder particles. Generally, this negatively influenced sintering, as well.

point |

point 2

ooxl
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Fig. 6. EDS analysis of MgAl- 1.00% CNT sintered at 500°C.
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XRD analysis was carried out in order to determine whether or not a phase occurred
to provide a bonding in the interface of powder particles depending on sintering parameters
and how the the condition of current phases changed. Fig. 7 shows XRD graphics of MgAl,
MgAl- 0.5% CNT and MgAl- 1.00% CNT composites. Generally, Mg, Mg;;Al;; and MgO
phases were observed in all graphics. Mgj;Al;; phase formed in the parent of magnesium
alloy as it was reported by Bhingole et al. [17] in their study of MgO-Al,O;-MgAl,O4
dispersed magnesium alloy composites. The reason for the absence of Al in graphics was that
Al formed the solid solution by being dissolved in Mg. Also, the C peak could not be
determined for CNT. This is because it is difficult to detect the CNT signal by XRD when
dealing with structures [18]. Mg;;Al, phase occurred between Mg and Al. The content of this
phase was detected approximately 3%. The matrix of the composite consisted of Mg+
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Fig. 7. XRD graphics: (a) MgAL (b) MgAl- 0.5% CNT and (c) MgAl- 1.00% CNT.

The density of each sample was measured in order to determine the effect of sintering
parameters and CNT addition on compressibility properties of powders. Fig. 8 shows both
experimental density values and relative density values of MgAl and MgAI-CNT at different
sintering temperatures. According to Fig. 8a, the addition of CNT increased density of the
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composite, which was caused by the fact that density of CNT was higher than Mg. As the
sintering temperature increased, the densities increased. The difference between theoretical
and experimental densities decreased with the increase of sintering temperature since
according to the equation D = D, exp (-Q/T), diffusion between powder metal particles varied
depending on sintering temperature. Where D is diffusion coefficient, Q is activation energy,
R is Boltzmann coefficient, and T is temperature. Increasing sintering temperature increased
the formation of solid binding between particles and accelerated diffusion between particles.
Relative densities also increased with increasing addition of CNT at constant sintering
temperature and relatively decreased in addition of 1.00% CNT (Fig. 8b). This might be
explained by the fact that CNTs filled micro pores. On the other hand, coagulations highly
occurred with the addition of 1.00% CNT. This was also understood from fracture images.

Relative densities were observed to increase at increasing sintering temperatures due to high
diffusion rates [19, 20].
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Fig. 8. Density graphics of composites: (a) experimental density and (b) relative density.
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Fig. 9. The effect of sintering temperature and carbon nanotube addition on the hardness
values.

The hardness of MgAl and MgAI-CNT composites was measured by using brinell
hardness test device. Fig. 9 shows changes of hardness based on sintering temperature and
CNT quantity. The hardness of the samples was observed to increase with the increase of
sintering temperature. This was associated with a good binding occurring between
neighboring particles through solid phase diffusion with the increasing temperature [21, 22].
According to another opinion, MgAl matrix is easier to get compact due to the improvement
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of the plastic deformation capability of MgAl matrix at higher temperatures, which results in
higher hardness [23]. The hardness of the samples produced with the addition of CNT
significantly increased. This hardness increase can be asserted to be caused by the distribution
of CNT within the matrix. In other words, the increase of hardness can be explained with the
rule of a mixture [24, 25]. The rule of mixture for materials with high relative density is as
follows:
H kT H mf m +H tf;

Where H, is the hardness of composite, H,, is the hardness of matrix, H, is the hardness of
reinforcing element, and f,, and f; are volume ratios of the matrix and reinforcing element,
respectively. In addition, CNTs contributed to increasing of strength and hardness of a
material by preventing dislocations’ movement [26, 27]. Moreover, it was argued that the
hardness of the CNT composite samples increased because CNTs filled the micro-voids of the
matrix particles [28].

4. Conclusion

Following information, results, and conclusions were obtained in this study aims to
examine the effect of sintering temperature and carbon nanotube on some properties of MgAl-
CNT composites.

1. CNT was observed to distribute relatively homogeneously within the matrix in produced
samples based on SEM and optical studies. It was found that as sintering temperature
increased, the number of the pores in the structure decreased. In addition, CNT addition
caused a decrease in a number of pores.

2. According to XRD analyses, Mg, Mg;Al;; and MgO phases were observed in
composites. The reason for the absence of Al in graphics was that Al formed the solid
solution by being dissolved in Mg. Also, the C peak could not be determined for CNT.
This was associated with the fact that mass of CNT was low.

3. Providing that the ratio of CNT remained constant at different sintering temperatures,
relative densities of composites increased with increasing sintering temperature. As
temperature increased, diffusion between powder particles accelerated, which increased
densification. The highest densification occurred with the value of 98.6% in MgAl -
0.75% CNT sample sintered at 550°C.

4. As sintering temperature and the addition of CNT increased, the hardness of matrices
increased. The hardness of MgAl sintered without the addition of CNT was measured to
be 67.20 HB10 at 450°C, 68.40 HB10 at 500°C, and 71.44 HB10 at 550°C. This was
associated with obtaining a more compact structure as a result of pores decreasing with
increasing temperature. The highest hardness value was measured as 88.45 HB10 in the
addition of 1.00% CNT at 550°C. Free distribution of CNT in matrix caused this hardness
increase.

Acknowledgements

We would like to thank Kastamonu University Scientific Research Projects (KUBAP)
unit which provided financial support with the project number KUBAP 01/2014-10 about the
issues related to conducting and concluding this study.



356 S. Islak et al. /Science of Sintering, 49 (2017) 347-357

5. References

—

B. L Mordike, T. Ebert, Mater. Sci. Eng. A., 302 (2001) 37.

2. American Society for Testing and Materials-ASM,Metal Handbook, Forming and
Forging, 9th Edition (1988) 791.

3. Y. lJianmin, Z. Zhimin, Z. Xing, R. Fengli, W. Yaojin, Sci. Sinter., 48 (2016) 109.

4. H. Fredrich, S. Schumann, J. Mater. Proc. Technol., 117 (2001) 276.

5. H. Furuya, N. Kogiso, S. Matunaga, K. Senda, Mater. Sci. Forum, 350-351 (2001) 341.

6. J. E. Gray, B. Luan, J. Alloys Comp., 336 (2002) 88.

7. 0. Duyguluy, R. A. Kaya, G. Oktay, A. A. Kaya, Mater. Sci. Forum, 546-549 (2007) 421.

8. L.Lu,M.Y. Lai, Y. H. Toh, L. Froyen, Mater. Sci. Eng. A., 334 (2002) 163.

9. Y. Wang, Q. Wang, C. Ma, W. Ding, Y. Zhu, Mater. Sci. Eng. A., 342 (2003) 178.

10. Z. Zhang, A. Couture, Scripta Mater., 39 (1998) 45.

11. S. Y. Chang, J. C. Sung, S. K. Hong, H. S. Dong, J. Alloys Comp., 316 (2001) 275.

12. S. Jayalakshmi, S. V. Kailas, S. Seshan, Composites Part A, 33 (2002) 1135.

13. S. R. Bakshi, D. Lahiri, A. Agarwal, Int. Mater. Rev., 55 (2010) 41.

14. E. Neubauer, M. Kitzmantel, M. Hulman, P. Angerer, Compos. Sci. Technol. 70 (2010)
2228.

15. S. I. Cha, K. T. Kim, S. N. Arshad, C. B. Mo, S. H. Hong, S. H., Adv. Mater. 17 (2005)
1377.

16. H. Z. Ye, X. Y. Liu, J. Mater. Sci. 39 (2004) 6153.

17. P. P. Bhingole, G. P. Chaudhari, S. K. Nath, Composites Part A 66 (2014) 209.

18. C. Suryanarayana, Prog. Mater. Sci. 46 (2001) 1.

19. K. H. Min, S. P. Kang, D. G. Kim, Y. D. Kim, J. Alloys Comp., 400 (2005) 150.

20. Z. Andi¢, M. Kora¢, Z. Kamberovié¢, A. Vujovi¢, M. Tasic, Sci. Sinter., 39 (2007) 145.

21. M. Rahimian, N. Ehsani, N. Parvin, H. R. Baharvandi, Mater. Des., 30 (2009) 3333.

22. D. Kir, S. Islak, H. Celik, E. Celik, Sci. Sinter., 44 (2012) 235.

23. L. Xing, Y. Zhang, C. Shi, Y. Zhou, N. Zhao, E. Liu, C. He, Mater. Sci. Eng. A 617
(2014) 235.

24. H. S. Kim, Mater. Sci. Eng. A 289 (2000) 30.

25. G. B. V. Kumar, C. S. P. Rao, N. Selvaraj, J. Miner. Mater. Charac. Eng. 10 (2011) 59.

26. A. M. K. Esawi, K. Morsi, A. Sayed, M. Taher, S. Lanka, Compos. Sci. Technol. 70
(2010) 2237.

27. S. Buytoz, F. Dagdelen, S. Islak, M. Kok, D. Kir, E. Ercan, J. Therm. Anal. Calorim. 117
(2014) 1277.

28. M. M. H. Bastwros, A. M. K. Esawi, A. Wifi, Wear 307 (2013) 164.

Caoporcaj: Macnesujym u mwezose aezype ce cmampajy OUMHUM KOMNOHEHMAMA 3d U3paoy
MOOEepHUX J1axux mamepujara u, 3002 mo2da, UMQJy WUPOKY NpUMeHy, HNOCeOHO Y
eleKmpoHUYY, aguo- u aymo-unoycmpuju. Fbezosa ynompeba je npowiupena u xopuuhierrem
Y Hpou3g00mU  KOMHOUMHUX Mamepujaia. Y o08om pady, KOMRO3UMHU Mamepujan
cacmasmen 00 MgAl ojauanoe yemenuunum Hanomybama je npousgeden memooom epyhee
npecosarva. Jlooasano je 0.25 wt%, 0.50 wt%, 0.75 wt%, and 1.00 wt% yemenuuHux
nanomyba, a memnepamype 00 450°C, 500°C u 550°C cy ooabpane 3a cunmeposarve.
Hcnuman je ymuyaj memnepamype CUHMEPOBAra U CAOPICAjA Ye/beHUYHUX HAHOMYOA Ha
Hexke 00 ceojcmaea KkKomnozuma. Mukpocmpykmypa u ¢hpasHu cacmag mamepujana cy
UCNUMAHU ~ ONMUYKOM MUKDOCKONUjOM, CKAHUPAJYROM — el1eKmpOHCKOM MUKPOCKONUjOM
(CEM), ougppaxmomempujom X-3paka u enekmpoHCKOM OUCNEP3UOHOM CNEKMPOCKONUjom X-
spaka (EJC). Tepooha xomnozuma je mepena y Opuneruma. Penamuene 2cycmune
mamepujana cy oopehene nomohy Apxumedosoe npunyuna. Ilomohy CEM-a u mepera
eycmune ymepheno je Oa je cmpykmypa eycma U uMa Maiy — HOPO3HOCH.
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Jugppaxmomempujcka meperva cy ymepouna npuycmeo Mg, Mg;:Al;, u MgO xpucmannux
gaza y xomnosumy. Oocycmeo Al je objawrseno popmuparem ugpcmoe pacmeopa ca Mg,
00K NUK Ye/beHUuKka Koju Ou nomuyao 00 yemweHuyHux Hanomybda Huje youen. Tepooha
Komnozuma ce nogehasa ca noseharmwem memnepamype CUHMEPOBARA U YOeNd Ve/beHUUHUX
nanomyba. Hajeeha usmepena epeonocm je 88.45 HBIO npu 1.00 wt% yemenuunux
Hanomyba u cuumepogary Ha 550°C. Illoscharwe mepoohe je uszazeano cio600HUM
pacnopedom yemenuunux Hawomyoa y MgAl cmpykmypu.

Kuyune peuu: MgAl nezype, yewenuune nanomybe, komnosumu, épyhe npecosarve.
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