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Microwave assisted rapid sintering was carried out to fabricate aluminum-ZrB, metal matrix
composites containing 1 wt% cobalt and 10, 15 and 20 wt% ZrB, as the reinforcements at temperatures
of 600, 700 and 800°C. The results showed that the highest values of density and bending strength
(97% of theoretical density and 240 MPa, respectively) were obtained in a composite containing 15
wt% ZrB, and 1 wt% Co sintered at 600°C. Furthermore, the optimum values of compressive strength
and hardness (350 MPa and 63 Vickers, respectively) were measured for a composite containing 20
wt% ZrB, sintered at 600°C. At all sintering temperatures, XRD analysis revealed ZrB, and aluminum
as the only crystalline phases. Microstructure investigations demonstrated a homogeneous distribution

of ZrB, particles in the aluminum matrix.
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1. Introduction

Aluminum (Al) metal matrix composites (AMC) have
many applications in the aerospace and car industries and
military applications due to their high specific modulus, high
strength to weight ratio and toughness'~. Generally, the casting,
extrusion and forging routes, and powder metallurgy (PM)
process have been used to produce AMC**. Compared with
traditional methods, PM is believed to be a more appropriate
process to fabricate near net shape products®. In addition,
the interaction between matrix and reinforcements can be
avoided because of lower processing temperatures usually
associated with PM methods’. Compared with casting process,
PM provides a more uniform distribution of reinforcement
materials within the matrix®. However, the conventional PM
processing of composites often needs long sintering time,
which results in grain coarsening and poor performance of
mechanical properties’.

Microwave sintering presents distinct advantages such
as high energy efficiency, enhanced densification and also
smaller grain size due to the faster heating rate at lower
sintering temperatures'’. Microwave sintering provides a
uniform volumetric heating as well as smaller pores in the
sintered compacts, which improves the microstructure and
mechanical properties' 3.

SiC and AL O, particles are the most commonly used
materials for reinforcement of Al alloys. Furthermore, there
has been growing interest of using ZrB, as reinforcement
due to its high melting point, high electrical and thermal
conductivity and chemical inertness'*'®. In the recent
years, there has been much research into various aspects of
Al-ZrB, composites produced mainly by casting route and
PM method''8. The limited research has been conducted
on the effect of second metallic phase as a binder or
coherent phase between aluminum and reinforcement'.
Some researchers investigated the effect of Cu additive as
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a coating of reinforcement particles on different aluminum
matrix composites®. However, to the best of the author’s
knowledge, there have been limited reports of the effect of
Co additive on the final properties of Al-ZrB, composites™-*.

In the present work, an attempt has been made to
investigate the effect of microwave sintering parameters and
variable amounts of ZrB, on microstructure and mechanical
properties of PM green compacts. Additionally, the properties
of Al-ZrB, composite with and without 1 wt% Co have
been investigated.

2. Experimental procedures

ZrB, (99.5% purity, 10 um average particle size) and
aluminum (MERCK Art. no. 1056 aluminum powder, <70 pm
particle size, 99% purity) powders were used as the starting
materials and cobalt powder (99.8% purity and 5 pm mean
particle size) was used as an additive. The required amounts
of Al, ZrB, and Co powders were taken in four separated
batches presented in Table 1.

The batches were mixed with a high energy turbula
mixer-Spex (Mixer mill — 8000D) for 10 minutes in ethanol
media. After mixing process, each batch was dried at 70°C
to remove ethanol from the mixture. Then, the bar-shaped
samples with the dimension of 25%5%5 mm were compacted
at 250 MPa by an uniaxual press. The compressive strength
samples with a diameter of d=1 cm and height of h=0.8
cm were prepared at 140 MPa by a hydraulic press. The
samples were sintered in a graphite bed using a single-mode
microwave furnace (900 W and 2.45 GHz), at 600°, 700°
and 800°C without soaking time. An optical pyrometer
(Model:RAYR312MSCL2G) was used as the temperature
monitoring device. The bulk density of sintered samples
was measured using the Archimedes’ Principle. The three
point bending strength and compressive strength tests were
conducted with a Santam-STm 20 instrument using at least 5
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Table 1: Different batch compositions.

Batch Al (wt %) Z1B, (Wt %) Co (Wt %)
A 90 10 0
B 89 10 1
C 84 15 1
D 79 20 1

and 3 samples, respectively. X-ray diffraction (XRD, Philips
X’ Pert System) analyses were performed to identify the phases
present in the Al-ZrB, composites. Vickers microhardness
values of the sintered samples were determined using a
MKV-h21 Microhardness Tester under a load of 1kgf for
15 s. At least ten successive indentations were performed
for each sample. Microstructural investigations of sintered
samples were carried out using a SEM (Stereoscan 360,
Leica Cambridge).

3. Results and discussion

3.1. XRD analysis

Figure 1 shows the XRD patterns of D series samples
(table 1) sintered at 600, 700 and 800°C. The identified
phases of Al and ZrB, are similar for all composites and no
additional phases are found.
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Figure 1: XRD patterns of composites containing 20 wt% ZrB,
sintered at (a) 600 °C, 700°C and 800 °C.

3.2. Densification

Since in the precision of XRD analysis only Al and
ZrB, phases were detected (Figure 1), therefore, the relative
density of composites were measured by the rule of mixtures
and the results are shown in Table 2. The variation of the
measured densities was limited to + 1 % of the average
value. As Table 2 further reveals, the relative densities of
B, C and D composites are nearly the same compared to A
composite which is much less. It seems that the presence of
Co additive in B, C and D composites caused an increase of
density. The maximum relative density of 96.9+0.3 % was
calculated for C composite sintered at 600 °C.

As Table 2 represents, there is no significant change in the
measured density of Al-ZrB, composites containing Co with
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the increase of sintering temperature. This is because of two
diverse effects; the relative density increases as a result of
high atomic diffusion and decreases due to the agglomeration
of ZrB, particles during sintering process. Because of high
melting point of ZrB,, it can be expected that ZrB, particles
form aggregates with a random distribution in Al matrix,
preventing complete densification'®. Another possibility is
the formation of alumina layer with a high melting point
around Al particles and low tendency of these layers to
make bonds with ZrB, particles at sintering temperatures. It
seems that the formation of some porosity and cracks within
the composites matrix during cooling due to the thermal
expansion mismatch between Al and ZrB, particles can be
prevented by adding Co particles.

3.3. Microstructural analysis

The backscattered electron images of Al-ZrB, composites
are shown in figure 2. The dark and light regions correspond
to Aland ZrB, particles, respectively. SEM images in figure
2-a further reveal a uniform distribution of ZrB, particles in
Almatrix in C sample containing cobalt additive sintered at
600°C. It also has a less porous structure (no cracks were
observed), exhibiting good bonding between matrix and
reinforcement particles.

Figure 2-b shows the scanning electron micrographs
of A sample (without cobalt additive) sintered at 600°C.
Microcracks can be seen around ZrB, particles attributed to the
thermal expansion mismatch between Al and ZrB, particles.

SEM micrographs of D composite sintered at 600°C
(Figure 2-c) show that the agglomeration of ZrB, particles
increased due to increasing amount of reinforcement particles
from 15 to 20 wt%.

Figure 3 shows the SEM micrographs and EDS analysis of
Al-15wt%ZrB,-1wt%Co composite sintered at 600°C. EDS1
point (gray region) is rich in element Al, while EDS2 point
(light region) is rich in element Zr, implying the existence
of ZrB, particles as the reinforcement in composite.

Figure 4 shows the fracture surface of C composite
sintered at 600°C. It can be observed that there are many
fine dimples around 5-6 um in diameter accompanied by
ZrB, particles on the surface of this sample. The rupture
mechanism of C composite is the ductile fracture of ZrB,
and its expanding in the substrate.

3.4. Bending strength

In the case of sintering apart from bonding and porous-
free microstructure, the important factor affecting strength of
sintered composite is the amount of ZrB, particles presented
in the matrix. On the other hand, increasing amounts of
reinforcements can be caused the agglomeration of particles,
destroying the mechanical properties of composites. The
maximum bending strength value was measured for C
composite containing 15 wt % ZrB, and 1wt% Co sintered
at 600°C. The presence of ZrB, particles in Al matrix could
impede the movement of dislocations since these particles are
stronger than Al particles. As it was considered in previous
section (Figure 2-c), the agglomeration of reinforcement
particles in Al-20 wt% ZrB,-1wt% Co composite could
form some porosity between agglomerates, acting as crack
propagation centers. The degree of strengthening produced
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Table 2: Relative density of composites sintered at different temperatures.

Al-20wt%ZrB,-1wt%Co  Al-15Wt%ZrB -1wt%Co  Al-10wt%ZrB,-1wt%Co Al-10wt%ZrB, sample
3.06 2.96 2.88 2.85
Teoretical density
(gr/em?)
800 700 600 800 700 600 800 700 600 800 700 600 )
Sintering
temperature (°C)
292+ 291+ 290+ 279 283+ 287+ 273+ 274+ 275+ 243+ 241+ 235+ Measured density
0.01 0.02 003 £03 001 0.02 0.04 0.01 0.01 0.03 0.04 0.03 (gr/em?)
954+ 95+ 947 942 956+ 969+ 9479 9513+ 9548+ 8526 8456+ 8245 Relative density
0.3 0.6 +1 +1 0.3 0.6 +13 0.3 0.1 +1 1.3 +1 (%)

50 pm

50 pm

wr

Figure 2: SEM micrographs of: a) Al-15 wt% ZrB,-1wt% Co, b)
Al- 10wt% ZrB, and C) SEM micrographs of Al-20 wt% ZrB -1
wt% Co composite sintered at 600°C.
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Figure 3: Backscattered images, and EDS spectra taken from surface
of Al-15wt% ZrB,-1wt%Co sintered at 600°C.

Figure 4: The fracture surface of Al-15wt% ZrB,-1wt%Co sintered
at 600°C.

also depends on the size of particles, their distance apart
and the bonding of particles. The dislocations cannot pass
through the reinforcement particles, if they have higher
mechanical properties than the matrix particles. Figure 5
demonstrates the change of bending strength of composites
with increasing sintering temperature. The nearly high and
equal values of strength of composites sintered at different
temperatures can be attributed to the existence of Al and
ZrB, as the only crystalline phases and it seems that changes
in sintering temperature have little effect on the changes in
bending strength of composites.
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Figure 5: Bending strength vs sintering temperature.

C composites obtained higher bending strength values
(Figure 5) than all other specimens because of higher density
and excellent bonding of Al and ZrB, reinforcement particles
in comparison with A composites (Figure 2-b). It seems that
Co additive has a positive effect on the bonding between
ZrB, and Al particles.
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Figure 6 shows the force-extension variation for C and
A composite sintered at 600°C. The surface area under
force-extension curves introduces the fracture toughness
of specimens. As comparison, it is clear that C composite
exhibited a higher toughness rather than A composite.
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Figure 6: The force-extension curves for Al-15wt%ZrB,-1wt%Co
and Al-15wt%ZrB, samples sintered at 600°C.

3.5. Compressive strength

Because of a lower density, composites containing 10
wt% ZrB, without Co additive (Figure 7) had the lowest
compressive strength values. With increase in reinforcement
particles, the movement of dislocations is somehow halted,
leading to increase in the compressive strength.
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Figure 7: Compressive strength vs. sintering temperature.

The maximum compressive strength was measured
for composite containing 20 wt% ZrB, (D series) at all
sintering temperatures. It seems that the proper bonding
between ZrB, reinforcement and Al matrix exists in D
rather than A composites. Furthermore, the presence of
maximum amounts of reinforcement in D composite
leads to best compressive properties among all series
of composites.

3.6. Microhardness

Generally, the high hardness indicates a good bonding
between particle and matrix. The results presented in Figure 8
reveal that the maximum microhardness value corresponds to
composite containing 20 wt% ZrB, due to the high hardness
value of ZrB, particles and also the good bonding between
the reinforcement particles and matrix, as shown in Figure
2. The hardness increases due to reduced plastic deformation
by the reinforced particles.
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Figure 8: Microhardness vs. sintering temperature.

Figure 8 further reveals that the microhardness and
bending strength changes (Figure 5) follow the same trend.
The hardness of composites sintered at different temperatures
is almost similar for each composite series (A, B, C and D).
The results obtained by Z. Asadipanah et al.® indicated that
almost similar values of microhardness and less values of
compressive strength obtained using nano ZrB, particles
reinforced aluminum composite without Co additive prepared
by microwave processing than those values obtained in the
present work. This shows the role of Co addition in the
improvement of microstructure and mechanical properties
of Al-ZrB, composites.

4. Conclusions

The powder metallurgy combined with microwave sintering
was successfully applied to aluminum-ZrB, composites and
a high density was obtained at a low temperature of 600°C
without soaking. Co additives had significant effect on
crack and porosity degradation in microstructure of these
composites. The optimum bending strength (240MPa)
and microhardness (56 vickers) values were obtained for
Al-15wt% ZrB,-1wt% Co composite sintered at 600°C.
Aluminum and ZrB, were found to be the only crystalline
phases with increasing sintering temperature.

References

1. Venkateswarlu K, Saurabh S, Rajinikanth V, Sahu RK, Ray
AK. Synthesis of TiN reinforced aluminium metal matrix
composites through microwave sintering. Journal of Materials
Engineering and Performance. 2010;19(2):231-236. DOI:
http://dx.doi.org/10.1007/s11665-009-9458-y

2. Ghasali E, Pakseresht A, Rahbari A, Eslami-shahed H, Alizadeh
M, Ebadzadeh T. Mechanical properties and microstructure
characterization of spark plasma and conventional sintering
of Al-SiC-TiC composites. Journal of Alloys and Compounds.
2016;666:366-371. DOI: http://dx.doi.org/10.1016/j.
jallecom.2016.01.118

3. Kumar A, Lal S, Kumar S. Fabrication and characterization of
A359/A1203 metal matrix composite using electromagnetic
stir casting method. Journal of Materials Research and
Technology. 2013;2(3):250-254. DOI: http://dx.doi.
org/10.1016/j.jmrt.2013.03.015



Microwave Sintering of Aluminum-ZrB, Composite: Focusing on Microstructure and Mechanical Properties 769

4. Nawathe S, Wong WL, Gupta M. Using microwaves to synthesize
pure aluminum and metastable Al/Cu nanocomposites
with superior properties. Journal of Materials Processing
Technology. 2009;209(10):4890-4895. DOI: http://dx.doi.
org/10.1016/j.jmatprotec.2009.01.009

5. Shirvanimoghaddam K, Khayyam H, Abdizadeh H, Karbalaei
Akbari M, Pakseresht AH, Ghasali E, et al. Boron carbide
reinforced aluminium matrix composite: Physical, mechanical
characterization and mathematical modelling. Materials
Science and Engineering: A.2016;658:135-149. DOLI: http://
dx.doi.org/10.1016/j.msea.2016.01.114

6. Ghasali E, Alizadeh M, Ebadzadeh T. Mechanical and
microstructure comparison between microwave and spark
plasma sintering of Al-B4C composite. Journal of Alloys
and Compounds. 2016;655:93-98. DOI: http://dx.doi.
org/10.1016/j.jallcom.2015.09.024

7. Torralba JM, da Costa CE, Velasco F. P/M aluminum matrix
composites: an overview. Journal of Materials Processing
Technology. 2003;133(1-2):203-206. DOI: http://dx.doi.
org/10.1016/S0924-0136(02)00234-0

8. Ghasali E, Pakseresht A, Safari-kooshali F, Agheli M, Ebadzadeh
T. Investigation on microstructure and mechanical behavior
of Al-ZrB, composite prepared by microwave and spark
plasma sintering. Materials Science and Engineering:
A. 2015;627:27-30. DOI: http://dx.doi.org/10.1016/j.
msea.2014.12.096

9. Oghbaei M, Mirzaee O. Microwave versus conventional sintering:
A review of fundamentals, advantages and applications.
Journal of Alloys and Compounds.2010;494(1-2):175-189.
DOI: http://dx.doi.org/10.1016/j.jallcom.2010.01.068

10. Ghasali E, A Pakseresht AH, Agheli M, Marzbanpour AH,
Ebadzadeh T. WC-Co Particles Reinforced Aluminum
Matrix by Conventional and Microwave Sintering. Materials
Research. 2015;18(6):1197-1202. DOI: http://dx.doi.
org/10.1590/1516-1439.027115

11. Rajkumar K, Aravindan S. Microwave sintering of copper-
graphite composites. Journal of Materials Processing
Technology.2009;209(15-16):5601-5605. DOI: http://dx.doi.
org/10.1016/j.jmatprotec.2009.05.017

12. Leonelli C, Veronesi P, Denti L, Gatto A, Tuliano L. Microwave
assisted sintering of green metal parts. Journal of Materials
Processing Technology. 2008;205(1-3):489-496. DOT: http://
dx.doi.org/10.1016/j.jmatprotec.2007.11.263

13. Binner J, Annapoorani K, Paul A, Santacruz I, Vaidhyanathan
B. Dense nanostructured zirconia by two stage conventional/
hybrid microwave sintering. Journal of the European
Ceramic Society. 2008;28(5):973-977. DOI: http://dx.doi.
org/10.1016/j.jeurceramsoc.2007.09.002

14. Dinaharan I, Murugan N. Dry sliding wear behavior of
AA6061/ZrB, in-situ composite. Transactions of Nonferrous
Metals Society of China. 2012;22(4):810-818. DOI: http://
dx.doi.org/10.1016/S1003-6326(11)61249-1

15. Mishra SK, Das S, Das SK, Ramachandrarao P. Sintering
studies on ultrafine ZrB, powder produced by a self-
propagating high-temperature synthesis process. Journal of
Materials Research. 2000;15(11):2499-2504. DOI: http://
dx.doi.org/10.1557/JMR.2000.0359

16. Monteverde F, Guicciardi S, Bellosi A. Advances in
microstructure and mechanical properties of zirconium
diboride based ceramics. Materials Science and Engineering:
A4.2003;346(1-2):310-319. DOI: http://dx.doi.org/10.1016/
S0921-5093(02)00520-8

17. Fogagnolo JB, Robert MH, Ruiz-Navas EM, Torralba JM. 6061
Al reinforced with zirconium diboride particles processed by
conventional powder metallurgy and mechanical alloying.
Journal of Materials Science. 2004;39(1):127-132. DOI:
http://dx.doi.org/10.1023/B:JMSC.0000007736.03608.e5

18. Dinaharan I, Murugan N, Parameswaran S. Influence of in
situ formed ZrB, particles on microstructure and mechanical
properties of AA6061 metal matrix composites. Materials
Science and Engineering: A.2011;528(18):5733-5740. DOL:
http://dx.doi.org/10.1016/j.msea.2011.04.033

19. Jason SHL, inventor. Hybrid metal matrix composites. US
patent CA2357323 (Al). 2002 Mar 12.

20. Wang HL, Zhang R, Xu HL, Lu HX, Guan SK. Preparation
of Al-based Metal Matrix Composites Reinforced by Cu
Coated SiC Particles. Key Engineering Materials. 2005;280-
283:1493-1496. DOI: http://dx.doi.org/10.4028/www.
scientific.net/KEM.280-283.1493

. Rana RS, Purohit R, Das S. Reviews on the Influences of
Alloying elements on the Microstructure and Mechanical
Properties of Aluminum Alloys and Aluminum Alloy
Composites. International Journal of Scientific and Research
Publications. 2012;2(6).

22. Ghasali E, Alizadeh M, Ebadzadeh T, Pakseresht AH,
Rahbari A. Investigation on microstructural and mechanical
properties of B4C—aluminum matrix composites prepared
by microwave sintering. Journal of Materials Research
and Technology. 2015;4(4):411-415. DOI: http://dx.doi.
org/10.1016/j.jmrt.2015.02.005

23. Asadipanah Z, Rajabi M. Production of AlI-ZrB, nano-composites

by microwave sintering process. Journal of Materials Science:
Materials in Electronics. 2015;26(8):6148-6156.

2

—_



