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OptimizatiOn Of t-6 cycle and characterizatiOn Of Si3n4 reinfOrced high Strength  
aluminum metal matrix cOmpOSiteS 

in this research, AA7068/si3n4 composites were fabricated through stir casting with the attachment of ultrasonic treatment. 
the quenching medium and aging duration significantly influenced the hardness of Al alloy samples. Peak hardness was achieved 
after 12 h of artificial aging at the temperature of 140°C. the addition of nano si3n4 significantly refined the microstructure of 
unreinforced AA7068. the dispersion of intermetallic compounds (mgZn2) and grain boundary discontinuation were noticed after 
the t-6 heat treatment. ultimate tensile strength, yield strength, and hardness were improved by 70.95%, 76.19%, and 44.33%, 
respectively, with the addition of 1.5 weight % si3n4 compared to as-cast alloy due to the combined effect of heat treatment, hall-
Petch, orowan, thermal miss match, load-bearing strengthening mechanisms and uniform dispersion of reinforcement. A reduc-
tion in percentage elongation was noticed due to composites’ brittle nature by the effect of ceramic si3n4 particles’ inclusion. the 
fracture surfaces reveal ductile failure for alloy and mixed-mode failure in the case of composites. 
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1. introduction

in the new era of advanced materials, aluminum alloys 
attract researchers due to their high strength-to-weight ratio, 
lower thermal expansion, excellent mechanical properties, and 
resistance to corrosion and wear. despite these properties, higher 
mechanical and wear resistance is required for automotive, 
aerospace, and industrial applications [1] and [2]. to increase 
mechanical and wear properties, ceramic particles like siC [3], 
B4C [4], tiC [5], Al2o3 [6], gr [7], gnP [8], mWCnt [9], si3n4 
[10] were used as reinforcement in aluminum alloys. 

7xxx Al-Zn-mg-Cu alloys have commonly been used as 
high-strength and heat treatable alloys for automotive, aerospace, 
transportation, and marine applications due to their excellent 
machinability, formability, and corrosion protection and wear 
resistance. AA7068 alloy is utilized in automobile and aerospace, 
having excellent strength with anti corrosive properties and 
high resistance to wear and workability. it is widely utilized in 
developing connecting rods, piston rings, valves, cylinder lin-
ers, cranes, and roofs [11,12]. t-6 heat treatment is a promising 
route to enhance the mechanical and wear properties of 7xxx 
Al-Zn-mg-Cu alloys [13,14].

j.m. mistry et al. [15] developed Al7075/si3n4 composites 
through a stir casting approach with varying si3n4 weight % 
such as 4, 8, and 12 wt. %. they noticed superior hardness and 
tensile strength in heat-treated composites and alloys, as well as 
these properties were also increased after adding si3n4 particles 
in Al7075 alloy. tensile strength was optimized at 8 wt. % and 
started decreasing due to the increased porosity and clustering 
of reinforcing particles. P. sharma et al. [16] analyzed the me-
chanical properties of si3n4 reinforced Al 6082-t6 composites. 
they developed composites with 2, 4, 6, 8, 10, and 12 wt. % 
si3n4 and observed enhancement in tensile strength with the 
addition of si3n4 particles from 2 to 10 wt. %. rajkumar et al. 
[17] analyzed the changes in hardness behavior after the addi-
tion of siC particles in Al-si alloy using stir casting route, they 
found a significant increment in hardness value with reinforce-
ment attributed to the hard nature of siC. mechanical properties 
were affected at 12 wt. % due to the ununiform distribution 
of reinforcement. other studies on si3n4 reinforced Al alloy 
composites revealed that hardness, tensile, compressive, and 
impact strength were increasing with an increase in wt. % of 
si3n4 [18,19] and [20]. in contrast, mechanical properties were 
compromised at a higher weight % due to uneven  distribution, 
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clustering, and casting defects. incorporating ceramic siC 
particles in al alloy improves the mechanical and tribological 
properties, and wear resistance is significantly enhanced with 
the addition of reinforcement [21,22]. 

the present work included the fabrication of si3n4 rein-
forced AA7068 nanocomposites using stir casting with ultrasonic 
treatment. t-6 heat-treatment cycle parameters such as quench-
ing medium and aging time were optimized for AA7068, and 
the optimized parameters were used further. si3n4 particles in 
the proportion of 0.5 to 2 wt. % in step of 0.5 incorporated in 
AA7068 to develop nanocomposites. the microstructure of si3n4 
developed composites and fractured surfaces were analyzed 
through eds, fesem, and elemental mapping. 

2. research methodology

2.1. Selection of materials

high-strength Al 7078 alloy has been selected as a metal 
matrix; the identified set of alloying elements is presented in 
tABle 1. Zn is present in Al alloy as a major alloying element 
(7.8 wt. %), followed by mg (3.1 wt. %) and Cu (1.2 wt.%). 
silicon nitride (si3n4) was selected as reinforcing ceramic in 
particulate form (average size is 58.32 nm), purchased from 

nano research elements. silicon nitride is a ceramic material 
with unique properties, such as being very hard in nature, high 
melting point, low density (3.19 g/cc), and resistance at higher 
temperatures. the sem and eds of si3n4 are shown in fig. 1. 
the weight % of si and n elements in si3n4 are 54.23 and 45.77. 

2.2. fabrication process

firstly, mechanical alloying was performed on Al and si3n4 
powder using a planetary ball miller (Amaze instruments vPB-2 
model) at a lower speed of 250 rpm for 4 h to increase the wet-
tability between reinforcement and molten alloy. in mechanical 
milling operation, one part Al and three part si3n4 powder were 
taken into consideration to maintain the ratio of 1:3 by volume. 
stainless steel balls (10 mm diameter ) were used, and jars were 
filled only 1/3rd of their volume to ensure proper powder mix-
ing. isopropyl alcohol was used as a cooling agent to prevent 
the mixture from excessive heating. it has been observed that 
the molten Al alloy rejected nanoparticles at the time of mixing 
due to the higher surface area, surface energy, and less wettability, 
so ball milled (Al and si3n4) powder was used for better mixing 
and distribution. Prepared ball milled powder was preheated at 
350°C to remove moisture and ready to be used as a filler in 
molten AA7068.

secondly, the fabrication of si3n4 strengthened AA7068 
nanocomposites was done through a stir casting method equipped 
with an ultrasonic treatment facility. electrical resistance fur-
naces were used to melt the ingots of AA7068 at 780°C with 
a heating rate of 10°C per second. After melting, coverall-11 was 
mixed by 1 wt. % to make melt slag free, followed by mixing 
mg pieces (2 wt. %) to improve the wettability. Preheated ball 
milled powder was mixed in the molten alloy in three steps with 
the continuation of stirring at 500 rpm. Agglomeration of nano 
reinforcement was prevented by ultrasonic treatment, in which 
a niobium probe was used to transfer the ultrasonic waves at 
20 hz for minutes for uniform distribution and better mechanical 
properties [23]. later the prepared mixture was poured into the 
preheated mold. the nanocomposites were prepared by varying 
the si3n4 weight % from 0.5 to 2. samples for microstructure 
analysis and tensile and hardness testing were prepared for all 
compositions. later the optimized t-6 heat treatment was per-
formed on the samples. the prepared samples of all compositions 
with their designation are shown in tABle 1.

tABle 1

Compositions of material with the designation

Sample type of material designation
1. As-cast AA7068 ACA
2. heat-treated AA7068 htA
3. heat treated AA7068 + 0.5 wt.% si3n4 ht-1
4. heat treated AA7068 + 1.0 wt.% si3n4 ht-2
5. heat treated AA7068 + 1.5 wt.% si3n4 ht-3
6. heat treated AA7068 + 2.0 wt.% si3n4 ht-4fig. 1 (a) fesem image of si3n4, (b) eds of si3n4
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2.3. heat treatment

AA7068 was subjected to a t-6 heat treatment cycle to 
enhance the mechanical properties. for superior mechanical 
properties of composites, peak aging condition was identified 
by optimizing the t-6 heat treatment parameters such as quench-
ing medium and aging time. fig. 2 shows the t-6 cycle, which 

comprises solution treatment followed by artificial aging. firstly 
two batches of 12 samples of Al alloy were heated up to 490°C 
for 6h, followed by sudden quenching in water and oil medium 
separately. later these solutionized samples were artificially 
aged at 140°C [24] for 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 
24 h, followed by natural cooling in air. hardness is measured 
for water and oil quenched samples.

for each condition, hardness was measured by consider-
ing the average of five values, and the optimized heat treatment 
parameter was identified. All compositions (shown in tABle 1) 
were heat-treated at the optimized condition, and mechanical 
properties were evaluated. 

3. result and discussion

3.1. microstructure analysis

the morphology of Al-si3n4 mixture after ball milling is 
shown in fig. 3(a). it is noticed that si3n4 particles were bro-
ken due to shear forces applied by steel balls during the milling 

fig. 3. (a) sem of ball-milled powder (b,c, and d) identification of Al, si, and n respectively through elemental mapping (e) eds of ball-milled 
powder 

fig. 2. schematic diagram of the t-6 cycle
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fig. 4. microstructure of (a) ACA, (b) htA, (c) ht-3, (d) ht-4

fig. 5. energy-dispersive spectroscopy plots of (a) ACA, (b) ht-3, () ht-4

process; repeated fracturing and welding were associated with 
the Al-si3n4 mixture. steric acid (2 wt. %) was added to the 
mixture to avoid cold welding and destruction of si3n4 particles 
to achieve uniform dispersion of reinforcing particles on the Al 
surface. the elemental mapping of ball-milled powder (shown in 
fig. 3(a to d) identified the elements such as Al, si, and n through 
unique colors. eds also identified the present elements through 
their respective peaks shown in fig. 2(e). the microstructure of 
AA7068 with and without heat treatment is shown in fig. 4((a) 
and (b)). Whereas the microstructure of heat-treated and si3n4 
reinforced nanocomposites are shown in fig. 4((c) and (d)). 
A continuous eutectic phase separates coarser α-Al grains, and 
intermetallic compounds such as Al (Zn, Cu, mg)2 were observed 
after the solidification of ACA. in comparison, the discontinu-
ous grain boundaries and mgZ2 precipitates were observed in 
the microstructure of htA. in addition, significant refinement 
of coarser grain was noticed after si3n4 nano reinforcement 
with uniform distribution of fine mgZ2 particles in the case of 
ht-3. Clustering of particles and microvoids was observed in 
the microstructure of ht-4 due to the higher surface area and 
low density of si3n4 nanoparticles. the higher surface area 
and surface energy of nanoparticles increase the agglomeration 

behavior of particles. grains of ACA were significantly refined 
with the addition of nano reinforcement up to 2 wt. %. the grain 
refinement could be related to the fact that si3n4 particles act as 
a secondary phase in primary Al matrix sites and the formation of 
nuclei starts from these sites; the growth of the grain is hindered 
by the nearest si3n4 particles [25]. 

fig. 5 represents the energy dispersive x-ray spectroscopy 
(eds) of ACA, ht-3, and ht-4. Alloying elements such as Zn, 
mg, Cu, fe, and si are identified with their respective peak shown 
in fig. 5(a). in comparison, elements presented in si3n4, such 
as si and n, are additionally confirmed with alloying elements 
by eds (shown in fig. 5(b) and (c). the increasing amount of 
reinforcement and weight % of each element displaying in the 
table attached to the eds plot. eds has been carried out on 
CArl Zeiss evo (iit, Kanpur) instrument with 15 kv ac-
celerating voltage and 5×104 magnification.

3.2. density and porosity

Comparative density and porosity % of as-cast and heat-
treated alloy and nanocomposites are represented in fig. 6. the 
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densities of AA7068 and si3n4 are 2.85 and 3.17 g/cc. it is 
observed that porosity content increases with the addition of 
reinforcement. sem confirms the presence of microvoids with 
the incorporation of nano si3n4 in the Al matrix, resulting in 
porosity increment. in addition, nanoparticles possess a higher 
surface area energy because these particles come closer, and 
their clustering possibility increases, resulting in a micro gap that 
takes place in between the particles. this phenomenon boosts 
with increased wt. % of si3n4. theoretical density is measured 
from the rule of the mixture and presented in this figure, which 
shows the increasing trend due to the higher density of reinforc-
ing si3n4 particles. the current results closely agree with the 
results reported by [26]. 

3.3. Optimization of t-6 cycle

A significant difference in hardness was measured in water-
quenched and oil-quenched samples (shown in fig. 7). Water 
quenched samples are harder than oil quench due to the difference 
in cooling rate. in comparison, hardness was maximized at 12 h 
aging for both types. it is observed that the hardness increases with 
aging time from 2 h to 12 h, then it decreases due to the over-aging 

of samples. this hardness behavior related to the formation of 
mgZn2 precipitates starts during aging; the uniform distribution 
of fine precipitates is achieved at 12 h aging. After that, the coars-
ening of mgZn2 precipitates starts, so hardness decreases [27]. 
finally, the optimized heat treatment conditions were applied to 
all compositions, such as solutionizing at 490°C for 6 h, quench-
ing in a water medium, and artificial aging at 140°C for 12 h.

3.4. hardness

fig. 8 shows the effect of si3n4 nanoparticles and optimized 
heat treatment on the hardness of alloy and nanocomposites. 
it is observed that the hardness increases with the addition of 
reinforcement from 0.5 to 1.5 wt. %, a decrement in hardness 
noticed at 2 wt. %. A significant increment in hardness was 
noticed after performing heat treatment. for AA7068, hard-
ness was observed as 106.5 hv and 143.8 hv before and after 
heat treatment. significant hardness increment was observed 
after adding nano si3n4 particles from 0.5 to 1.5 wt. %. for 
example, the hardness for ht-3 is 162.3 hv, i.e., a 12.86% 
increment compared to htA. further addition of si3n4 beyond 
1.5 wt. % causes a decrement in hardness value. this increment 
is attributed to increased dislocation density and load-bearing 
capacity due to heat treatment and the addition of hard si3n4 
nanoparticles, respectively. in addition, the uniform distribution 
of fine precipitates was achieved after heat treatment, and better 
particle distribution of nanoparticles observed by stir casting 
and ultrasonic treatment contributed to hardness increment. 
decrement in hardness after 1.5 wt. % due to the increased void 
content and clustering of particles, as hardness is measured by 
taking indentation on different locations, so the average value 
might be affected due to the ununiform distribution of particles.

fig. 8. hardness of as-cast, heat-treated alloy, and nanocomposites

3.5. tensile properties

tensile properties such as ultimate tensile strength (uts), 
yield strength, and percentage elongation of ACA, htA, and 

fig. 6. density and porosity of as-cast, heat-treated alloy, and nano-
composites

fig. 7. hardness of water and oil quenched AA7068
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to ht-3. An increment of 40.66 % and 66.08% were noticed in 
uts, and yield strength, respectively, for ht-3, compared to 
htA. similarly, the uts and yield strength of htA were ob-
served as 345.5 mpa and 230 mPa, which increased by 27.02% 
and 9.52%, respectively, after heat treatment compared to ACA. 

in contrast, a decrement is noticed in uts and yield strength 
for 2 wt. % nanocomposites (ht-4). An increase in tensile 
strength after reinforcement is attributed to the hall-Petch, 
orowan, thermal mismatch, and load-bearing strengthening. 
According to hall petch the increase in yield strength of nano-
composites compared to alloy is inversely proportional to grain 
size; as the grain size reduces, strength increases [28].

it is observed that grain size significantly reduces with 
reinforcement addition, and minimum size was obtained for 
ht-4. still, the increasing trend of tensile strength breaks at 
ht-4 is due to the increased void content and clustering of nano 
si3n4. As per orowan the strength increases when nanoparticles 
are incorporated (as a secondary phase) in monolithic Al alloy. 
orowan gives an equation for an increase in strength of nanocom-
posite compared to alloy, such as σy = σo + Gb/λ ln(D/2b) [29], 
where σy and σo are yield strength of nanocomposite and alloy, 
respectively. G, b are alloy’s shear modulus and burger vector, 
respectively. And D, λ are average particle size and interspacing 
between particles, respectively.

so as the particle size and spacing between nano reinforce-
ment decreases, the strength of the composite would increase. 
likewise, the difference in thermal coefficient in Al alloy and 
si3n4 is responsible for the increment in the dislocation density, 
and the insertion of nano ceramic si3n4 particles enhances the 
load-bearing capacity of nanocomposites. Based on the above-
mentioned strengthening mechanisms, tensile strength increases 
with the addition of nano si3n4. An opposite response was noted 
in composites’ ductility; it decreased when si3n4 nanoparti-
cles were added to the alloy and heat treatment. for example, 
the percentage elongation of ACA is 19.67, which is reduced 

fig. 9. ultimate tensile strength of as-cast, heat-treated alloy, and 
nanocomposites

fig. 10. yield strength of as-cast, heat-treated alloy, and nanocomposites

fig. 11. Percentage elongation of as-cast, heat-treated alloy, and na-
nocomposites

fig. 12. stress vs strain (%) graph

nanocomposites are depicted in figs. 9, 10, and 11. the relation 
between stress and percentage strain is represented in fig. 12. it is 
observed that the uts and yield strength of ACA significantly 
enhanced after heat treatment and nano si3n4 addition from ht-1 
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by 36.45% for htA. it is further reduced by adding nanoparti-
cles up to 42.4% for ht-4 compared to htA. the decrement in 
ductility is attributed to increased brittleness due to the insertion 
of ceramic nanoparticles and precipitations [30].

3.6. fracture surface analysis

fracture surfaces of AA7068 alloy in as-cast and heat-
treated conditions and heat-treated nanocomposites containing 
1.5 and 2.0 wt. % si3n4 (ht-3 and ht-4) were analyzed through 
fesem, as shown in fig. 13. fig. 13(a) shows the fracture 
surface of ACA, where grape-like dendrite/dimples and cleav-
age were observed, indicating the ductile failure of the alloy. 
in contrast, a lesser number of dimples were noticed in htA 
(fig. 13(b)), with some cleavage panels representing mixed 
ductile and brittle failure due to the brittle nature of precipitates 
formed in htA. inter-dendrite craking is the prime mechanism 
of failure in ACA and htA during loading. While in the case 
of ht-3 (fig. 13(c)), fewer dimples, more facets, and cleavage 
panels were observed, indicating mixed-mode failure. the load 
is transferred from the Al matrix to si3n4 reinforcement during 
tensile loading, resulting in the pulling out of si3n4 particles, 
which shows good interfacial bonding between particle and ma-
trix. the fracture surface of ht-4 shows in fig. 13(d), displaying 
a large number of facets and cleavage panels observed, indicating 
the brittle fracture due to a large amount of si3n4 nanoparticles. 
Compared to other nanocomposites, the clustering of si3n4 
particles found in ht-4 is responsible for weaker interfacial 

bonding resulting in early failure during tensile loading. Break-
age of nano reinforcement and interfacial delamination are the 
prime reasons for failure in the case of nanocomposites. it is 
concluded that the incorporation of ceramic si3n4 nanoparticles 
in AA7068 alloy introduces the brittleness and this brittle nature 
increasing with si3n4 wt. %. 

3.7. Summary

intermetallic compounds such as Al (Zn, Cu, mg)2 were 
observed after the solidification of ACA. Whereas, the discon-
tinuous grain boundaries and mgZ2 precipitates were observed 
in the microstructure of htA. in addition, significant refinement 
of coarser grain was noticed after si3n4 nano reinforcement 
with uniform distribution of fine mgZ2 particles in the case of 
ht-3. Clustering of particles and microvoids was observed in 
the microstructure of ht-4 due to the higher surface area and 
low density of si3n4 nanoparticles. the artificial aging duration 
significantly affected the hardness; peak hardness was obtained 
after 12 h in both quenching mediums. it was observed that the 
hardness of water quenched samples is more than oil quench, 
attributed to a higher rate of cooling due to the higher thermal 
conductivity of water. the enhancement of mechanical proper-
ties with t-6 heat treatment is mainly due to the formation of 
mgZn2 precipitates and their uniform distribution. in addi-
tion, the refinement of grains with nano si3n4 addition also 
improves mechanical properties through hall Petch, orowan, 
and thermal mismatch strengthening. the fracture surface sem 

fig. 13. sem of fracture surfaces of (a) ACA, (b) htA, (c) ht-3, (d) ht-4
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revealed as interdendritic cracking is the primary cause of the 
pure alloy failure, whereas ductile-brittle (mixed mode) failure 
of nanocomposites assured with the identification of cleavage 
panels and facets 

4. conclusion

silicon nitride (si3n4) reinforced AA7068 nanocomposites 
were successfully developed through stir casting equipped with 
ultrasonic treatment. the following conclusions were made based 
on fabrication and characterization:
• T-6 heat treatment cycle was optimized based on hardness 

analysis for AA7068; maximum hardness was observed 
for the specimen quenched in water medium and artificial 
aged at 140°C for 12 h. 

• A significant increment in hardness was observed after 
adding nano si3n4 particles from 0.5 to 1.5 wt. % and heat 
treatment. for example, the hardness for ht-3 is 162.3 hv, 
i.e., a 12.86 and 53.11% increment compared to htA and 
ACA, respectively.

• UTS and yield strength of ACA significantly enhanced 
after heat treatment and nano si3n4 addition from ht-1 to 
ht-3. An increment of 40.66% and 66.08% were noticed in 
uts, and yield strength, respectively, for ht-3, compared 
to htA. 

• The percentage elongation of ACA is 19.67, which is re-
duced by 36.45% for htA. it is further reduced by adding 
nanoparticles up to 42.4% for ht-4 compared to htA.

• The fracture of ACA was mainly due to interdendritic 
cracking (ductile failure), whereas in nanocomposites, 
ductile-brittle (mixed mode) failure was observed.
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