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In the current research A17075 (Al-5.4Zn-2.6Mg) alloy and composite prepared by dispersing 2 wt.%
granite powder and 3 wt.% Si,N, in A17075 are subjected to peak aging treatment at 100, 120 and 150°C
to obtain the maximum induced hardness by solid solution strengthening. In succession, by the results
of peak aging treatment the alloy and composite are pre aged and heat treated by three step aging
conditions. The results indicated that pre aged three step aging has resulted in enhanced alloy hardness
of 185.6 VHN as compared to peak hardness of 142.9 at 100°C resulting in 29.88% improvement.
Moreover, the composite subjected to pre-aged three step aging has resulted in improved hardness
to 197.6 VHN as compared to peak hardness of 153.5 at 100°C resulting in 28.72% improvement.
Also, the alloy and composite in this condition showed an improvement of 21.38% and 16.34% respectively
in the UTS. Also, particularly composite displayed excellent wear characteristics as compared to
as cast alloy. An interesting fact noticed in this work is that in three step aging the last step having
higher temperature and longer duration of aging has resulted always a better hardness and hence has
improved mechanical properties. This may be due to increased aging kinetics during heat treatment.
The novel approach developed in this study will reduce the longer duration of conventional aging heat

treatment and the energy consumption.
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1. Introduction

Aluminium alloys are widely preferred material for
aerospace components because of their light weight,
higher strength, good process ability, anti corrosive
properties, and higher conductivity. Like steels these
materials are can also be subjected to heat treatment to
relieve stresses, improve the mechanical properties and
ease the machining. Among different types of aluminium
alloys 2000, 6000 and 7000 series alloys respond positively
when subjected to heat treatment. The improvement in
mechanical properties is achieved because of formation
of small hard precipitates during commonly employed
precipitation hardening or age hardening heat treatment
process. The precipitates formed during this process cause
the grains to lock into position and in turn enhances the
hardness/strength of alloy.

7000 series aluminium alloys are widely used in
aircraft structures due to the high strength and low
density'. The high strength of the 7000 series alloys is
due to the fine and uniformly distributed precipitates in
the matrix which precipitate during the artificial aging.
The usual precipitation sequence of the 7000 series Al alloys
can be summarized as: solid solution-Guinier Preston
zone-metastable 1)’- stable 1 (MgZn,)*. For the peak aged
(T6) 7000 series aluminium alloys, the ’ phase is the main
precipitate; however, for the over aged condition (T7) the
1N phase is the main precipitate®*.

*e-mail: prakash.ym@manipal.edu

In the recent past, aluminium matrix materials have
emerged to satisfy the requirements of the applications
in present industries as their properties can be easily
tailor made to suit a specific demand of the application.
Because of diverse properties, aluminium based composite
materials hold potential for application in automotive,
aerospace, sporting goods, defence, electronic, thermal
management and in general engineering industries®”’.

Because of numerous advantages of particulate
reinforcements, they have been tried with the A17075. M.
Singh et al.®® have reinforced granite powder particulates
of size 50-150 um and 10 wt.% in LM6 aluminium alloy
for studying the high stress wear behaviour and dry sliding
wear behaviour of composites. Satyanarayana et al.'” have
used granite and graphite particles of size 53 um each
to produce composites based on A356 aluminium alloy.
The weight of graphite reinforced was 2 wt.% and that
of granite was 4 wt.% in the alloy. They studied the wear
parameters on friction performance of composites. Haq
and Anand' have fabricated A17075-Si,N, composites
by dispersing silicon nitride in varying quantity in the
range 2-8 wt.% in steps of 2. The objective of their study
was to understand the microhardness of composites.
Mistry and Gohil'* have used Si,N, of size 10-40 pum
to produce Al7075 matrix composites. The quantity of
reinforcement introduced varied from 4-12 wt.% in steps of 4.
The investigation focus was to understand the wear and
friction behaviour of composites under heat treated conditions.
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Ramesh and Keshavamurthy'>'* and Ramesh et al.'* have Ni-P
coated Si,N, (2-20 pm) and reinforced them with varying
quantity in the range 4-10 wt.% in steps of 2 in Al6061
alloy. They studied slurry erosive wear behaviour, dry sliding
wear and Influence of forging on mechanical properties of
Al6061-Si,N, composites. Kumar et al.'>'” produced A12618
alloy matrix based Si,N,, aluminium nitride (AIN) and ZrB,
reinforced composites for understanding the mechanical
behaviour, corrosion resistance and applied ANOVA for
understanding variable that will significantly affect the wear
of these composites. The combined quantity of reinforcements
introduced in these composites was in the range 2-8 wt.%.

The three stages in precipitation hardening are- solutionizing,
quenching and aging. During solutionizing the temperature
is raised between 430-540°C above solvus temperature and
held for certain duration to dissolve all the elements of alloy
into a solid solution. The quenching involves cooling at a
faster rate to produce a super saturated solid solution and
aging will enable the appearance of coherent precipitates
that aid for strengthening the alloy by interfering with
dislocation movement.

Heat treatment is a process carried out on the materials
to increase the grain growth and tensile strength related
properties'®. The dendritic structure, impurities, and intermetallic
particles in wrought and as-cast alloys remarkably give rise
to negative influence on mechanical response and limit
several end-use applications. Therefore, heat treatment
as an indispensable step in multiple processing sectors is
developed in today’s industry to eliminate the above defects
as much as possible. Among those heat treatment methods,
aging treatment is the most common and effective approach
that can not only reduce or eliminate the micro-stress in
matrix after quenching process but improve the strength and
hardness of alloy by modifying the fraction number, size, and
distribution of intermetallic particles'®. The heat treatment has
aclear influence on the alloy’s topographical responds to the
ambient conditions®. The multiple-step aging process is a heat
treatment process derived from solution-aging treatment'.

Table 1. Chemical composition of A17075.
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Longer duration in isothermal heat treatment (single step aging)
of alloys for industrial purpose can be eliminated by adapting
the multiple step aging treatment for achieving similar
mechanical properties**?. Generally, the first step aging
is a low temperature process, in which fine distribution
of Guinier Preston zones takes place. In the subsequent
higher temperature steps, complete precipitation of
strengthening phase will be achieved®-*. Good processing
method combined with an appropriate aging condition can
significantly promote the optimization of microstructure
and performance of the alloys?’*’.

2. Materials and Casting
2.1. Materials

2.1.1. 417075

Aluminium alloy 7075 has a good blend of strength,
ductility, toughness, higher strength to weight ratio, very good
electrical and thermal conductance, good fatigue strength
and corrosion resistance. It is one of the 7xxx series alloy
which has wide applications in aerospace, aircraft, electronic
and automobile parts®*-32.

The density of as received A17075 is 2.83 g/cc, and its
chemical composition has been given in Table 1.

2.1.2. Granite powder (GP)

Granite belongs to the igneous rock family. The density
of the granite powder used is 2.6 g/cc and compressive
strength is around 210 MPa. Granite powder was obtained
from the polishing units and the chemical properties were
found by wet method as per 1S2720:1983. The details of
different chemical elements found have been shown in
Table 2. Average particle size of the granite particulates
is found to be as 40 pm as confirmed by the particle size
analysis. Figure 1 shows the photograph of granite slab and
the derived granite powder from it.

Element Zn Mg Cu Si Fe Mn Cr Ti Al
wt. % 5.4 2.6 1.5 0.4 0.5 0.3 0.22 0.2 Bal.
Table 2. Chemical composition of granite powder.
Element Sio, ALO, Fe,O, CaO MgO Na,O K,0 TiO,
wt. % 73.18 14.23 1.64 0.92 5.01 3.09 1.59 0.23
a)

Figure 1. (a) granite slab (b) granite powder reinforcement.
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To clean granite powder, it is taken in a beaker and
demineralized water is added to it to get a liquid slurry.
This liquid slurry is stirred for 10 minutes. After stirring,
water with granite powder is filtered using filter paper. The
pH value of the filtered water is noted down. This process is
repeated till the pH value of water reaches 7. Increase in pH
value of water is the indication of removal of contaminants
and other minerals from the granite powder. The process
equipment adapted is as shown in Figure 2.

2.1.3. Silicon Nitride

The Si,N, reinforcement used had properties as depicted in
Table 3. This reinforcement has a density of 3.44 g/cc and particle
size in the range 20-30 um with irregular shaped particulates.

2.2. Casting of composite

The mold surfaces are polished by emery paper and
cleaned by acetone to remove dust, grease, and any other
foreign particles. The surfaces are applied with the paste
formed by mixture of graphite, acetone, and water for ease
of removal of casting avoiding sticking of molten material
to die walls. The dies are then preheated to 550°C for 2 h.
in a muffle furnace to aid for uniform cooling of the melt as
it is poured into it. The graphite crucible loaded with ingots
(as received at T6 condition) of A17075 alloy is taken into
melting furnace and the temperature of furnace is raised to
800°C. Into the melt at this temperature alkaline powder
(10 g) is added to remove the slag and then further added
with hexa chloro ethane (C,Cl,, 10 g) to degasify the melt
to break the pores in it. The alloy melt is now poured at
800°C into the preheated molds to cast the cylindrical and
rectangular specimens.

Figure 2. Process of cleaning granite powder.

To cast the composite, after degasifying and slag
removal the melt at 800°C is stirred at 150 rpm by using a
stainless-steel stirrer blade coated with graphite to create a
deep vortex. The pre heated granite powder (2 wt.%), Si,N,
(3 wt.%) reinforcements are now added to the melt vortex
through a stainless-steel feeder and stirred for 10 min. The
melt is now brought to semisolid state by cooling it to 600°C
and stirred for 10 minutes at 250 rpm and then again melt
temperature is increased to 800°C and continued to stir again
for 10 minutes at 150 rpm. The composite melt is now poured
at 800°C into the preheated molds to cast the cylindrical and
rectangular composite specimens. The castings of composite
are as shown in Figure 3.

As can be observed in Figure 4 the reinforcements are
uniformly distributed in the matrix. Figure 5 depicts the
SEM-EDAX of the composite confirming the presence of
major chemical components.

2.3. Experimental approach

2.3.1. Mechanical characterization of as cast alloy and
composite

2.3.1.1. Hardness test

The Vickers hardness test is carried out on cast alloy
and composite as per ASTM E92-17 standard. In this test a
diamond indenter is used, and 100 g(f) load is applied for
15 sec. The 320, 400, 600, 1000, 1500 and 2000 grit emery
paper was used to polish the test specimen to decrease the
machining scratches and the effects of surface defects if any
on the sample, followed by fine polishing using a velvet cloth
on surface with disc speed of 545 rpm. A diamond suspension
of 3 and 1 um size is used in sequence on cloth while fine
polishing. The test was carried out at ambient weather (30°C)
and the hardness was measured at five spots on the surface
of each sample to calculate the average VHN. The results
of the hardness test is tabulated in Table 4.

Table 3. Major chemical components of silicon nitride powder.

Element Al Fe Ca Mn Pb
ppm 380 260 200 1.2 0.48

Table 4. Average hardness values (VHN) of cast alloy and composite.

Material VHN
Al7075 (A) 90
Composite (C) 115

a)

Figure 3. Composite castings.
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2.3.1.2. Tensile test

The tensile test on alloy and composite specimens is
carried out as per ASTM-E8M standard. The test speed
adapted is 2 mm/min. The results of tensile test carried out
on as cast composite specimen in four trials indicated an
average UTS of 204.9 MPa. The results of the tensile test
are tabulated in Table 5.

2.3.2. Heat treatment

The different heat treatment conditions employed
in this study have been listed in Table 6. The Table also
shows the abbreviation used for each of these treatments.
Table 7 shows the designation used for alloy and composite
samples subjected to age hardening under different aging
parameters.

2.3.2.1. Peak aging treatment of as cast alloy and composite

The as cast alloy and composite is subjected to
solutionizing and aging heat treatment in sequence as per the
heat treatment curves shown in Figure 6, to determine the
time required to attain peak hardness and corresponding peak
hardness (VHN). The as cast alloy and composite samples
are aged at 100, 120 and 150°C respectively. The induced
peak hardness for each aging temperature at different time
duration for as cast alloy and composite during aging have
been tabulated in Table 8.

Date :3 Oct 2022
Time :8:06:56

Signal A = SE1
Mag= 250X

EHT =10.00 kv
WD = 8.0mm

Figure 4. Morphology of distribution of reinforcements in the matrix.
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2.3.2.2. Step aging

In step aging, the time for aging is calculated
depending on the number of steps. In three steps aging
the time of aging at each step is taken as one third of that
of single step aging at that temperature so that overall
duration remains same as that of single step aging.

Table 5. Average UTS of as cast alloy and composite.

Material UTS (MPa)
Al7075 (A) 181.0
Composite (C) 204.9

Table 6. Heat treatment conditions and their abbreviations.

Heat treatment condition Abbreviation
Solution Treatment ST
Aging Treatment AT
Pre Aging Treatment PAT
First Step Aging Treatment FSAT
Second Step Aging Treatment SSAT
Third Step Aging Treatment TSAT

Table 7. Alloy/composite sample designation for different age
hardening parameters.

Sample ID
- Heat treatment parameter
Alloy Composite
Al Cl ST-470°C, 2h; AT-100°C
A2 C2 ST-470°C, 2h; AT-120°C
A3 C3 ST-470°C, 2h; AT-150°C

Table 8. Peak hardness and time to attain peak hardness in samples.

Time to attain peak hardness ~ Peak hardness

Sample (h) (VHN)
Al t,, =65 142.9
A2 t,, =4.5 139.4
A3 t,, =3.0 137.9
Cl1 t, =55 153.5
C2 t,=3.5 149.6
C3 t., =2.5 145.8

a) b)

Full Scale 2162 cts Cursor: 0.000

Spectrum 4

2 4

Electron Image 1

Figure 5. SEM-EDAX of the composite.
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In normal conditions time duration of each step is calculated
directly as mentioned above so that longer duration is
taken at lower temperature, whereas shorter duration
at higher temperature. In interchanged condition, time
is interchanged (swapped) so that at lower temperature

5
Al17075 Matrix Composite
500°C, 8 h
5 470°C, 2 h =t
3 a g g
2 >
i cg F-
= ey FSAT:100°C,
treatment 7 .
Aging
treatment

higher temperature peak aging duration is considered and
vice versa. The alloy and composite samples subjected
to different step aging parameters have been designated
as shown in Table 9.

2.3.2.3. Combined pre age hardening and three step aging
heat treatment

The alloy and composite are subjected to pre aging
treatment followed by three step aging treatment as
per the heat treatment curves shown in Figures 7-10.
The pre aging is carried out at 500°C for 8 h and then furnace
cooled. In the first trial temperature and duration of aging
of first step, second step and third step are fixed as shown
in Figures 7 and 9, whereas in the second trial the durations
of FS and TS are swapped as shown in Figures 8 and 10.
The durations are chosen based on the results of peak aging
treatment. The split up and total duration along with attained
hardness for three step aging has been summarized in
Tables 10-11.

470°C, 2 h

1500C, +=0.5,1,15,2 ...

Temperature (°C)

120°C, t=0.5,1,1.5,2 ...

100°C, t=0.5,1,15,2. .
Aging
treatment

Figure 6. Heat treatment curves for finding peak hardness of samples.

(AL, CD)

Duration (h)

Duration (h)

Figure 7. Heat treatment curve for finding hardness of samples A4.

500°C, 8 h

470°C, 2 h

TSAT:150°C,
217h

Temperature (°C)

120°C, 1.5h

FSAT
100°C, 1 h
SSAT:

Aging
treatment (Sortts

Duration (h)

Figure 8. Heat treatment curve for finding hardness of samples A5.

500°C, 8 h

470°C,2h

120°C, 117 h
TSAT.
150°C,0.84 h

SSAT:

Temperature (°C)

FSAT:100°C,
184h

~—

Duration (h)

treatment

Figure 9. Heat treatment curve for finding hardness of samples C4.

500°C, 8 b
470°C, 2 h

TSAT:150°C,
184h

Temperature (°C)
120°C, 1.17h

FSAT: 100°C,
084h
SSAT:

Pre-aging
treatment (et

Duration (h)

Figure 10. Heat treatment curve for finding hardness of samples C5.

Table 9. Alloy/composite sample designation for different step aging parameters.

Sample ID Step aging parameter
A4 PAT-500°C, 8 h; ST-470°C, 2 h; FSAT-100°C,2.17 h; SSAT-120°C, 1.5 h; TSAT-150°C,1 h
A5 PAT-500°C, 8 h; ST-470°C, 2h; FSAT-100°C,1 h; SSAT-120°C, 1.5 h; TSAT-150°C, 2.17 h
C4 PAT-500°C, 8 h; ST-470°C, 2h; FSAT-100°C,1.84 h; SSAT-120°C, 1.17 h; TSAT-150°C,0.84 h
C5 PAT-500°C, 8 h; ST-470°C, 2h; FSAT-100°C,0.84 h; SSAT-120°C, 1.17 h; TSAT-150°C, 1.84 h

Table 10. Hardness of as cast alloy subjected to pre aging and three step aging heat treatment.

Sample  Duration of FS (h)  Duration of SS (h) Duration of TS (h)  Total duration of aging process (h) ~ Hardness (VHN)
A4 2.17 1.5 1 4.67 180.3
A5 1 1.5 2.17 4.67 185.6
Table 11. Hardness of as cast composite subjected to pre aging and three step aging heat treatment.
Sample Duration of FS (h)  Duration of SS (h) Duration of TS (h)  Total duration of aging process (h) Hardness (VHN)
C4 1.84 1.17 0.84 3.85 188.5
C5 0.84 1.17 1.84 3.85 197.6
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2.3.2.4. Comparison of hardness of samples

Table 12 shows the hardness values achieved for
all the samples during heat treatment variations given.
3 steps aging interchanged condition shows excellent
result for alloy (185.6 VHN) and composite (197.6 VHN)
respectively.

3. Mechanical characterization of A5 and C5
samples

3.1. Tension test

The tension test is carried out on AS and C5 specimen
(having maximum peak hardness among all) very similar to
mentioned in section 2.3.1.2 and the average of four trials
on the specimen showed an UTS of 219.75 and 238.4 MPa
for A5 and C5 specimens respectively.

3.2. Wear test

The wear tests were conducted on A5 and C5 samples
as per ASTM G-99 standards in air under the laboratory
condition having a relative humidity of 80 to 85% and
temperature ranging between 25 to 29°C.The duration of
single test was 30 min. The test specimen contact surface
and disc surface were polished with silicon carbide emery

Table 12. Hardness of all test samples.
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paper of 600 grit for smooth contact between them prior to
the conduction of each test. The specimens were cleaned
with ethanol solution before and after each test. After each
5 minutes during the test the specimen mass was measured
to know the mass loss by using a high precision electronic
weighing machine (Infra digital balance, Model: IN2011)
having a resolution of 0.001mg. Also, the track of disc and
specimen surface was regularly cleaned by soft cotton cloth
to avoid the entrapment of wear debris.

The test specimen is a cylindrical pin (8 mm diameter
and 27 mm length) that was held with its axis perpendicular
to the surface of the disc, and one end of pin slid against
the disc in a dry friction condition, under a constant axial
load applied with a dead weight. For testing specimens
in both as cast and in heat treated conditions, a sliding
velocity of 0.4188 m/sec (200 rpm) and 0.5235 m/sec
(250 rpm) is selected. The applied normal load was
20, 30, 40 and 50 N.

The parameters of wear like wear rate (W), volumetric
wear rate (W) and specific wear rate (W ) were determined
based on the mass loss Am, of the specimen that is
measured at the end of each 5 minutes during the test
having one specific condition of load, speed, and track
diameter. The results of wear test carried out on pre-aged
and triple step aged alloy(AS) and composite (C5) are
shown in Tables 13-28.

Condition Sample ID VHN

ST-470°C, 2h; AT-100°C Al 142.9

ST-470°C, 2h; AT-120°C A2 139.4

ST-470°C, 2h; AT-150°C A3 137.9

ST-470°C, 2h; AT-100°C Cl 153.5

ST-470°C, 2h; AT-120°C Cc2 149.6

ST-470°C, 2h; AT-150°C C3 145.8

PAT-500°C, 8 h; ST-470°C, 2 h; FSAT-100°C, 2.17 h; SSAT-120°C, 1.5 h; TSAT-150°C, 1 h A4 180.3
PAT-500°C, 8 h; ST-470°C, 2 h; FSAT-100°C,1h; SSAT-120°C, 1.5 h; TSAT-150°C, 2.17 h A5 185.6
PAT-500°C, 8 h; ST-470°C, 2 h; FSAT-100°C, 2.17 h; SSAT-120°C, 1.5 h; TSAT-150°C, 1 h C4 188.5
PAT-500°C, 8 h; ST-470°C, 2 h; FSAT-100°C,1h; SSAT-120°C, 1.5 h; TSAT-150°C, 2.17 h Cs 197.6

Table 13. Results of wear test on pre aged and triple step aged alloy (AS) under the normal load of 20 N and 200 rpm disc speed.

Triple step aged A17075
Load=20 N, 200 rpm, p = 2.83 g/cc

Vs=0.4188 m/sec

Am x 107 (g) t (sec) n SD x 10% (m) W, x 107 (N/m) W, x 10 (m/sec) W, x 10" (m*/N-m)
1 300 0.432 0.126 0.796 1.178 1.4062
2 600 0.474 0.251 0.796 1.178 1.4062
4 900 0.459 0.377 1.061 1.570 1.8750
5 1200 0.475 0.503 0.995 1.472 1.7578
7 1500 0.432 0.628 1.114 1.649 1.9687
8 1800 0.441 0.754 1.061 1.570 1.8750
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Table 14. Results of wear test on pre aged and triple step aged alloy (AS) under the normal load of 20 N and 250 rpm disc speed.

Triple step aged Al17075
Load=20 N, 250 rpm, p = 2.83 g/cc

Vs=0.5235 m/sec

Am x 107 (g) t (sec) n SD x 10° (m) W, x 107 (N/m) W, x 107 (m*/sec) W_x 10" (m*/N-m)
2 300 0.434 0.157 1.273 2.356 2.2500
3 600 0.476 0.314 0.955 1.767 1.6875
5 900 0.461 0.471 1.061 1.963 1.8750
6 1200 0.476 0.628 0.955 1.767 1.6875
8 1500 0.434 0.785 1.019 1.885 1.8000
10 1800 0.442 0.942 1.061 1.963 1.8750

Table 15. Results of wear test on pre aged and triple step aged alloy (A5) under the normal load of 30 N and 200 rpm disc speed.

Triple step aged A17075
Load=30 N, 200 rpm, p = 2.83 g/cc

Vs=0.4188 m/sec

Amx 107 (g) t (sec) n SD x 10° (m) W_x 107 (N/m) W, x 102 (m?/sec) W_x 10" (m*/N-m)
2 300 0.576 0.126 1.592 2.356 1.875
3 600 0.477 0.251 1.194 1.767 1.406
5 900 0.543 0.377 1.327 1.963 1.562
7 1200 0.588 0.503 1.393 2.061 1.641
8 1500 0.512 0.628 1.273 1.885 1.500
10 1800 0.597 0.754 1.327 1.963 1.562

Table 16. Results of wear test on pre aged and triple step aged alloy (A5) under the normal load of 30 N and 250 rpm disc speed.

Triple step aged A17075
Load=30 N, 250 rpm, p = 2.83 g/cc

Vs=0.5235 m/sec

Am x 107 (g) t (sec) n SD x 103 (m) W._x 107 (N/m) W, x 102 (m*/sec) W, x 10 (m*/N-m)
3 300 0.578 0.157 1.910 3.534 2.250
4 600 0.479 0.314 1.273 2.356 1.500
6 900 0.545 0.471 1.273 2.356 1.500
8 1200 0.589 0.628 1.273 2.356 1.500
10 1500 0.514 0.785 1.273 2.356 1.500
12 1800 0.598 0.942 1.273 2.356 1.500

Table 17. Results of wear test on pre aged and triple step aged alloy (A5) under the normal load of 40 N and 200 rpm disc speed.

Triple step aged A17075
Load=40 N, 200 rpm, p = 2.83 g/cc

Vs=0.4188 m/sec

Amx 107 (g) t (sec) n SD x 10% (m) W, x 107 (N/m) W, x 102 (m?/sec) W,_x 107 (m*/N-m)
3 300 0.598 0.126 2.388 3.534 2.109
4 600 0.581 0.251 1.592 2.356 1.406
6 900 0.634 0.377 1.592 2.356 1.406
8 1200 0.583 0.503 1.592 2.356 1.406
10 1500 0.561 0.628 1.592 2.356 1.406

12 1800 0.554 0.754 1.592 2.356 1.406
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Table 18. Results of wear test on pre aged and triple step aged alloy (AS) under the normal load of 40 N and 250 rpm disc speed.

Triple step aged A17075
Load=40 N, 250 rpm, p = 2.83 g/cc
Vs=0.5235 m/sec

Amx 107 (g) t (sec) u SD x 10° (m) W,_x 107 (N/m) W, x 102 (m?/sec) W,_x 10" (m¥/N-m)
4 300 0.6 0.157 2.547 4.711 2.250
5 600 0.598 0.314 1.592 2.945 1.406
7 900 0.636 0.471 1.486 2.748 1.312
9 1200 0.585 0.628 1.433 2.650 1.266
11 1500 0.564 0.785 1.401 2.591 1.237
14 1800 0.556 0.942 1.486 2.748 1.312

Table 19. Results of wear test on pre aged and triple step aged alloy (A5) under the normal load of 50 N and 200 rpm disc speed.

Triple step aged A17075
Load=50 N, 200 rpm, p = 2.83 g/cc
Vs=0.4188 m/sec

Amx 103 (g) t (sec) n SD x 10° (m) W,_x 107 (N/m) W, x 1072 (m?/sec) W_x 10"° (m*/N-m)
4 300 0.598 0.126 3.184 4.711 2.2500
6 600 0.623 0.251 2.388 3.534 1.6875
8 900 0.634 0.377 2.122 3.141 1.5000
10 1200 0.563 0.503 1.990 2.945 1.4062
13 1500 0.567 0.628 2.069 3.062 1.4625
14 1800 0.622 0.754 1.857 2.748 1.3125

Table 20. Results of wear test on pre aged and triple step aged alloy (A5) under the normal load of 50 N and 250 rpm disc speed.

Triple step aged A17075
Load=50 N, 250 rpm, p = 2.83 g/cc
Vs=0.5235 m/sec

Amx 107 (g) t (sec) u SD x 103 (m) W._x 107 (N/m) W, x 102 (m*/sec) W_x 10" (m*/N-m)
5 300 0.611 0.157 3.184 5.889 2.2500
7 600 0.625 0.314 2.229 4.122 1.5750
9 900 0.636 0.471 1.910 3.534 1.3500
11 1200 0.565 0.628 1.751 3.239 1.2375
14 1500 0.569 0.785 1.783 3.298 1.2600
15 1800 0.625 0.942 1.592 2.945 1.1250

Table 21. Results of wear test on pre aged and triple step aged composite (C5) under the normal load of 20 N and 200 rpm disc speed.

Triple step aged A17075 composite
Load=20 N, 200 rpm, p = 3.1 g/cc
Vs=0.4188 m/sec

Amx 107 (g) t (sec) n SD x 10° (m) W, x 107 (N/m) W, x 107 (m*/sec) W_x 10" (m*/N-m)
1 300 0.435 0.126 0.796 1.178 1.4062
1 600 0.468 0.251 0.398 0.589 0.7031
3 900 0.473 0.377 0.796 1.178 1.4062
4 1200 0.482 0.503 0.796 1.178 1.4062
5 1500 0.485 0.628 0.796 1.178 1.4062
6 1800 0.487 0.754 0.796 1.178 1.4062
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Table 22. Results of wear test on pre aged and triple step aged composite (C5) under the normal load of 20 N and 250 rpm disc speed.

Triple step aged A17075 composite
Load=20 N, 250 rpm, p = 3.1 g/cc

Vs=0.5235 m/sec

Amx 107 (g) t (sec) u SD x 10° (m) W, x 107 (N/m) W, x 102 (m/sec) W,_x 10" (m*/N-m)
2 300 0.471 0.157 1.273 2.356 2.2500
3 600 0.472 0.314 0.955 1.767 1.6875
4 900 0.473 0.471 0.849 1.570 1.5000
6 1200 0.475 0.628 0.955 1.767 1.6875
7 1500 0.476 0.785 0.891 1.649 1.5750
8 1800 0.481 0.942 0.849 1.570 1.5000

Table 23. Results of wear test on pre aged and triple step aged composite (C5) under the normal load of 30 N and 200 rpm disc speed.

Triple step aged A17075 composite
Load=30 N, 200 rpm, p =3.1 g/cc

Vs=0.4188 m/sec

Amx 107 (g) t (sec) n SD x 10° (m) W_x 107 (N/m) W, x 1072 (m?/sec) W_x 107 (m*/N-m)
2 300 0.553 0.126 1.592 2.356 1.875
3 600 0.551 0.251 1.194 1.767 1.406
4 900 0.554 0.377 1.061 1.570 1.250
4 1200 0.556 0.503 0.796 1.178 0.937
5 1500 0.553 0.628 0.796 1.178 0.937
7 1800 0.555 0.754 0.929 1.374 1.094

Table 24. Results of wear test on pre aged and triple step aged composite (C5) under the normal load of 30 N and 250 rpm disc speed.

Triple step aged A17075 composite
Load=30 N, 250 rpm, p = 3.1g/cc

Vs=0.5235 m/sec

Am x 107 (g) t (sec) u SD x 103 (m) W,_x 107 (N/m) W, x 107 (m?/sec) W_x 10" (m*/N-m)
2 300 0.575 0.157 1.273 2.356 1.500
4 600 0.577 0.314 1.273 2.356 1.500
5 900 0.578 0.471 1.061 1.963 1.250
6 1200 0.581 0.628 0.955 1.767 1.125
8 1500 0.582 0.785 1.019 1.885 1.200
10 1800 0.584 0.942 1.061 1.963 1.250

Table 25. Results of wear test on pre aged and triple step aged composite (C5) under the normal load of 40 N and 200 rpm disc speed.

Triple step aged A17075 composite
Load=40 N, 200 rpm, p =3.1 g/cc

Vs=0.4188 m/sec

Amx 107 (g) t (sec) n SD x 10° (m) W, x 107 (N/m) W, x 107 (m?/sec) W,_x 10" (m¥/N-m)
1 300 0.588 0.126 0.796 1.178 0.703
3 600 0.589 0.251 1.194 1.767 1.055
4 900 0.591 0.377 1.061 1.570 0.937
5 1200 0.593 0.503 0.995 1.472 0.879
7 1500 0.587 0.628 1.114 1.649 0.984
9 1800 0.590 0.754 1.194 1.767 1.055
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Table 26. Results of wear test on pre aged and triple step aged composite (C5) under the normal load of 40 N and 250 rpm disc speed.

Triple step aged A17075 composite
Load=40 N, 250 rpm, p =3.1 g/cc

Vs=0.5235 m/sec

Amx 107 (g) t (sec) n SD x 10° (m) W, x 107 (N/m) W, x 102 (m*/sec) W,_x 10" (m¥/N-m)
3 300 0.592 0.157 1.910 3.534 1.687
5 600 0.593 0.314 1.592 2.945 1.406
8 900 0.595 0.471 1.698 3.141 1.500
9 1200 0.597 0.628 1.433 2.650 1.266
10 1500 0.599 0.785 1.273 2.356 1.125
11 1800 0.612 0.942 1.167 2.159 1.031

Table 27. Results of wear test on pre aged and triple step aged composite (C5) under the normal load of 50 N and 200 rpm disc speed.

Triple step aged A17075 composite
Load=50 N, 200 rpm, p = 3.1 g/cc

Vs=0.4188 m/sec

Am x 107 (g) t (sec) u SD x 10° (m) W,_x 107 (N/m) W, x 107 (m?/sec) W,_x 10" (m*/N-m)
3 300 0.604 0.126 2.388 3.534 1.6875
5 600 0.605 0.251 1.990 2.945 1.4062
6 900 0.607 0.377 1.592 2.356 1.1250
8 1200 0.608 0.503 1.592 2.356 1.1250
10 1500 0.609 0.628 1.592 2.356 1.1250
11 1800 0.609 0.754 1.459 2.159 1.0312

Table 28. Results of wear test on pre aged and triple step aged composite (C5) under the normal load of 50 N and 250 rpm disc speed.

Triple step aged A17075 composite
Load=50 N, 250 rpm, p =3.1 g/cc

Vs=0.5235 m/sec

Amx 107 (g) t (sec) n SD x 10% (m) W,_x 107 (N/m) W, x 10 (m*/sec) W x 10" (m*/N-m)
6 300 0.612 0.157 3.820 7.067 2.7000
8 600 0.616 0.314 2.547 4.711 1.8000
9 900 0.618 0.471 1.910 3.534 1.3500
11 1200 0.619 0.628 1.751 3.239 1.2375
12 1500 0.621 0.785 1.528 2.827 1.0800
13 1800 0.624 0.942 1.380 2.552 0.9750

4. Results and Discussion

4.1. Step aging

Step aging is an alternative aging procedure used to
artificially age non-ferrous metals to increase their tensile
strength and hardness in comparison to single-step aging.
Depending on the aging dynamics of the alloy system under
consideration, the aging process in step aging may consist
of two to three steps. While aging at a higher temperature
(T3) provides modest property enhancement at a shorter
aging duration, aging at a very low temperature (T1) requires
a very lengthy aging duration with outstanding property

enhancement. For step aging, a range of temperatures is
chosen rather than aging at one temperature. When using
a single-step aging process, “t” refers to the number of
hours needed to reach peak hardness at the specified aging
temperature. Therefore, at lower aging temperatures, ‘t’ is
longer, whereas at higher aging temperatures, ‘t’ is shorter.
Step aging, which consists of three processes, is used to try
and improve the property. Time for aging in three stages
is regarded as t/3, accordingly. Surprisingly, if the time
duration is switched, positive outcomes rather than typical
durations are shown. For instance, three aging temperatures
of 100, 120, and 150°C are taken into consideration while
aging A17075 alloy (AS5) or composite (C5). In the beginning,
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aging temperature is provided with single-step aging.
After the initial pre-aging, 3 stage aging are provided in various
combinations of time (normal and interchanged timings).

4.2. Hardness

Figure 11 compares the variance in hardness of specimens
under peak, two-step, and three-step aging with and without
pre-aging. In contrast to greater aging temperatures, lesser
aging temperatures have produced the highest hardness
(S1), as can be shown (S2 and S3). This is explained by a
rise in intermediate zones during precipitation, a rise in finer
intermetallic, and a decline in interparticle distances®->.
After peak aging circumstances, the hardness value declines
because of excessive aging, which causes precipitates to
coarsen. The alloy generally becomes softer as it ages.
The increased rate of solid atom diffusion throughout the
matrix results in an increase in aging rate as temperature rises.

For industrial reasons, a longer peak age treatment
period is not usually preferred. As a result, multi-stage heat
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Figure 11. Peak hardness at 100, 120 and 150°C for Al17075 and
composite (1, 2, 3: single step aging), hardness in combined pre
aging and three step aging for A17075(A5) and composite(C5)
(4-normal condition, 5-interchanged condition).
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treatments have been advocated as a quicker way to achieve
equivalent mechanical properties*. These treatments rely
on two steps, the first at a low temperature to finely distribute
Guinier Preston zones and the second at a higher temperature
to finish precipitation®-’.

The alloy hardness has increased from pre-aging to
three-stage aging, reaching 185.6 VHN. The composite
hardness has increased from pre-aging to three-stage aging,
reaching 197.6 VHN. Enhanced hardness is always the result
of graded age treatments, with the last aging step having a
greater temperature and longer duration.

The data above suggests that heat treatment has a
significant impact on the hardness of matrix alloy.

4.3. Tensile strength

For triple step aged A17075, the improvement in tensile
strength is attributed to the presence of hard secondary phases
on soft matrix leading to alloy strengthening. This also
helps to decrease grain size of the matrix resulting further
improvement of mechanical properties*’. When load is applied,
the presence of intermetallic contributes to dislocation pileup,
increasing back stress, and work hardening the matrix due to
restricted plastic flow in the ductile matrix. The synergistic
effect of dislocation interaction with the intermetallic and
grain boundary provides a positive contribution to alloy
strengthening*!+*2.

4.3.1. Fracture analysis

Figure 12 is the SEM micrograph of the peak aged,
three-step interchanged alloy specimen depicting uniform
and finer dendrites of the same size covered in river patterns
that are evenly dispersed throughout the matrix. Finer
dendrites of a consistent size demonstrate that the specimen
is at its maximal age. The failure specimen is represented
by a well-distributed smaller river pattern in the dendrites,
which is strengthened by plastic deformation during fracture.
There is no evidence to suggest that a brittle domination

Figure 12. SEM micrographs of fracture surface of A5 tensile specimen after fracture.
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failure has taken place. Additionally, there is no evidence of
trans granular failure. According to the micrograph, ductile
dominates nucleation. Figure 13 shows the SEM-EDAX of
AS specimen.

Figure 14 shows the SEM micrograph of the peak-aged,
three-step interchanged composite specimen, which shows
that the matrix having equally distributed fine dendrites of
the same size that are encased in river patterns.

The particles from the second phase were dispersed along
the grain boundaries. During the tensile test, these second
phase particles prevented grain deformation. When the second
phase particles separated from the grain boundary, they
created tiny pores that continued to expand and eventually
started a crack that led to fracture. As a result, the fracture
happened in the direction of the load. There were no visible
dimples on the fracture surface, which was made up of
micro-porosities and dendritic structure.
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Figure 13. SEM-EDAX spectrum of A5 tensile specimen after fracture.
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Figure 14. SEM micrographs of fracture surface of C5 tensile specimen after fracture.
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Figure 15 demonstrates that the randomly selected spot
comprises the constituents of the alloy Al 7075 as well as
those produced because of reinforcements.

4.4. Wear behaviour

The variation of different wear parameters for pre aged
and triple step aged alloy (AS5) and composite (C5) has
been shown in Figures 16-22. Mass loss and wear rate both
increased as the sliding distance increased. As the typical load
is raised with a corresponding rise in mass loss, it is found
that the average wear rate has risen. Composite specimens
are shown to have lower mass loss and wear rates than
alloy specimens. As disc speed increased, the rate of wear
increased as well (Figure 16). In comparison to composite
materials, the average wear rate is lower and has grown with
an increase in the size of normal load. Additionally, the average
wear rate has noticeably risen at higher speeds (Figure 17).

Figure 18 shows that the specific wear rate for composite
materials reduces for larger loads and stays constant for
higher sliding distances. Comparing composites to alloys,
the specific wear rate is lower for composites. Additionally,
as speed has increased, the average specific wear rate has
gone up. As the sliding distance increased for both speeds,
the volumetric wear rate decreased. Comparatively speaking,
composite has a smaller magnitude. For the fastest speed,
it is noticed that the average volumetric wear rate is larger
(Figure 19). The average volumetric wear rate fluctuation
with normal load is shown in Figure 20. Both larger load
and faster speed have the propensity to raise the average
volumetric wear rate. The average coefficient of friction has
increased because of increasing load and speed values, as
illustrated in Figure 21. The average coefficient of friction
has increased significantly along with the sliding distance.
For composites, as seen in Figure 22, its magnitude is greater.
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Figure 15. SEM-EDAX spectrum of C5 tensile specimen after fracture.

a) 35
T 30 —8—20 N-AS
£
£ 25 —e—30 N-AS
.
g 20 40 N-A5
>
215 50 N-A5
i
£ 10 —e—20N-C5
]
2 05 —e—30N-C5
0.0 —8— 40 N-C5
0.0 0.2 0.4 0.6 0.8 -

Sliding distance x 10° (m)

b) 45
=3 +0 —8—20 N-AS

E‘ 35
= —8—30 N-AS

~ 30
S 95 40 N-AS

x

% 20 50 N-AS
= s —e—20N-C5

o 1.0
= 05 —8—30N-C5
0.0 —8— 40 N-C5
00 02 04 06 08 10 0— 50 N-C5

Sliding distance x 10° (m)

Figure 16. Variation of wear rate with sliding distance of A5 and C5 specimen at (a) 200 rpm and (b) 250 rpm.
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Figure 17. Variation of avg. wear rate with normal load of AS and C5 specimen at (a) 200 rpm and (b) 250 rpm.
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Figure 18. Variation of specific wear rate with sliding distance of A5 and C5 specimen at (a) 200 rpm and (b) 250 rpm.
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Figure 19. Variation of volumetric wear rate with sliding distance of A5 and C5 specimen at (a) 200 rpm and (b) 250 rpm.
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Figure 21. Variation of avg. co-efficient of friction with normal load of A5 and C5 specimen at (a) 200 rpm and (b) 250 rpm.
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Figure 22. Variation of avg. co-efficient of friction with sliding distance of AS and C5 specimen at (a) 200 rpm and (b) 250 rpm.

5. Conclusions

The A17075 alloy and its composite underwent three steps
of T6 aging treatment after being pre-aged. Peak hardness of
the alloy increased by roughly 29.88% to 185.6 VHN from
142.9 VHN achieved by similar direct solution treatment
followed by aging treatment. Accordingly, the increase in
hardness for composite is from 153.5 VHN to 197.6 VHN,
or a 28.72% improvement.

Due to a combination of pre-aging and a three-step T6
age process, the C5 specimen has 6.46% more hardness
than the AS specimen. As a result of the existence of
hard secondary phases on a soft matrix during three-step
aging, the alloy’s tensile strength has increased, and this
variation trend resembles the peak hardness distribution
pattern. In addition, the presence of hard-reinforced granite
powder and Si,N, particles has helped the composite (C5)
to carry more weight, leading to an 8.48% increase in
strength compared to the A5 specimen. In comparison to
the A5 equivalent, this composite has shown enhanced
wear properties.

The presence of finer, more evenly spaced, smaller
rivers indicates that plastic deformation predominates
in the tensile failure mechanism. In terms of decreased
aging time and energy, the innovative pre aging supported
stepped aging treatment examined here outperforms
standard aging treatment.
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