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Abstract

This article presents experimental details on 2124Al-10vol% SiCp composite tensile specimens, which
were made by squeeze casting process. Cast metal composites are generally very brittle and have
poor mechanical properties. To strengthen the matrix and improve ductility, the specimens were heat-
treated by solutionizing and aging. Experiments were carried out at 3 different solutionizing
temperatures, solutionizing time, aging temperature and aging time to examine the influence of heat
treatment process parameters on the notched and unnotched tensile strength of the composite.
Compact tension (CT) specimens with different crack lengths, crack mouth widths and thicknesses
were tested to evaluate the fracture toughness of the composite. Experiments were planned according
to the Taguchi’s LY OA (orthogonal array). Factographs of tensile and CT specimens were made
after the test using a scanning electron microscope (SEM). Energy dispersive X-ray analysis was
carried out at different locations of the fractured specimens. The EDAX spectrum shows the chemical
composition of inclusions and matrix components.

Keywords: EDAM spectrum; Fracture toughness; Metal matrix composites; SEM; Taguchi method;
Tensile strength.
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Silicon carbide (SiCp) reinforced aluminum
matrix composites have high strength, high
specific modulus, high wear resistance, and
excellent corrosion resistance, which have broad
application prospects in automotive, machinery,
aviation, and electronic packaging fields [1, 2].
Addition of SiC particles to aluminum composites
improves hardness, density, and compressive
strength [3-6]. The mechanical properties of SiC
particle-reinforced metal matrix composites
(MMCs) are influenced by microstructure and
interfacial reactions [7]. The production
techniques of centrifugal casting, powder
metallurgy, and stir casting offer effective ways to
produce aluminum SiC particle MMCs with
enhanced properties [8—11]. Aluminum SiC
particle MMCs have potential applications in the
aerospace industry due to their high strength,
lightweight design, wear resistance, and corrosion
resistance [12—14].
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Al-SiC 2124 composites are usually made by the powder metallurgy route, avoiding the use of
liquid metal, which would create a brittle reaction zone of Al4C3 around the reinforcement. Prasad
and Sasidhara [15] have compiled flow stress data for 2124 aluminum with varying volume fractions
of SiC particulate (15 pum) reinforcements in the vacuum hot pressed and extruded at 500°C for 30
minutes. The nominal composition of the matrix (2124Al) in wt% was 4.2 Cu, 0.99 Mg, 0.72Mn,
0.16Fe, 0.13 Si, 0.03Zn, balance aluminum. 2124AA with 10vol% SiCp exhibits large, grained matrix
structure, which restricts the occurrence of super plasticity due to dynamic recrystallization. The
material exhibits flow instability in the temperature range 340-420°C and at strain rates higher than
Is-1. 2124 Al-30vol%SiCp metal matrix composite is difficult to process due to its high SiCp content.
Murty et al. [16] investigated the hot working characteristics of 2124Al-SiCp metal matrix
composites. The mechanical properties of AIMMCs generally lie somewhere between those of
unreinforced aluminum and titanium alloys. However, it is possible to alter the balance of properties
by careful selection of matrix alloy and level of reinforcement.

Inspired by the work of previous researchers, this paper investigates the fracture behavior of
2124A1-10vol% SiCp composite tensile specimens for different heat treatment conditions. To
strengthen the matrix and improve ductility, the specimens were heat-treated by solutionizing and
aging. Experiments were conducted to verify the influence of heat treatment process parameters on
the notched and unnotched tensile strength of the composites and presented the SEM factographs of
the tested samples. Energy dispersive X-ray analysis was performed on fractured specimens. The
EDAX spectrum shows the chemical composition of inclusions and matrix components.

SPECIMEN TESTING OF 2124Al-10vol % SiCp COMPOSITES

Compact tension (CT) specimens (see Figure 1) with different crack lengths, crack mouth widths
and thicknesses were tested to evaluate the fracture toughness of the composite. Tests were planned
according to the Taguchi’s Lo OA (orthogonal array). Tensile strength and fracture toughness
properties of the 2124Al-10vol% SiCp composite were generated for different heat-treatment
conditions. The samples were heat-treated by solutionizing and aging using an Indfur electric furnace.
Tensile specimens were tested on a 50T capacity UTM. Fracture toughness testing was performed on
an Instron Servo hydraulic controlled dynamic testing machine (8801 model).

Nine blanks of 50 x 50 x 7.5 mm, 50 x 50 x 10 mm, 50 x 50 x 12 mm were cut from the extrusion
and machined to final dimensions of CT specimens as per ASTM E399 standards. Specimens were
notched to L-T orientation. Special care was taken when pre-cracking the specimens with fatigue
cracks of controlled lengths. Because early attempts to produce pre-crack by conventional methods
using cyclic tensile loading failed due to the rapid propagation of fatigue cracks. To control this pre-
cracking problem, fatigue loading with both minimum and maximum loads in compression was used
first to initiate pre-cracks. After that, the initial pre-cracking will stop by self-arrest. Afterwards, the
pre-crack can be safely extended to the desired length by additional fatigue loading in tension.
Following the above procedure, the specimens were successfully pre-cracked in compression with
cyclic loadings of 920 and 5.4 kgf. When the crack self-arrested, the loads were changed to 261 and
27.6 kgf in tension to complete the pre-cracking process. In all cases, the cyclic frequency was 6 Hz.
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Figure 1. Compact Tension (CT) Specimen.
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RESULTS AND DISCUSSION

In the plan of experiments, four factors (viz., solutionizing temperature, solutionizing time, aging
temperature and aging time) were selected at three levels. Table 1 gives the factors and the assignment
of the corresponding level for which the values taken by the factors. Before selecting an OA
(orthogonal array), the minimum number of experiments to be conducted shall be fixed, which is
given by [17]

Nraguchi = 1 + Number of factors x (number of levels — 1)=1+4 x (3-1) = 9.

The OA chosen was the Lo (3*). The plane of experiments in Table 2 is made of 9 tests (array rows)
where the first column was assigned to solutionizing temperature, the second to the solutionizing
time, third to aging temperature and fourth to aging time.

The stress intensity factor (K;) for Compact Tension (CT) specimen is [18]
P c
= Y () o

3
where Y (&) = (2+&)(1 — &)72(0.886 + 4.64& — 13.32% + 14.7283 — 5.6&%). P is the load; B
is the thickness; W is the width and c is crack length of the CT specimen. Using ANSYS, finite
element analysis (FEA) has been carried out to evaluate K; of the CT specimen. Half the model (see
Figure 2) is considered and applied the symmetry boundary conditions. FEA results are found to be in
good agreement with the expression (1) for Kj.

=

The elastic nominal (net section) stress at failure, O for CT specimen is [19-22]:

2Pmax c c\ 2
Onf = Tpw (2 + W) (1 B W) 2)
where By qyis the failure load. The fracture toughness (K) is obtained by substituting the failure
load, P4, for P in equation (1).
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Figure 2. Half the FE model of CT specimen.

Table 1. Assignment of the levels to the factors.

Level Factors
Solutionizing Aging

Temperature | Time Temperature | Time
(°C) (hrs) (°C) (hrs)
500 6 180 10
520 8 200 12
540 10 220 14

© STM Journals 2023. All Rights Reserved S281
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Table 2 gives tensile strength (gy), failure load (Puqex) of CT specimens, and fracture toughness (Kg)
of the composite. Using the measured output responses from Table 2, analysis of variance (ANOVA)
is performed and presented the results in Table 3. Solutionized temperature (St) has maximum
influence on g, with 80 % Contribution, while 65 %Contribution on K,. The influence of other
parameters (St, At and A¢) on g are: 12.5%, 2 % and 5.5 % respectively. The influence of parameters
(St, Ar and A on K are: 17.4 %, 2.7 % and 15.4 % respectively. The grand mean value of g,=265.4

MPa and the grand mean value of K,=18.06 MPa~/m. Figure 3 shows the fractured CT specimen.

From the mean values of the output responses (opand Kp) in ANOVA Table 3, it is possible to
estimate the output responses for the specified levels of the process parameters using the additive law
[17]:

A~ n -
¢ =22, 0 — (np — 1oy 3)

Here, ¢ is the estimate of the output response. @g4is the grand mean of the output response. @ is
the mean value of the output response corresponding to i process parameter (i.e., i = 1 for St; i = 2
for Si; i = 3 for Ar; and i = 4 for A, and k™ level (i.e., k = 1,2,3). Estimates of gpand Ko using
equation (3) are exactly matching with the measured data in Table 2.

Table 2. Taguchi’s Ly OA and values of tensile strength (o), failure load (Puw ) and fracture

toughness (Kyp) of CT specimen (Width (W) = 32 mm; Thickness (B) = 7.5 mm; Initial crack size (c)
=10 mm).

Test Solutionizing Aging Tensile Failure load, Fracture
runs Temp., Time, Temp., Time, strength, Puax (KN) toughness, Ko
Sr(°C) | Si(hrs) | Ar(°C) | Ai(hrs) | Co (MPa) (MPa/m)
1 500 6 180 10 277 4.294 18.58
2 500 8 200 12 335 3.338 14.44
3 500 10 220 14 300 3.169 13.71
4 520 6 200 14 177 3.784 16.37
5 520 8 220 10 222 4.065 17.59
6 520 10 180 12 209 3.812 16.49
7 540 6 220 12 298 5.800 25.10
8 540 8 180 14 314 4.309 18.65
9 540 10 200 10 257 5.001 21.64

Table 3. ANOVA results on performance characteristics (o, and Kp)

Parameters st 2" Mean 3rd SoS % Contribution
Mean Mean

Tensile strength, O, : Grand mean = 265.4 MPa

St(°C) 304.0 202.7 289.7 18043 80.0
St (hrs) 250.7 290.3 255.3 2820 12.5
At (°C) 266.7 256.3 273.3 440 2.0
Ac¢ (hrs) 252.0 280.7 263.7 1247 5.5

Fracture toughness, Ko : Grand mean = 18.06 MPa | m

St(°C) 15.577 16.817 21.797 65.0 65.0
St (hrs) 20.017 16.893 17.280 17.4 17.4
At (°C) 17.907 17.483 18.800 2.7 2.7
Ac¢ (hrs) 19.270 18.677 16.243 15.4 15.4
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Figure 3. Fractured CT specimen.

Considering the mean values of ggand Ko from ANOVA Table 3 and the additive law in equation
(3), empirical relationships are developed in terms of St, St, At and A, in the form:

0o = 233.67 — 7.1667&; + 94.1667&% + 2.3333&, — 37.3333&2 + 3.3333¢;
+13.6667¢2 + 5.8333¢, — 22.8333¢2 4)

Ky = 15.68 + 3.11¢&; + 1.87¢7 — 1.3683¢, + 1.7555¢5 + 0.4467&; + 0.87¢3
—1.5133¢&, — 0.92¢2 ®)

Here, & = 0.05S; — 26; &, = 0.5, — 4; & = 0.054; — 10; and &, = 0.54, — 6.

From the mean values of the output responses in ANOVA Table-3, maximum ¢, mean values
correspond to the 1% level of St, 2™ level of S, 3™ level of Ar and 2™ level of A, Hence, Ggmax
(maximum g;) can be achieved for a set of parameters (StiSeAT3Ap). Number subscripts indicate the
level of the parameters. Similarly, a set of parameters (St3SuAr3Aq) was found for maximum Ky (Ko
max). Two different sets of parameters found for ggmax and Kpmax. The designer needs a set of
parameters to achieve simultaneously ogmax and Ko max. Hence, multi-objective optimization scheme
[23-26] is appropriate to have a set of parameters for achieving gymax and K¢ max. These objectives
have different units of measurement. To handle such problems, all the output responses are
normalized and converted to maximization of a single objective function [25]:

(= w11 + w0, (6)

K .. L
Here, {; = % . {, = —2—; w,and w,are the positive weighing factors such that w; + w, = 1;

Gomax 2= Komax

Oomax = 352 MPa; and K¢ max = 25.69 MPaym. Maximizing {, results in high gyand high K.
Assuming w; = w, = 0.5, and using mean values of gy and Ky from ANOVA Table 3 in equation
(6), ANOVA results for ¢ are obtained (see Table 4). A set of parameters (St3SuAr3Ap) found from
the maximum mean values of {. Hence, optimal parameters to attain maximum ¢ are: St = 540°C; S, =
6 hours; At = 220°C; and A = 12 hours. The output responses corresponding to the set of optimal
parameters obtained from equations (4) and (5) are: gp= 297.84 MPa and Kp = 25.1 MPaym (see
Table 5), which are matching well with the measured data.

© STM Journals 2023. All Rights Reserved S283



Fracture Behavior of 2124Al1-10vol% SiCp Composite Tensile Specimens Pillai et al.

Table 4. ANOVA for
Parameters 15t Mean 274 Mean 3rd Mean
St(°C) 0.7350 0.6152 0.8357
St (hrs) 0.7456 0.7412 0.6990
ATt (°C) 0.7273 0.7044 0.7542
A (hrs) 0.7330 0.7622 0.6907

Table 5. Estimates of strength (gy) and fracture toughness (Kp)

Solutionizing Aging Strength Fracture toughness
Temp., Time, Temp., Time, o9 (MPa) Ko
° h Ar (° A¢(h f
St(°C) | St (hrs) T (°C) ¢ (hrs) mPam)

Case study-1: Single-objective optimization
Set of optimal parameters (StiSrAT3A12)
for maximum o
s00 | 8 | 220 | 12 | 35184 | 15.76
Case study-11: Single-objective optimization
Set of optimal parameters (St3S11A13A11)
for maximum Ko
540 | 6 | 220 | 10 | 26907 | 25.69

Case study-I11: Multi-objective optimization
Set of optimal parameters (St3S11A13A12)
for maximum oyand maximum Ko

540 | 6 [ 220 | 12 | 29784298 |  25.1(25.1)

+ Measured data

Table 6. Effect of thickness (B) on the fracture toughness of the CT specimens for St = 500°C; S, =
12 hours; At = 200°C; and A, = 12 hours. (Width, W = 32 mm; Tensile strength, o, = 282 MPa)

Crack Thickness, | Crack Mouth Failure Net section Fracture
Length, ¢ B (mm) Width (mm) load, Stress, 0,5 toughness,
(mm) Puiax (KN) (MPa) Ko (MPa\'m)
10 7.5 1.2 4.953 201.9 21.43
13.33 10 14 5.030 223.2 21.39
16 12 1.6 4.990 259.9 22.45
11 7.5 14 4.956 224.8 23.24
14.66 10 1.6 4.325 226.3 20.63
17.6 12 1.2 4.580 300.4 24.25
12 7.5 1.6 4.241 214.9 21.55
16 10 1.2 3.946 246.6 21.31
19.2 12 1.4 3.697 3129 23.52

Tensile strength (oy) of the un-heat-treated composite is 163 MPa, while it is 282 MPa for the heat-
treatment process: St = 500°C; S; = 12 hours; At = 200°C; and A = 12 hours. The effect of thickness
on the fracture toughness (Kyp) of the CT specimens is shown in Table 6. It is evidenced from FEA
results that the crack mouth width has no effect on K. Pnax decreases with increasing crack size and

the average Ko = 22.2 MPaJm.

CT specimens were subjected to hot pressing. Table 7 gives Kp values for different parameters
(viz., temperature and % of compression). The dimensions of the specimens are: Width (W) = 32 mm;
Thickness (B) = 7.5 mm; Crack mouth width = 1.2 mm; and Initial crack size (¢) = 10 mm. The
maximum Ky = 24.35 MPa\/m for the hot-pressing parameters: Temperature = 500°C and 50% of
compression.
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Table 7. Effect of hot pressing on the fracture toughness (Kp) of the CT specimens.

Hot pressing parameters Failure load, | Net section Fracture
Temperature % of Pax (KN) Stress, 0,5 toughness,
o) compression (MPa) Ko (MPaym)
450 15 2.547 103.8 11.02
450 25 4.920 200.6 21.29
500 25 4.726 192.9 20.45
500 50 5.628 229.5 24.35
550 15 5.236 2135 22.66
550 25 3.717 151.5 16.08
550 50 5.194 211.8 22.47

500°C; S¢ = 8 Hrs; Ar=200°C; A = 12 Hrs; and (c) St=540°C; S;= 8 Hrs; At = 180°C; A= 14 Hrs.

Fracture in engineering alloys can occur via transgranular (across grains) or intergranular (along
grain boundaries) fracture paths. However, regardless of the fracture path, there are 4 principal
fracture modes (dimple rupture, cleavage, fatigue and decohesive rupture). Each of these modes has a

© STM Journals 2023. All Rights Reserved S285
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characteristic fracture surface and a mechanism or mechanisms by which the fracture propagates. To
analyze the fracture surface of the specimens to assess the material quality, fractographs of tested
specimens were performed using scanning electron microscope (SEM). Energy dispersive X-ray
analysis was carried out at different locations of the fractured specimens. EDAX spectrums show
chemical composition of inclusions and matrix components. Figure 4 shows the optical
microstructures at different heat-treatment processes. SEM of tensile specimens at heat-treatment
process (St = 500°C; S; = 8 Hrs; Ar = 200°C; A = 12 Hrs) in Figure 5(a) shows combined
intergranular decohesion and trans granular cleavage like fracture, while Figure 5(b) for the heat-
treatment process (St = 540°C; S¢ = 8 Hrs; Ar = 180°C; A; = 14 Hrs) shows transition from
intergranular mode to dimple mode of failure, and blight inclusion of SiC (Stringer type) by cleavage.
SEM and EDAX spectrum of CT specimens in Figure 6 at St= 500°C; S; = 8 Hrs; Ar=200°C; A=
12 Hrs depicting the failure along intergranular facets (see different sizes of SiC particles).

R RN ST R S

Figure 5. SEM of tensile Specimens at different heat-treatment processes.
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Figure 6. SEM and EDAX spectrum of CT specimen at heat-treatment-process: St = 500°C; S; = 8
Hrs; Ar=200°C; A = 12 Hrs.

SEM and EDAX spectrum of CT specimen for the heat-treatment-process (St = 540°C; S, = 8 Hrs;
At = 180°C; A = 14 Hrs) in Figure 7 shows large number of dimples along with intergranular voids
(mixed mode of failure). Figure 8 shows the scanning electron micrographs and EDAX spectrum of
CT specimens for the hot-pressing parameters: Temperature = 450°C; % of compression = 15,
whereas Figure 9 shows for the hot-pressing parameters: Temperature = 500°C; % of compression
=50.
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Figure 7. SEM and EDAX spectrum of CT specimen for the heat-treatment-process (St= 540°C; S; =
8 Hrs; Ar=180°C; A = 14 Hrs).
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Figure 8. SEM and EDAX spectrum of CT specimens (Hot pressing parameters:
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Figure 9. Scanning electron micrographs and EDAX spectrum of CT specimens. (Hot pressing
parameters: Temperature = 500°C; % of compression = 50).
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CONCLUSIONS

This paper deals with the fracture behavior of 2124Al-10vol% SiCp composite tensile specimens
under different heat treatment processes. Taguchi’s Lo OA (orthogonal array) is selected for the 4
process variables with 3 levels of each variable. The 4 process variables are solutionizing temperature
(St), solutionizing time (S;), aging temperature (Ar) and aging time (A), the effect of which is
evaluated on the notched and un-notched tensile strength of the composite. Fracture toughness (Kq) of
composites is evaluated by conducting tests on Compact tension (CT) specimens. Scanning electron
microscope (SEM) is used to generate factographs on tested tensile and CT specimens. Energy
dispersive X-ray analysis was carried out at different locations of the fractured specimens. The
chemical composition of the inclusions and matrix components was characterized in EDAX
spectrums.
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