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Abstract

Mathematical models are among the new approaches employed to predict the properties of any material under various con-
ditions. Mathematical models are essential for not only understanding the material properties but also estimating the cost
of design, product life, and failure criteria of the product. Therefore, in the current investigation, the hot deformation (HD)
behaviour and microstructure alteration of deformed AA7150-5 wt% B,C composite was studied through a mathematical
model. The new AA7150-5 wt% B4C composite was fabricated through an ultrasonic-probe assisted (20 KHz, 1000 W)
stir casting process. The hot compression test was performed on a hydraulic press for various deformation temperatures
(623-773 K) and strain rates (0.01-1 s~!). Based on the outcome, it is inferred that the flow stresses and microstructures
of AA7150-5 wt% B,C composite was significantly altered during the hot compression test under various deformation
conditions. The constitutive and dynamically recrystallized grain (DRXed) models were developed as a function of various
deformation conditions of deformed AA7150-5 wt% B,C composite, which was then applied to forecast the flow stress and
grain size behaviour for different deformation conditions. The flow stress and DRXed grain size were obtained through the
proposed constitutive and DRXed models are correlated with experimental results, with excellent accuracy. The models
developed are reliable to predict the AA7150-5 wt% B,C properties for various conditions.
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Industries are always in search of new types of materials for
structural applications with higher material properties like
thermal, wear, and mechanical along with ease of manufac-
turing process reach the desired properties [1]. The char-
acteristics like ultralight-weight, very high porosity, high
compression, high energy absorption, and high strength
with low thermal conductivity make these materials ideal
for structural applications in marine industry, aerospace,
military and automobile applications [2—4].

Ceramic micro-particles are mixed into the Aluminum
(Al) alloys to improve its moderate material properties like
hardness, ductile, strength, wear and other properties [5].
Since a couple of years, micro-particulates have been pro-
posed to manufacture Metal Matrix Composites (MMC)
and these evidence far better material properties when the
particulates attain uniform distribution [6], as has been
proved by experiments and mentioned in the literature by
several researchers, particularly with respect to strength,
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density, hardness, wear and corrosion resistance, coupled
with fatigue life and high temperature creep resistance of
the material [7-9]. Al-Zn-Mg-Cu alloys composites are
lightweight, have high strength and stiffness for military,
aerospace and automobile applications [10]. Several fabrica-
tion methods are available to prepare MMCs. Among them,
liquid metallurgy method via stir casting route has proved to
be a potential method for distribution of fine particles with
high production capability and low cost [11, 12]. Ultrasonic
vibration assisted stir casting technique is one of the best
approaches for refinement of composites, degassing as well
as purifying molten liquid Al at the microscopic level, and
ensuring homogeneous distribution of particulates [13, 14].

Dynamic Recrystallization (DRX) plays a major role
in determining the material properties of monolithic sub-
stances and their composite materials. The grain refinement
of the materials is attained during hot deformation process
due to DRX phenomena by initiating the nucleation in the
deformed materials [15]. DRX can be achieved through dif-
ferent mechanisms like adding particulates into the matrix
alloy [16], changing the deformation conditions (strain rate
and temperature) [17] as well as degree of deformation [18].
The behaviour of DRX can be greatly affected by particle
reinforcement during the hot deformation process of MMCs
[19-22] due to the hard and brittle in nature.

There have been numerous researches on Al7150 alloys
to study the hot deformation and microstructural behaviour
under various conditions and processes [10, 23-27]. How-
ever, only limited literature is available on DRX behaviour
of Al7150 alloy with ceramic reinforcement during the com-
pression test. Among all the ceramic reinforcements, B,C
has superior properties such as lower density (2.52 g/cc) [28]
and higher hardness (2900-3580 kg/mm?) [29] because of
which it offers high strength to low weight ratio. The idea
is to demonstrate the DRX behaviour of B,C particle rein-
forced composites because of their potential applications in
aerospace, automobile, defence and nuclear industries [30,
31]. In nuclear reactors, the heavy nucleus releases a high
amount of energy as well as several free neutrons due to
continuous nuclear fission. Therefore, neutron moderators/
control rods are mandatory with high neutron absorption
rate to control the continuous reaction. B,C shows high neu-
tron absorption property and B,C reinforced composites can
be used as a fuel storage tank material of nuclear reactor.
Hence, it is necessary to analyse the microstructure as well
as DRX behaviour of B,C ceramic particulate reinforced
composite at different deformation parameters for ensur-
ing better properties of the composite. The constitutive and
microstructure models are to be developed for an alloy and
its composites to estimate the microstructural and deforma-
tion behaviour of the material.

The main objective of the present research is to realize the
fundamentals of particulate reinforced Al7150 composites
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during the hot deformation and its thermo-mechanical
parameters effects on structural changes of composite mate-
rials and flow stress.

2 Materials and Methodology

The matrix material selected was Al7150, with B,C as
reinforcement. Al7150 alloy ingots were purchased from
“ Venuka Engineering Private Limited, Hyderabad” with
a chemical composition of Al-2.56 Mg-6.37Zn-2.25Cu-
0.08Si-0.009Mn-0.12Fe-0.11Zr (mass%), density 2.83 g/
cc, >99% purity and B,C from “Supertek Dies, Delhi,
India” with the average particle size of 45 um, density 2.52,
>99.9% purity as shown in Fig. 1.

The B,C reinforced composite was fabricated though
ultrasonic assisted stir casting process (melting, particulates
mixing, stirring, ultrasonication). In short, this fabrication
process involves a combination of ultrasonic vibration and
stir casting methods. Stir casting method was used to mix
the ceramic particulates with ceramic coated rotary impel-
ler and the process was performed at 750 °C (above liqui-
dus) temperature to allow the spread of ceramic particulates
due to low viscosity and high flowability of liquid property.
Ultrasonication was also conducted at the same liquidus
temperature, where the ultrasonication energy waves spread
throughout liquid pool effectively, leading to the creation of
high-pressure bubbles and acoustic stream. The combined
effect of these processes encourages homogeneous distri-
bution of fine ceramic particulates. The schematic diagram
of the ultrasonic assisted stir casting process is shown in
Fig. 2. The homogeneously dispersed melt was poured into

Fig. 1 Initial scanning electronic microscopic morphology of Boron
Carbide particles
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Stir Casting

Cavitation Acoustic Streaming

Fig.2 Schematic diagram of the ultrasonic vibrated stir casting pro-
cess

preheated (450 °C) mould of 10 mm holes and allowed to
cool at atmospheric temperature. Machining was preformed
to get the required shapes (1.5 aspect ratio i.e., 6 mm and
9 mm length) for compression test.

The hot compression test on Al7150-B,C composites at
different strain rates (0.01, 0.1 and 1 s~ ') as well as deforma-
tion temperatures (623, 673, 723 and 773 K) was carried on
a hydraulic press (Schematic Fig. 3). Two thermo-couples
were used to measure deformation temperature in which
one thermocouple was placed near the specimen to meas-
ure the specimen temperature and the other one inside the
furnace to measure the furnace temperature. Both specimen
and furnace temperatures were controlled within the range
of +5 °C. During the experiment, the test specimens were

Argon Gas

Upper die

Sample

Lower die

Pressure Valves

Fig.3 Schematic diagram of hydraulic press

soaked at a test temperature for 30 min to get evenly distrib-
ute of temperature throughout the test specimens and then
incremental compression loads applied till to reach a total
true strain of 0.6. After getting required strain the specimen
was instantly quenched in water to get uniform microstruc-
ture in the composite. The displacement and load values
were noted from the hydraulic press data logger unit. Fig-
ure 4 demonstrates the experimental procedure and micro-
structure evolution process under different conditions.
Optical Microstructure (OM) was used to analyse the
grain structures of the hot deformed Al7150-B4C compos-
ite samples at different deformation conditions and these
samples were prepared through parallel sectioning (com-
pression axis along the centreline) of the tested A17150-B,C
composite samples. All the sectioned sample surfaces were
manually polished as per standard procedure and then etched
for 60 s in Keller’s liquid solution. The grain size of hot
deformed Al7150-B,C composites was measured for differ-
ent deformation conditions through “Line Intercept Method

(LIM)”.

3 Results and Discussion

3.1 Study of Flow Stress Behaviour

Figure 5 demonstrates the hot deformation behaviour

of deformed AA7150-5 wt% B,C composite for various
deformation temperatures (623—773 K) and strain rates
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Fig.4 a Schematic diagram of experimental procedure at different
deformation conditions; b microstructure evolution area
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Fig.5 True stress-true strain plots for different temperatures and strain rates of 2 0.01 s~; b 0.1 s™'and ¢ 1 s~

(0.01-1 s™ 1. It is described that the hot flow curves are
significantly influenced by different HD conditions.

The deformation curves lower with higher temperature
and with lowering strain rate. There is decrease in flow stress
with an increase in deformation temperature because of ther-
mal softening in the composite; that means the resistance
to dislocation motion decreased as it promotes reduction in
flow stress. On the contrary, as the temperature increases, the
DRX grains are amplified thereby increasing the dislocation
motion, which decreases the flow stress [32]. The flow stress
values are higher with increasing strain rates during the com-
pression test, the underlying reason being that the dislocation
density is significantly enlarged and dislocations are tangled
with higher strain rate [33, 34]. Further, it is observed that in
the beginning of the stress- strain curves, flow stress quickly
increased with higher strain values because work hardening
assumes a leading role at lower strain values. The disloca-
tion density is improved substantially due to reduction of
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porosity at initial deformation loads and lower strain values.
At certain strain values, the work hardening and softening
mechanism are dynamically balanced due to which the flow
curves exhibited peak value. At higher strain values, flow
stress decreased and becomes stable up to the end of defor-
mation, indicating DRX phenomenon. With increasing strain
values, work hardening starts to decrease and this causes sta-
bility as a result stress-strain curves becoming flat at higher
strain values.

3.2 Microstructures Analysis

Figure 6 illustrates the optical microstructures of
AA7150-5 wt% B,C composite prior to the compression
test. Figure 6a demonstrates the dispersion of B,C reinforce-
ment in AA7150 matrix and it is assumed that the reinforce-
ment is homogeneously distributed all over the matrix with
equal distance between the particles. Figure 6b represents
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Fig.6 Microstructures of AA7150-5 wt% B,C composite is a distribution of B,C reinforcement and b initial grains structures of AA7150-5 wt%

B,C

the microstructure of AA7150-5 wt% B,C composite prior
to the compression test. It is seen that the grains are equiaxed
with average grain size of 51 +2 um obtained from casting.
The grains are altered and elongated perpendicular to the
compression direction after compression test.

The grain size of the deformed AA7150-5 wt% B 4, C
composite was measured for different deformation condi-
tions such as temperature and strain rate and it was found to
vary from 3 to 48 pm. Figure 7 depicts the microstructure of
deformed AA7150-5 wt% B,C composite for various defor-
mation temperatures according to the strain rate of 0.01 s~ 1. It
is noticed from the microstructure the preliminary grains are
plastically elongated and formed new small irregular grains
is known as dynamically recrystallized grain (DRXed). The
average DRXed size was determined for different tempera-
tures of 623, 673,723 and 773 K are 13.15, 17.37, 21.32 and
26.18 um, respectively, corresponding to the strain rate of
0.01 s~ as shown in Fig. 9a. The above results indicate that
the DRXed grain size grownup with higher temperature. The
underlying reason is that the grain growth rate increased with
increasing temperature, since diffusion rate among the parti-
cles was amplified and it facilitates growth in grain size [35,
36]. Figure 8 illustrates the microstructure for various strain
rates of 0.01-1 s~ ! at the temperature of 773 K of deformed
AAT7150-5 wt% B,C composite. It is noticed that the origi-
nal grains were entirely changed, and it forms new fine DRX
grains during the compression test. The average DRXed grain
size measured for various strain rates of 0.01, 0.1 and 1 s~!
were 26.18, 23.05, and 19.46 um, respectively as shown in
Fig. 9b. It confirms that the DRXed grain sizes are reduced
with higher strain rate for the corresponding temperature. The
dynamic recovery rate is lower at higher strain rate because of
which the nucleation rate stimulated the deformed structure
for a given deformation temperature [16, 37, 38]. Moreover,
it was observed from the deformed microstructures that the

grain boundaries were surrounded by reinforcement particles,
which promote the DRX in the matrix irrespective of defor-
mation conditions [39]. Therefore, due to DRX behaviour in
deformed structures, very fine microstructures were obtained
which promote good mechanical properties.

3.3 Constitutive Analysis

In general, constitutive models are applied to estimate the hot
deformation behaviour of any material and to build the cor-
relation between deformation conditions and the flow stress of
the materials [40]. The hyperbolic-sine function demonstrates
the correlation between flow stress, strain rate, and temperature
across a wide range of stresses and was proposed by Sellars
and McTegart [41] as follows.

e = A[sinh(ao-)]”exp(‘Q/RT> 1)
where £ is strain rate in s~ !, 6 is flow stress in MPa, Q
is activation energy in KJ mol~!, R is universal gas con-
stant (8.314 J mol~! K~ '), T is deformation temperature in
Kelvin (K), A and n are material constants, and « is stress
multiplier.

Based on the different stress levels the Sellars and McTegart
can be rewritten as:

¢ = Ay exp (fo) exp (Q/RT) [ac > 1.2] 2
e =4, [exp (ﬂo-)] exp(_Q/RT) [ac > 1.2] 3)

g = A[sinh(aa)]”exp(‘Q/RT) [ao- for any Values] 4)
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Fig.7 Microstructures of deformed AA7150-5 wt% B,C composite at 0.01 strain rate for various temperatures are a 623 K; b 673 K; ¢ 723 K

andd 773 K

where, A, =Aa", A,=A/2" and o= f/n are constants and it
can be obtained from the experimental results. Eq. (2) repre-
sents the power law that can be applied for low level stress
values, Eq. (3) indicates the exponential law to be used for
high level stress values; however, the hyperbolic sine law of
Eq. (4) is appropriate for all levels of stress values.

It is possible to study the combine effects of deforma-
tion conditions (strain rate and temperature) on flow stress
through the Zener—Holloman parameters (Z) [42]:

Z=¢ €xp (Q/RT) (5)

From the Eqs. (4) and (5) it can be written

Z = A[sinh(ac)]" ©)

@ Springer

Furthermore, the flow stress (o) is possible to obtain in
terms of materials constants and Z parameter by applying
hyperbolic sine rule to the Eq. (6).

o= Lnd (2) 4 () +1 o)

3.3.1 Calculation of Materials Constant n and 8

To determine the material constants such as n and f, peak
flow stress could be used corresponding to temperatures and
strain rates. By simplifying Egs. (2) and (3), the following
expression were obtained are used to produce the materials
constants n and f3.
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Fig.8 Microstructures of deformed AA7150-5 wt% B,C composite at 773 K deformation temperature for different strain rates are a 0.01 s™'; b

0.1s'ande1s™!
lng'=lnA1+nln0'—2 8
RT
Ing’ =1nA, + fo — 2 ©)
RT

The compression test was carried out at constant tem-
perature; hence, the above equations were re-simplified by
applying partial differentiation equations:

_ [ dlne’ ] (10)
dinc T=const
olng’
p= [ ] (11)
do T=const

Then, n and P values were determined from the
Egs. (10) and (11) by introducing flow stress and given
strain rates for various deformation temperatures. Fig-
ure 10 plots demonstrating the correlation between Iné
vs. Inc, and Iné vs. ¢ for acquiring the n and P values at
a true strain of 0.6. The slop of lines In¢ and Ino, and Iné
and o provides the n and f values respectively for different
conditions. Further, a = p/n value was determined. Eq. (2)
is ignored the effect of strain levels on the materials con-
stants, which does not influence stress under steady state
condition. However, at the lower strain values, the flow
stress varies over a wide range which exhibits various n
and P values. In compression test, strain is most signifi-
cant element which influences the properties of materials
such as work hardening and dynamic softening behaviour.
Therefore, the effect of strain needs to be considered to
establish any comprehensive constitutive model [43]. In
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view of this, the material constants were determined in the
strain range of 0.1-0.6 in the interval of 0.1 as described
in the above procedure. The n and f values are tabulated
in Table 1 for different strain levels. It is noticed from

30

. : . . .
V7 Ave. DRXed Grain Size (um) |

20

Avg. DRXed Grain Size (um)

773

623
Deformation Temperature (K)

Table 1 that with increasing strain levels, the a values
decreased until 0.4 strain, after which it remained the same
and became independent of strain.
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Fig.9 Correlation between a deformation temperature and avg. DRXed grain size and b strain rate and avg. DRXed grain size of deformed

AA7150-5 wt% B,C composite
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Fig. 10 Graphs for the obtaining material constant n and f} values are a In (o) vs. In (¢) and b ¢ vs. In (€) for various deformation temperatures

Table 1 Material constants (n,
f and o) values of deformed

Material constants

Strain levels

AAT150-5 wt% B,C composite 0.1

for various true strain levels " 4018
B 0.263
a=p/n 0.00654

0.2 0.3 0.4 0.5 0.6
39.06 38.56 38.06 37.37 36.2

0.252 0.245 0.24 0.235 0.228

0.00645 0.00636 0.0063 0.00629 0.00629
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3.3.2 Computations of Activation Energy (Q) and Z
Parameters

The product of ac values was calculated in Eq. (4) for
different conditions in Table 2. It is noticed that the varia-
tions in ac values are not applicable for either power law
or exponential law of deformation behaviour for low and
high stress levels. In contrast, the hyperbolic-sine is an
appropriate function for a wide range of stress levels (ao)
supporting the values tabulated in Table 2. Therefore, the
Q parameter can be determined with the help of hyperbolic
sine function for various true strain levels, strain rates, and
deformation temperatures.Equation (12) obtained from the
Eq. (4) by applying the natural logarithm on both sides
which gives:

Q

Ine’ =InA + nln[sinh -
ne n nln[sinh (ao)] RT

12)

The compression test was done at a given constant strain
rate and the partial differentiation applying to the Eq. (12)
gives the expression as:

0=r{ _0Ine’
() ln [Sil’lh ((10’)] T=const

01n [sinh (ao)]
1
J ( ; ) g'=const
(13)

The activation energy has been calculated by introduc-
ing o, a and the recorded temperature at a given strain
rate in Eq. (13), which gives the correlation of In¢ vs.
In[sinh(ao)] and In[sinh(aoc)] vs. 1/T. Figure 11 plots the

Table2 According Eqs. (3) and

> ‘ Temp. (K) Strain rate (s~ ') Strain levels
(4), (o) values are varies with
various deformation conditions 0.1 0.2 0.3 0.4 0.5 0.6
623 0.01 1.11 1.11 1.11 1.12 1.14 1.15
623 0.1 1.17 1.18 1.19 1.19 1.22 1.23
623 1 1.24 1.25 1.26 1.26 1.29 1.3
673 0.01 1.02 1.04 1.05 1.05 1.07 1.08
673 0.1 1.08 1.10 1.11 1.11 1.13 1.15
673 1 1.15 1.16 1.18 1.18 1.21 1.22
723 0.01 0.94 0.95 0.96 0.96 0.99 1
723 0.1 0.99 1.01 1.02 1.02 1.04 1.06
723 1 1.05 1.06 1.08 1.09 1.11 1.13
773 0.01 0.85 0.86 0.88 0.88 0.91 0.92
773 0.1 0.9 0.91 0.92 0.93 0.95 0.97
773 1 0.95 0.97 0.98 0.99 1.02 1.03
T 0.7 T
] 0.6 —
| 0.5 1 =
% 041 §
= € 03- .
_— — %) i
63k = 02- = o0ls |
673 K o
723K 0.14 o 015" |4
773 K] 1 A s
I M T 1 I I ! I 0-0 T 1 I T i 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 1.3 1.4 1.5 1.6 1.7

In (sinh (0.0))

1000/T, (1/K)

Fig. 11 Plots for the obtaining activation energy (Q) kJ/Mol. are a In (sinh(ao)) vs. In (¢) and b 1/T vs. In (sinh(ao)) for different conditions
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Table 3 Activation energy and
material constant InA values for

True strain levels

various strain levels 0.1 0.2 0.3 0.4 0.5 0.6 Average
Q (kJ/Mol) 298.45 293 284.7 279.16 275.27 274.27 284.14
InA 41.08 39.96 38.94 375 36.01 34.66 38.02

Table 4 Activation energy of AA7150 alloys and composite for dif-
ferent conditions

Materials and conditions Activation References
energy (Q), kJ/
mol
AA7150-5 wt% B,C com- 284.1 Present Investigation
posite
Aged AA7150 alloy 158.8-161.4 23
Homogenized AA7150 alloy  229.75 24
Pure AA7150 alloy 227 25
Pure AA7150 alloy 229.75 28
Pure Aluminium 144.3 46

correlation between Iné and In[sinh(axo)], and In[sinh(xoc)]
and 1/T for finding the Q parameter at a true strain of 0.6.
The slope of lines Iné and In[sinh(ac)] and, In[sinh(aoc)]
and 1/T gives Q values for different deformation condi-
tions. Similarly, the Q parameter values are determined
for various true strain levels and shown in Table 3. It is
observed that the activation energy (284.1 kJ/Mol) of the
deformed AA7150-5 wt% B,C composite is higher than
that of AA7150 alloys reported elsewhere, as shown in
Table 4. However, the Q values of deformed AA7150-5
wt% B,C composite is far beyond that of the self—diffu-
sion of pure aluminum (144.3 KJ/mol) [44]. The activation

70

60 1

50 1

40-

In (7)

30+ .
20 4

10 ~ =

0 i T s T % T 4 T 4 T g T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

In (sinh(aG))

energy of deformed AA7150-5 wt% B,C composite
exceeds that of pure AA7150 alloys because B,C acts as a
barrier to the plastic deformation in the alloys.

For calculating InA values, Eq. (6) is modified by
applying natural logarithm, and expressed as follows

InZ = InA + nin[sinh(ao)] (14)

Figure 12 demonstrates the correlation between In
(sinh(ac)) and In Z at strain levels of 0.1 and 0.6 for
obtaining material constant InA. The intercept of the
lines InZ vs. In[sinh(ac)] gives the InA values for differ-
ent strain levels of 0.1-0.6, as tabulated in Table 3.

The mathematical models were established between
material constants and various strain levels of deformed
AA7150-5 wt% B,C composite by fitting Sth order poly-
nomial functions as shown Fig. 13. Hence, the constitutive
models developed for deformed AA7150-5 wt% B,C com-
posite is expressed in Eq. (15) and the coefficient of poly-
nomial fits in Table 5. These proposed constitutive models
could be useful to forecast the flow stress of deformed
AA7150-5 wt% B,C composite for various strain levels
by using flow stress Eq. (7).

B=b,+be+bye? + by + bye* + bse’ (i)

n=c,+ci€e+ce? + 36 +cuet + e (i)

oa=d, +de+dye* + dye* +dye* + dsed (iii) (15)

70 v r - T v - - T - T

1® £=0.6]

50+ : * 8

40 §
R*=0095

In (7)

304
2 ) P RN . . 1 S N

10 ~ =

0 T T T T T T T T g T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

In (sinh (aG))

Fig. 12 Correlation between In (sinh(ac)) and In Z for different strain levels of a 0.1 and b 0.6 for obtaining material constant InA

@ Springer



Metals and Materials International

0.265 4
0.260 1
0.255;
0.250—-
0.245 4
0.240 1

Coefficient, B (MPa™)

0.230 1

02354~

0.225

0.1

0.2

T T T r T
0.3 0.4 0.5 0.6

True Strain (g)

0.00655
0.00650 -
0.00645 -
0.00640

0.00635 1

Coellicient, a (MPa™)

0.00630

0.00625

——

0.1

0.2

T g T v g
0.3 0.4 0.5 0.6
True Strain (g)

300 T

41 T 1 T d 1 T
®
40 '\ i
= 394 \- )
g 38 1 '\ 1
- ]
S 371 .
g~ \ ]
36- -
35 T T T T T T T T T T
01 02 03 04 05 06
‘I'rue Strain (g)
42 1 I T I T I(dl
al = [ —=—nA| i
40 1 \ -
394 \. -
< 38- \ i
=
37 '\ |
36 .
354 .\ ]
- 4
344— . .

01 02 03 04 05

‘I'ruc Strain (g)

295—-
290 ~
285 -
280—.

275+

Activation Encrgy, Q (kJ/Mol)

T H T T H T

2

270 T
0.1 0.2

T T T v T
0.3 0.4 0.5 0.6

True Strain (g)

Fig. 13 Correlation between different strain levels and material constants are a §; b n; ¢ o; d InA and e Q

InA = e, + e,€ + e,€? + e56 + e,e* + e5€ (iv)
Q=/, +fie +he +16 + et +f56 (V)

0.6

@ Springer



Metals and Materials International

Table 5 Coefficient of B

Eq. 15 (i Eq. 15 (ii Eq. 15 (iii InA Eq. 15 (i Eq. 15
polynomial fits for different . ® " 4 ity * 4 (aat) " 4 @) Q 4 W
mé;tegalsggst?}nés 193’ n, . b, 0.8 ¢, 4362 d, 0.0066 e, 4478  f,  279.65
o, InA an oI derorme
AATIS0S wi% B,C composite. D1 02067 ¢, 55467 d, —0.0013 e, —65207 f, 4382
(Constants by-bs, ¢,-cs, d,-ds, b, 04 ¢ 27368  d, 0.0049 e, 38742 f, —3384.1
e,-€5 and f-f5 correspond to bs —0.333 Cc3 —718.42 ds —0.0263 e; - 12154 f3 10,160
Eq. (15)) b,  2E-09 ¢y 931.67 d, 0.0583 e, 1708.3 £, —14,137
bs —1E-09 ¢ —49167 dy  —0.0417 es -891.67 f; 75583
] — Figure 14 represents the correlation between Z parameter

Avg. DRX Grain Size (pun)
Power (d, )

*

N
w
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£=0.6

o
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I
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Fig. 14 Correlation between avg. DRXed grain size and Z parameter
of deformed AA7150-5 wt% B,C composite

3.4 Development of DRX Model

The DRX grain behaviour of any materials for various HD
conditions can be described by using the following power-law
equation [45].

ddyn = Adynzndm (16)

Agyn and ng,, are material constants, and dgy, is the dynami-
cally recrystallized grain size. The above power-law expres-
sion can be used to predict grain size behaviour of the mate-
rial for different deformation conditions. The mathematical
DRX model of deformed AA7150-5 wt% B,C composite
was developed in terms of the Z parameter by fitting power-
law in the formula of Eq. (16) as shown in Fig. 14. This
DRX model was developed at 0.6 strain deformed speci-
men. The DRX models developed between grain size and
Zener—-Holloman parameters of deformed AA7150-5 wt%
B,C composite is expressed as follows:

dgy, =212.06Z %7 (R*> =0.983) (17)
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and average DRXed grain size. It is seen that the DRXed
grains were universally proportional to the deformation
parameters [46]. The grain size of the composite was
reduced with higher strain values. At lower temperature
the grain sizes increased and with higher temperature, and
with lower strain rate, the reasons are explained in Sect. 3.2.
The Z parameter (Eq. (5)) values are decreased with higher
deformation temperature and with lower strain rate, as a
result the DRXed grain size is increased (Fig. 14). Con-
trarily, the Z parameter values are higher with lower tem-
perature, and with higher strain rate, it indicating that the
DRXed grain size decrease with increasing Z parameter. As
a result of this, it could be assumed that the DRXed grains
are depended entirely on the deformation conditions as dem-
onstrated in Figs. 7 and 9. Therefore, the proposed micro-
structure model (Eq. 17) could be used to predict the DRXed
grain size of the deformed AA7150-5 wt% B,C composite
for different deformation conditions.

3.5 Validation of Constitutive and DRX Models
Deformed AA7150-5 wt% B,C Composite

It is essential to affirm the accuracy of the proposed con-
stitutive and DRX models for deformed AA7150-5 wt%
B,C composite. Figure 15 indicates the graph showing the
relationship between experimental/measured values and pre-
dicted values of deformed AA7150-5 wt% B,C composite
for flow stress and avg. DRXed grain size. The predicted
flow stresses were calculated from Eq. (7), using mate-
rial constant values obtained from the constitutive model
in Eq. (15). Similarly, the predicted DRXed grain sizes
were calculated using a developed DRXed model for dif-
ferent deformation conditions and illustrated in Table 6. It
is evident from Fig. 15 that the experimental/measured and
predicted values are close to the line of best fit which pro-
vides evidence of the precision of proposed constitutive and
DRX models. The regression coefficient (R?) is found to
be 0.93 and 0.98 for the flow stress and avg. DRXed grain
size respectively, which signifies good correlation between
predicted and experimental/measured data.

Further, the accuracy of the developed models and DRX
models of the deformed AA7150-5 wt% B,C composite was
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Table 6 Correlation between

. Temp. ¢ Measured Predicted Absolute error Mean
measured and predicted (K) ) Grain size (d,,) Grain size (d,) 5) % absolute
grain size of deformed P error
AA7150-5 th% B,C composite @,) %
at a 0.6 strain level

623 0.01 13.15 12.17 7.40 5.65
623 0.1 11.26 10.71 4.88

623 1 9.12 9.54 4.69

673 0.01 17.37 16.33 5.95 3.6
673 0.1 14.73 14.36 2.48

673 1 12.49 12.78 2.36

723 0.01 21.32 21.17 0.65 221
723 0.1 18.24 18.61 2.07

723 1 15.93 16.55 3.89

773 0.01 26.18 25.61 2.16 2.41
773 0.1 23.05 22.51 2.33

773 1 19.46 19.99 2.72

evaluated by determining the absolute error (8) and mean
absolute error (§,,) between experimental/measured and pre-
dicted data. The 6 error was determined by the following
expression.

c d —
§=|L2—° L __"IX100%

X100%(or) (15)

e m

where o, d, are predicted flow stress and avg. DRX grain
size, respectively, 6, =experimental flow stress and d,=
measured avg. DRX grain size.

The & and d,, errors determined between experimental/
measured and predicted flow stress for various conditions were
not exceeding 7.72% and 2.81% respectively. Similarly, the &

and &, errors were calculated between experimental/measured
and predicted avg. DRXed grain size for different conditions
at 0.6 strain level, as represented in Table 6. It is noticed that
d and d,, errors do not exceed 7.4% and 3.47% respectively.
As a result of this, overall, it is concluded that the proposed
model and DRX models of deformed AA7150-5 wt% B,C
composite were precise and reliable enough to predict the flow
stress and grain size.
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Conclusions

The new AA7150-5 wt% B,C composite was fabricated
through ultrasonic-vibrated stir casting process. The hot
compression test was performed on hydraulic press for vari-
ous deformation temperatures (623—773 K) and strain rates
(0.01-1 s~ ). The signification conclusions drawn are:

The flow stress and microstructure of the AA7150-5
wt% B,C composite were significantly altered for differ-
ent deformation conditions during hot compression test.
The grain size of the deformed composite was measured
by LIM method, and it was found to vary from 3 to 48 um
based on different deformation conditions.

The constitutive models were developed as a function of
the strain of deformed AA7150-5 wt% B,C composite
which is used to forecast the flow stress behaviour for
different deformation conditions.

The mathematical microstructure model was developed
of deformed AA7150-5 wt% B,C composite between
the avg. DRXed grain size and Z parameter. This model
potential use to forecast the grain size behaviour for dif-
ferent deformation conditions.

The flow stress and DRXed grain size were obtained
through the constitutive and DRXed models, which
were correlated with experimental results, confirming
excellent agreement. The models developed are reliable
enough to predict AA7150-5 wt% B,C properties for
various conditions.
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