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The hot deformation behavior of Al-Zn/martensitic stainless steel particles-based composite (Al-Zn/6 %SSp), was
examined in this study. The composite was tested using isothermal compression at 200-350 °C/0.01-10s ! and
a global strain of 0.5. From the results, it was noticed that the composite’s flow stress increased with strain rate
increase and drop in temperature. The constitutive equation from the hot-worked composites resulted in an
estimated activation energy of 226.27 kJ/mol, which was 58 % more than that for the self-diffusion of aluminum
alloy (142kJ/mol). These findings suggest dynamic recrystallization (DRX) as the dominant deformation
mechanism, as confirmed from the microstructures of the hot worked samples mostly at high temperatures and
strain rates. Work hardening was predicted to dominate the deformation process by the stress exponent (n) value
of 10.36 (which exceeded 5), but this was inconsistent with the microstructural observations. Comparing the
linear fitting of calculated flow stress data with the estimated flow stress yielded a correlation coefficient (RZ) of
approximately 0.97. This observation demonstrates an effective relationship involving the calculated stress with
the computed stress value for the composite material that was fabricated. Based on the processing map analysis,
the instability regime occurs at 200—270 °C/0.01-10s" .. The stable domain established was at 280-340°C/
0.01-10s~! which is most suitable for achieving the best microstructural conditions for enhanced service
performance.

1. Introduction

Aluminum matrix composites (AMCs) reinforced with metallic ma-
terials are nascent AMC systems touted to offer enhanced product safety
and damage tolerance for load-bearing and structural applications [1].
The improved product reliability had been hinged on the improved
ductility and toughness they possess in comparison to conventionally
utilized ceramic reinforcement [2]. Thus, there seems to be a growing
interest in understanding the full spectra of mechanical and material
behavior exhibited by metallic material-reinforced AMCs [3]. In several
studies that have been carried out using metals such as Ni, Mo, Ti, Cu,
Fe, and martensitic stainless steel; matrix refinement, size and shape of

particle grains, enhanced interface strengthening, and dislocation den-
sity are some of the mechanisms on display, responsible for the
enhanced mechanical properties of the AMCs [1-4]. However, Alaneme
et al. [2] already noted that warm temperature and hot temperature
working may be essential for the more productive and successful
development of intricately shaped parts and components with the use of
AMCs developed with metallic reinforcements.

Metal deformation at high temperatures has given metal fabricators
the privilege of lowering the deformation load, altering microstructure,
and controlling the final material characteristics while ensuring that
production costs are as minimal as possible [5]. Huang, [6] in his work
indicated that the preference of the best hot working process parameters
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is more often than not controlled by the information available on the
flow behavior of the AMCs, nature of reinforcement, amount of rein-
forcement added, deformation parameters, and preliminary micro-
structure among others.

Furthermore, the plastic flow characteristics of metals and alloys and
their responses under high temperatures and prevailing loading condi-
tions are usually determined by constitutive relations. The use of
constitutive equations in determining the flow stress of a hot deformed
metal has been reported to yield accurate indicators important in
implementing specific metal-forming processes from mechanical to
metallurgical standpoints [7]. Constitutive models serve the purpose of
accurately predicting flow stress data, as well as determining the stress
exponents and the activation energy. These parameters are valuable for
accurately predicting the underlying deformation mechanism in a spe-
cific deformation process and assessing the hot workability of the
composite material [8,9]. Processing maps are used to express the hot
workability of metallic materials and explain the possible conditions for
forming material at varying temperatures, strain rates, and strain. It
suggests the influence of previous processing and the initial micro-
structure of the material on the hot workability. It is a tool used to assess
deformation mechanisms and optimize the process parameters of ma-
terials, which is a valuable tool to guarantee a flaw-free final product
[10-13].

Alaneme et al. [14] employed a constitutive equation to investigate
the hot deformation characteristics of AA6063-based composites con-
taining Ni and Steel particles as reinforcements. The investigation was
conducted at temperatures of 200-400 °C/0.01-10s ", respectively. It
was observed that work hardening by particle-dispersion hardening, was
the dominant deformation mechanism. Babalola et al. [8] investigated
hot compression and microstructural analysis of aluminum-matrix
composites containing Ni and SiC particles. The findings indicate that
the flow stress experienced in the AMCs was greatly affected by the
deformation conditions imposed and the reinforcement types employed.
Nickel powder-reinforced AMC shows superior resistance to deforma-
tion to that of silicon carbide-reinforced AMC across various testing
settings. The hot deformation studies of aluminium-matrix composite
reinforced with Ni particles was undertaken by Alaneme et al. [1]. The
hot compression test was conducted at the temperatures and strain rates
of 200-400 °C/0.01-10s~*. The findings indicate that the Al6063/Nip
composite exhibited maximal power dissipation efficiencies within 390
~400°C/0.01s ! and 260 — 350 °C/10 s, thereby establishing the safe
processing windows. Dynamic recrystallization and dynamic recovery
were identified as the primary mechanisms for flow softening in the
lower and higher domains, respectively. Wei et al. [15], using consti-
tutive equations analyzed the hot deformation characteristics of
Al-Mg-Si-Cu-Zn alloy under conditions of 350-500 °C/0.01-10s-1. They
obtained 256 kJ/mol ! as the activation energy for the developed alloy
and established dynamic recrystallization as the primary mechanism
responsible for the softening process.

The above literature survey provides valuable insights on the po-
tential of hot deformation to optimize the microstructure and enhance
the mechanical characteristics of aluminium-based composites. How-
ever, hardly can related works of literature be sourced for aluminum-
based composite reinforced with 6 wt% martensitic stainless steel
410 L, which is the focus of this study. The objective is to analyze how
the deformation parameters influence the hot workability of the Al-Zn/
6 %SSp composite and to develop a constitutive equation using the
Arrhenius equation for the calculation of flow stress and deformation
mechanism. The findings of this research will be valuable in under-
standing mechanical working conditions most applicable for develop-
ment of Al-Zn/6 %SSp composite-based products for industrial and
technological use. Due to its exceptional strength, corrosion resistance,
wear resistance, rapid work hardening rate, high ductility and tough-
ness, and comparatively low thermal coefficient of expansion compared
to other metallic materials, martensitic stainless steel has emerged as a
preferred reinforcement material [4,16,17].
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2. Materials and method
2.1. Materials

The investigated composite was Al-Zn alloy (composite matrix with
chemical composition presented in Table 1) with 6 wt% martensitic
stainless steel (45 pm particle size) (Al-Zn 6 wt% SSp). The composite
fabrication process adhered to the double stir casting techniques
described in Alaneme et al.”’s work [18]. In which charge calculation was
used to determine the quantity of Al-Zn and martensitic stainless steel
(410L) powder required to fabricate 6 wt% martensitic stainless steel
reinforced Al-Zn based composites. Dampness due to the addition of the
reinforcement to the matrix was reduced by preheating the stainless
steel particle in an oven at a temperature of 270 °C. Gas fired crucible
furnace was used to get the Al-Zn alloy to molten state at a temperature
of 700 °C. The melt was made to cool to a moderately solid state at a
temperature of about 590 °C before the preheated martensitic stainless
steel particulates were charged and stirred manually for 5 minutes. The
produced slurry mix was reheated to 720 °C, stirred mechanically for
400 rpm for about 5 minutes and then cast into sand molds.

2.2. Composite hot compression

A Gleeble (3500) thermomechanical simulator was used for the hot
compression testing of the Al-Zn6wt%SSp composite. The composite
was machined to a cylindrical shape of 10 mmx 15 mm dimension, and
compressed to a global strain of 50 %, working with 0.01-10.0 s~ * and
200°C-350 °C strain rates and temperatures, respectively. Before con-
ducting the test, the wrapping technique was used [19]. The test samples
were subjected to 5°C per second heating until they reached the pre-
determined deformation temperatures. They were then maintained at
this temperature for 180 seconds to get a consistent temperature.
Standard procedures to mitigate frictional effects between the samples
and the pressure head with the use of graphite foil and nickel paste, was
adopted before testing. The specimens were subsequently subjected to
compression at the specified strain rate until a compression level of 0.5
(50 %) was achieved. For all test conditions, three repeat hot compres-
sion was performed to assure for the reproducibility of the data gener-
ated. Hyperbolic-sine Arrhenius constitutive equation was adopted to
determine the activation energy and stress exponent calculated from the
hot compression stress-strain data. The peak stress was employed to
calculate the material constant values, which were then utilized to
establish the primary deformation mechanisms for the composite ma-
terial. The developed processing maps were employed to determine the
optimal domains for processing the composite material that was
produced.

2.3. Microscopy

The produced composite was subjected to structural analysis using a
Scanning Electron Microscopy (SEM) in backscattered electron (BSE)
mode. Before conducting microstructural analysis, the samples under-
went a process of achieving a standard metallographic surface polish

Table 1
Chemical Composition of Al-Zn based alloy.
S/N ELEMENT COMPOSITION

1. Al 88.17
2. Si 0.40
3. Fe 0.50
4. Mn 0.30
5. Mg 0.50
6. Zn 9.08
7. Cr 0.20
8. Ti 0.20
9. Cu 0.65
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EHT = 20.00 kV Signal A= NTS BSD
WD= 7.3 mm Mag= 500X

Date: 16 Jul 2021

Time: 9:57.08
Fig. 1. As-cast microstructure of the Al-Zn/6 % Stainless Steel Particu-
late composite.

and were subsequently etched with Weck’s reagent for 17 seconds.
Analysis of the microstructures of deformed samples was subsequently
conducted on the center region of the samples, where previous studies
have indicated the accumulation of local strain.

3. Results and discussion
3.1. Pre-deformation microstructure

The Scanning Electron Microscopy (SEM) image of the Al-Zn/6 %
martensitic stainless steel particles reinforced composite is presented in

50 um EHT =10.00 kV Signal A= NTS BSD
WD= 86 mm Mag= 500X

Date: 20 Jul 2023
Aperture Size = 60.00 pm

50 pm EHT=10.00 kV
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Fig. 1. The stainless steel particles (light phase) dispersed phase within
the Al matrix (dark phase) with signs of particle clustering evident. This
is an apparent indication of slightly non-uniform distribution of the
particles in the Al-Zn matrix in the as-cast condition, largely due to the
significant difference in density between stainless steel and Al-Zn [4].

3.2. Post deformation microstructures

Comparing the as-cast- (Fig. 1) and post-deformation- microstruc-
tures (Figs. 2-5, which imaging was taken at the center of the samples
where strain localization is most intense during deformation [1]), it was
noticed that the hot deformed samples had more refined grain structure
and redistributed reinforcement particles. The grain orientations in
Fig. 2a—d, which showcases elongated grains along deformation direc-
tion, shear bands, and cracks, indicates the accumulation of high dis-
locations density at 200 °C/0.01-10s™'. This suggests that work
hardening predominates at low temperatures. The features in the mi-
crostructures in Fig. 3 also show elongated grains parallel to the defor-
mation axis, and the existence of shear bands, which indicates high
prevalence of work hardening at this deformation condition (250
°C/0.01 -1.0s7H.

Fig. 4a-c which show the post deformation microstructure of samples
processed at 300 'C/0.01-1.0 s}, indicate the formation of strain-free
new grains. Grain distortion as experienced in Figs. 2 and 3 are less
pronounced in Fig. 4a—c as the deformation temperature is increased.
Fine recrystallized grains were observed around the initial grains,
especially in Fig. 4a—c which is due to the relatively higher deformation
temperature (300 'GC), which provides higher thermal activation for the
complete annihilation of dislocations, consequently enhancing DRX

e
Elongated grains &

Signal A= NTS BSD
Mag= 500X

Date: 20 Jul 2023 o
WD= 66 mm Aperture Size = 60.00 ym

2

50 pm EHT = 10.00 kV Signal A= NTS BSD

50 pm EHT = 10.00 kV

(b)

Date: 21 Jul 2023 Signal A= SE2 Date: 20 Jul 2023
— WD = 8.0 mm Mag= 500X Aperture Size = 60.00 ym WD = 8.3 mm Mag= 500X Aperture Size = 60.00 ym

Fig. 2. Representative SEM images of the instability regions at lower temperature of hot-compressed (0.5 global strain) Al-Zn/6 wt%SSp composites at (a) 200'C

/0.01 571, (b) 200°C/0.1 572, (c) 200'C/1.0 572, and (d) 200'C/10.0s72.
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Distorted grains

Signal A= SE2
Mag= 500X

Date: 21 Jul 2023
Aperture Size = 60.00 pm

WD= 84mm

(a)

(b)

Fig. 3. Representative SEM images of the instability regions of hot-compressed (0.5 global strain) Al-Zn/6 wt%SSp composites at (a) 250 C/0.01s~}, (b)

250°'C/1.0s7L.

formation. In Fig. 5, which show the post deformation microstructure for
processing at 350 °C/1 s71, new grain reorientation with equiaxed
grains is visible. This corresponds with what is observed from the pro-
cessing map at which the optimum deformation temperature and strain
rate were experienced.

3.3. Flow stress behavior

The strain-stress curves achieved from the hot deformation testing of
Al-Zn/6 % martensitic stainless steel composite samples are presented in

e X
Recrystallized graing
. > 1
" il X

o

h ~%
Signal A= NTS BSD
Mag= 500X

EHT = 10.00 kV
WwD= 7.8 mm

Date: 21 Jul 2023
Aperture Size = 60.00 ym

Fig. 6a—d. The flow stress characteristically increased with increased
strain rate and reduced deformation temperature. The decline in dislo-
cation mobility at lower deformation temperatures can be ascribed to
the reduced thermal activation observed at lower temperatures [2,20].
Normally, as the strain rate increases, dislocation piles up, and multi-
plication takes place, which gives rise to increased dislocation concen-
tration in the developed composites. When dislocation concentration
increases, there is usually a restriction to dislocation movement, hence
promoting the flow stress increase required to sustain plastic deforma-
tion [21-23].

& S .
EHT= 10004V Date: 21 Jul 2023 —
wo= 8.1mm Aperture Size = 60.00 pm

Signal A= NTS BSD
Mag= 500X

(@

nRec»rys‘t.‘aJl'z‘ed grai

EHT = 10.00 kV.
WD = 8.3mm

Signal A= SE2
Mag= 500X

(b)

Date: 20 Jul 2023
Aperture Size = 60.00 ym

(©

Fig. 4. SEM images of stable regions (a-c) of hot-compressed (0.5 global strain) Al-Zn/6 wt%SSp composites at (a) 300°C/0.01 57, (b) 300°C/1.0 s, and (c)

350'C/0.1s7 1.
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Regfystalhzed grains-

Date: 21 Jul 2023

Aperture Size = 60.00 ym ﬁ

Fig. 5. SEM images of the optimum processing region of hot-compressed (0.5
global strain) Al-Zn/6 wt%SSp composite at 350 C/1.0 s .

Signal A= SE2
Mag= 500X

50 um EHT = 10.00 kV
WD = 8.4mm

From all test parameters, there was an initial increase in the flow
stress at a lower deformation strain rate as a result of the prevalence of
work hardening. The most distinctive feature observed in the flow
curves for the composite is the anomalous flow stress oscillations
observed for samples hot deformed at a strain rate of 0.01 s~ . In related
studies by Alaneme et al. [1] and Babalola et al. [8], this phenomenon
has been linked to the interactions between dislocations and the rein-
forcement particles which were mainly segregated along grain bound-
aries. The pinning effect of the reinforcement on dislocations is more
noticeable at low strain rates, particularly where particle colonies are
along grain boundaries. That is lower stresses are required to move the
dislocations within the grain but at the boundaries, a high flow stress is
required as a result of the pinning action of the strengthening particles
and the grain boundary effect.

3.4. Constitutive modeling of the flow stress behavior of Al-Zn/6 %
stainless steel composite

3.4.1. Constitutive analysis

The constitutive equation and associated activation energy are
computed, respectively, to achieve a good insight into the flow behavior
and deformation mechanisms of the developed composites [24]. The
proposed Sellars and McTegart [25] proposed constitutive equations
that centre on the hyperbolic sine law of Arrhenius type equation (Eq. 1)
were utilized to characterize the hot workability response of Al-Zn/6 %
martensitic stainless steel composite.

& = A[sinh(ao) ]"exp( - %) @

¢ = 6.1000E + 20[sinh(0.011449 x 117.1017) ]10'3627exp(

where A, a, n, Q and R represents material constant, stress multiplier,
stress exponent, hot work activation energy (kJ mol-1), and gas constant
(8.314 ), respectively.

The value of the stress multiplier o is obtained using Eq. 2, where n’
and f are derived from the slopes of the curves of Eq. 3 and Eq. 4
respectively.

The parameter f represent a constant parameter, ¢ is the peak stress,

while the power law at low stresses is used to determine the constant n’

_226.27152
8.314%473.15
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[26].

a=t @
n

where

, _ Olng
" dlno, 3

dlné

p= 0, @

Bambach et al. [27] showed that the partial differentiation of Eq. 1 at
constant temperature gives

1 dln[sinh (ao,
:PLLﬁ}

n olné

)

Similarly, the partial differentiation at a constant strain rate gives

dln[sinh(ac,) |

Q=Rn|—E— 0
)

Insight on the effect of deformation temperature, strain rate and
strain on the deformation characteristics of metallic materials, can be
provided using the Zener-Hollomon parameter, Z expressed in Eq. 7:

= Rnk (6)

2 texp| 2] ~t(o) = Asinhao) @)

The natural log of Eq. 7 gives
InZ = InA + nln[sinh(oo) | (8)

Therefore, 0, f, a, n, k, Q, and InA were found by linear regression
of Egs. 5 to 10 using the peak and steady-state values given in Table 2.

By taking the natural logarithm of the hyperbolic-sine law (Eq. 3)
and solving for o, the general equation for flow stress ¢ as a function of Z
can be derived as shown in Eq. 9.

1 Z\n Z\n

Therefore, by using the material constants values from Eq. 2, the flow
stress can be determined using Eq. 10:

=

10)

226.27152
& = 6.1000E + 20[sinh(0.011449¢) > ** exp ( - ﬂ)

RT

) ‘e= 0.01

Then, from Eq. 10, the flow stress dependence on the deformation
parameters ( "¢, T) can therefore be determined using Eq. 11:

0.19299 3
)

0=87.34387In (

VA 0.0965 VA
6.1000E+20) * [(6.1000E+20

1)
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Fig. 6. Stress-Strain curves for (a)Al-Zn/6 %SS at 0.01 s%, (b) Al-Zn/6 %SS at 0.1 57}, (c) Al-Zn/6 %SS at 1.0 s%, and (d) Al-Zn/6 %SS at 10.0 7.

Table 2
Peak stress (MPa) and steady state stress obtained from flow stress- strain curves
of Al-Zn/6 %SS composite.

Peak Stress (6, MPa) obtained at the test temperatures (°C)

Strain rate (s!) 200 250 300 350

0.01 117.1017 77.3227 52.0510 20.7833
0.1 131.7604 87.4309 68.7014 41.4277
1 146.3004 94.7010 80.7165 59.9584
10 160.4361 106.3551 94.7569 72.3990

3.4.2. Activation energy for the hot worked composite

Activation energy pertains to the capacity of materials to withstand
deformation and the energy required to facilitate the distribution of
dislocations, specifically in the context of hot working [21,28,29].
Multiple research [1,8,9] have proposed the processes that govern the
deformation process using activation energy value. In addition, this
methodology has been utilized to advance constitutive correlations to
predict flow stress [30,31]. The Al-Zn/6 %SSp composite activation
energy is assessed using the Arrhenius hyperbolic-sine equation. The
selection of this equation is based on its simplicity and its capacity to
effectively address stress circumstances of varying magnitudes. The
ideal Q value is the material constant, which is determined by the
microstructure and chemical composition of the composite that is
formed. Typically, the hyperbolic law of the Arrhenius-type equation is
utilized for its determination [32]. To calculate the activation energy, it
is necessary to acquire constitutive constants like , «,n, and InA from
the equation. The constants in question are derived by the process of
fitting calculated data from the rearranged hyperbolic-sine equations, as
described in Eqs. 5-6. The several graphs illustrating the derivation of

each constitutive constant are depicted in Fig. 7a—e. Table 3 presents a
comparative analysis of the activation energy derived from the present
investigation to existing literature. The hot-worked Al-Zn composite
exhibited an activation energy of 226.27 kJ/mol, which was 58 %
greater than that of self-diffusion of aluminum (42 kJ/mol). This
observation indicates that dynamic recrystallization is more prevalent
than dynamic recovery in the state of deformation. This has been
demonstrated by numerous researchers that have worked on the hot
deformation characteristics of aluminum and its alloy [33-37].
Furthermore, the observed characteristics in the microstructure of the
distorted samples provided additional support for this assertion.
Therefore, based on the activation energy determined in this research
study, it can be deduced that DRX is the primary flow deformation
mechanism. The composite’s stress exponent (n) value (10.327) sur-
passed 5, suggesting that work hardening is more prevalent than dy-
namic recrystallization. However, the post-deformation microstructures
did not provide support for this assertion.

The values of the material constants obtained are summarized in
Table 4.

The flow stress was calculated with the constitutive constants listed
in Table 4. Fig. 8 shows from the plots of the measured and calculated
stresses that a correlation coefficient (R?) value of 0.97 was obtained for
the composite material. This demonstrates the accuracy of the deter-
mined constitutive equation in precisely anticipating the test findings,
confirming its ability to effectively forecast the hot deformation stress
data of the Al-Zn/6 %SSp composite.

3.5. Processing map

To establish safe hot-work processing conditions for metallic mate-



T.O. Joshua et al.

In strain rate

In strain rate

Journal of Alloys and Metallurgical Systems 7 (2024) 100086

3 : ggg T Bl T T T T T 3 — . i :
A "
2 4 300 M B 2_:;33 "oy A n ]
v 350 v 350
14 1 14 -
0 v 4 L n T o 0+ v A 9 [ ] -
2
[
-1 - £ -1 4
[
k-
-2 i w -2 i
v A [ ] ] £ v A . u
-3 i -3 i
4 N -4 - J
v A ® [ ] v A [ ] ]
-5 | i 5 b
T T T T T T T T T y T T
0 20 40 60 8 100 120 140 160 1.0 05 0.0 0.5 10 15
Insinh
o (MPa) sinh(ao)
(b)
(a)
3 m 200 A T T 1.5 W oorst T T T T T
® 250 n Ao - ® ows:
24 4 300 M ) 4 R k
v 350 ] [
1- / 1 o B |
0 /v A - = 05 I
/ b o
/ KA A
14 b < ) .
, / = 0.0 A —e .
/ / (2} v
24 / / J = A
4 A e . = v
/ / - A
.34 4 -0.5 B
v )
44 / 4
v A ° .04 v 1
-5 1 1 T T T T T T
T T 1.6 1.7 1.8 1.9 2.0 21 2.2
3 4 5
1000/T
Ino
(d)
©
65 T T T T T
InA
n
60 ~ R?=0.966 » - §
e
| I
55 a -
b /
N e
= 50 -] .
45 | 1
n
40 ®m 4
T T T T T
-1.0 -0.5 0.0 0.5 1.0 1.5
Insinh(ao)
O]

Fig. 7. a-e: materials constants deriving plots for the composite.



T.O. Joshua et al.

Table 3
Activation energy and hot-work process conditions of some aluminum alloys and
composites.
S/n Material System Activation Deformation References
Energy (Kj/ Processing
mol) Parameters
1. Al-Zn/6 % 226.27 200-350° C This work
martensitic (0.01-108™H
Stainless Steel
particles
2. AlZn 155 200-350° C [18]
(0.01-108™H
3. Al-Zn/6 %Cu 179 200-350° C [18]
(0.01-108™H
4. Al-Zn/8 %Si 113 200-350° C [18]
(0.01-108™H
5. 6063A1/6 % Ni 151 200-400°C [2]
particles (0.01-10.0 ™)
6. 6063 Al/6 % 168 200-400°C [2]
steel particles (0.01-10.0 ™1
7. Al/8 % bamboo 290.5 300-400° C [2]
leaf ash-SiC (0.01-1.08™h)
8. AA7075/A12 O3 289 350-500 °C [39]
(0.001-1.0S™)
9. 6061A1/20 % SiC 246 300-500 °C [35]
(0.001-1.05™H
10. 6x82 Aluminium 224.738 300-500° C [40]
alloy 0.01-1087Y)

rials, a processing map is normally employed [41]. A dynamic material
model is commonly employed to develop the processing map of a ma-
terial system [10]. The model regarded the material being deformed as a
power dissipater. The entire power is divided into two components:
power produced by increased temperature (due to plastic deformation)
and dissipated power by structural changes like (DRX and DRV). Dy-
namic materials model (DMM) [10] was used to conduct an in-depth
investigation on the hot compression of the Al-Zn/6 wt%SSp Compos-
ite. This is stated as efficiency of power dissipation (1)) specified by Eq.
12:

_J _ 2m
T Jmax m+1

n (12)

Where 1, J, and m stand for strain rate sensitivity, power dissipation
efficiency through microstructural evolution, and coefficient of power
dissipation efficiency, respectively. Eqs. 13 and 14 describe the dimen-
sionless parameter &, (¢) as the instability criterion, which is used to
establish the temperature and strain rate domains where there is flow
instability.

Ee)=m<0 13)
Park and Kim, [42] state that.

2Tm_1<0 a4

&) =
where & (£), m, and 1 represents the instability parameter, strain rate
sensitivity, and power dissipation efficiency, respectively.

The power efficiency, instability, and processing maps of the Al-Zn/
6 %SSp under varied deformation conditions are presented in Fig. 9a-e.
It is known from the literature that metal alloys with high power dissi-
pation efficiency values are amenable to good hot workability during
plastic deformation as the power input is effectively utilized by micro-
structural evolution via mechanisms of DRV, DRX, and phase
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transformation. Conversely, lower power dissipation efficiency values
suggest poor workability, and the microstructures are usually charac-
terized by defects such as inhomogeneity and porosity [18]. The contour
map in Fig. 9a-b depicts the regions with the highest power dissipation
efficiency (%) values (red-shaded region), which denotes the optimum
safe processing region. This region corresponds with the microstructural
features of the compressed samples that revealed recrystallized grains,
while the regions with the lowest power dissipation efficiency values
(blue shaded region) denote the instability region characterized with
shear bands and cracks. These regions have to be avoided while pro-
cessing the composite.

From Fig. 9c-d, the instability map shows no instability region
because the instability criteria have positive values. It therefore denotes
that flow instability did not occur at peak stress in the compressed
samples. The Red Cross portion as shown in the processing map (Fig. 9e)
represents the optimum processing region. At 0.5 strain, the instability
domains take place at 200—270°C/0.01-10 s™! and this parameter
should be avoided while processing this composite. It has been observed
that regions possessing high power efficiency and positive ¢ values
provide the optimum conditions for hot working characterized with
defect-free microstructures facilitated by DRX [38,43], in this case when
the composite is processed at 280-340°C/0.01-10 s 1.

4. Conclusion

This study evaluated the hot deformation characteristics of an Al-Zn/
6 wt% martensitic stainless steel particles-based composite. The
following results were obtained:

e The Al-Zn/6 %SSp composite exhibited positive strain rate sensi-
tivity characterized by flow stress increase with increase in strain
rate and decrease in temperature.

e The constitutive equation from the hot-worked Al-Zn/6 %SSp com-
posite resulted in an estimated activation energy of 226.27 kJ/mol,
which was 58 % more than that for the self-diffusion of aluminum
alloy (142 kJ/mol). These findings suggest dynamic recrystallization
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Fig. 8. Showing relationship between calculated stress and experimental
stress data.

Table 4
Material constants for constitutive modelling of Al-Zn/6 %SS composite.
n’ [} o (MPa~1) n k Q (kJmol™1) InA A
15.7217 0.18 0.011449 10.3627 2.626 226.27152 47.86 6.10006E+20
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(DRX) as the dominant deformation mechanism, as confirmed from
the microstructures of the hot worked samples.

Work hardening was predicted to dominate the deformation process
by the stress exponent (n) value of 10.36 (which exceeded 5), but this
was not supported by the microstructures.

Comparing the linear fitting of calculated flow stress data with the
estimated flow stress yielded a correlation coefficient (R?) of
approximately 0.97. This observation demonstrates an effective
relationship involving the calculated stress with the computed stress
value for the composite material that was fabricated.

Based on the processing map analysis, the instability regime occurs
at 200—270 °C/0.01-10 s~1. The stable domain established was at
280-340°C/0.01-10 s~ * which is most suitable for achieving the best
microstructural conditions for enhanced service performance.
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