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A novel method to improve the critical
damage parameter of powder
metallurgical components during
the cold upsetting

R Tharmaraj1 , M Joseph Davidson1 and R Raja2

Abstract

In the metal forming process, the understanding of metal flows and the fracture strains are most significant to the failure/

damage of the components. Usually, in metalworking, damage occurs because of nucleation, growth and coalescence of

the void into a small fracture. These small fractures increased in the circumferential path due to the existence of stresses

and the pores which leads to failure at the equatorial position during the upsetting of porous samples. Hence, the

fracture of the workpieces strongly depends on the stresses and the pores. Such form of stresses and pores if relieved

will give a better damage limit of the material. Therefore, in this research, a novel scheme of localised heating is adopted

at the equatorial position of the compressed samples to enhance the critical damage parameter. The powder metallurgy

route was used to prepare the required compacts with different relative densities (80%–90%) and 1 aspect ratio by

applying suitable powder forming pressures. The upsetting test was performed on the obtained porous samples for

various weight percentages of titanium (2%–6%) in the aluminium at the stable strain rate (0.1 s�1) and the damage

location was noticed for various components. After the identification of damage position, various temperatures

(100 �C–250 �C) of localised heating were attempted on the failure site of the specimens after some incremental

stages of upsetting tests. The experimental results were analysed using various damage criteria and it was found that

the initiation of failure is delayed and increased the critical damage value by selectively heating the samples because of

relieving the stresses, reduction in porosity and changes in microstructure.
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Introduction and background details

Plastic deformation is extensively engaged in the

metal forming process for different applications.

Preferably, components will be shaped to a perma-

nent form as a final product by the forming process.

But, sometimes metals will fail too early through duc-

tile fracture due to the heterogeneity of the material.

The mechanism of failure/damage in ductile materials

happens because of nucleation, growth and coales-

cence of the voids. In the initial state, the material

may consist of the matrix, particles and voids. Also,

it represents the shape and size of the particles and

voids. During the metal forming process, metal pro-

vides the failure site where fracture can nucleate in

micro-voids form because of the existence of second

phase particles and inclusions in the metal alloys.

With increasing the deformation, the nucleation of

failure will increase by the void growth. At some

stage of deformation, the contact of nearest voids
causes void coalescence which ultimately directs to
the formation of macro-crack and damage through
the ductile failure.1 In the industrial metal forming
process, various types of defects are observed. The
most common defects that occur in the upsetting
are central burst and hot tears. The central burst
occurs at the centre of the component and hot tears
occur on the outer surface of the component.2–4
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These types of troubles have been approached by the
engineer through more number practices and many
experimental methods. But, the procedures consume
more time and infrequently give the solution for find-
ing the ductile fracture. The forecast of crack opening
permits process alteration, which provides damage-
free products with financial savings. The incidence
of the fracture in the forming process has been ana-
lysed by different researchers.5–7 They found that the
starting of nucleation happens in the beginning stage
after that void growth happens because of the local-
ised deformation. In the final, coalescence happens
because of the necking in the localised areas.

The occurrence of damage is an important charac-
teristic in the upsetting process which could be helpful
for an industrial engineer to predict the damage limit
of the components in various engineering applications
such as aerospace, automobile, medical etc.
Enhancing the damage limit of the material is a cru-
cial plan in the metal forming process. In recent days,
industries want to increase the damage limit of the
components for different applications. Hence, many
researchers have studied the improvement of the fail-
ure limit for various materials using different meth-
ods.8–10 Researchers have studied the workability of
dual-phase steel at various heat treatments (HTs) pro-
cess.8 They have analysed the forming limit of the
components by conducting the compression test and
observed that the strain to failure is different for dif-
ferent HTs due to change in microstructures. The
author has investigated the various methods such as
annealing (473K–773K) before forming and applica-
tion of counter-pressure (100MPa–300MPa) during
upsetting for the improvement of workability of
AZ31B magnesium alloy.9 He found that the effect
of annealing temperatures and the counter-pressure in
the upsetting has a major effect on the workability of
the material. He observed that the workability of the
material has increased at a higher annealing temper-
ature (773K) and also by the application of counter-
pressure ranging from 100MPa to 200MPa due to
grain refinement during the upsetting. Authors have
studied the effect of HT on the performance (proper-
ties and surface quality) of P/M cold work tool steel
by adopting a new technique of HT.10 They find that
due to fine microstructure, a changed, cracked and
pore-free surface is found in the selected P/M tool
steel. But, in the upsetting of porous specimens, the
transmission of crack takes place in the equatorial
zone because of the existence of triaxiality stress in
the circumferential route and damage arises in the
outer position because of the stresses and the
pores.11,12 Therefore, the damage limit of the porous
specimens relies on the stresses and the pores. So,
such kind of stresses and pores must be removed to
get a better damage limit of the components. Hence, it
is compulsory to decrease the stresses and decrease
the pores in the outer sites for improving the fracture
limit. Thus, the analysis of the damage behaviour for

the porous specimens is a dynamic research area
between the researchers during the process.

It is observed from the above literature that the
damage limit of the workpiece relies on different fac-
tors. But, in the upsetting of porous specimens, stresses
are accumulated in the outer zone and the inherent
pores are more in this zone. Therefore, the damage
happens in these positions and the fracture point
could be decreased. Hence, it is essential to lessen the
stresses and reduce the pore amount to improve the
failure limit of the specimens. The above-mentioned
researchers have not given attention to the relieving
of stresses and the reduction of porosity level in the
outer position of the components. Thus, the present
work is aimed to identify the fracture location of the
newly developed sintered porous aluminium-titanium
preforms and to increase the damage limit of these
specimens by applying the novel way of selective or
localized heating in the outer or equatorial position
of the compressed preform at different conditions
(100 �C–250 �C) using different fracture criteria
under triaxial condition. Heating the preforms selec-
tively in the damage sites postponement the fracture
and enhanced the damage limit.

Mathematical calculations

Different upsetting parameters based on stresses and
strains were to be calculated under the triaxial condi-
tion for the measurement of the critical damage
parameter (CDP) and the strain path analysis of dif-
ferent Al–Ti components.

Stress and strain relations

Based on this type, the following expressions are used
to determine the CDP of P/M Al–Ti samples for var-
ious IRDs and various Ti compositions.13–16
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Based on strain type, the following expressions are

used to determine the CDP of the newly developed

porous Al–Ti samples.17–19

True axial strain ðEzÞ ¼ ln
H

Hf

� �
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where F is the upsetting load applied in the axial

direction. D is the diameter of the porous Al–Ti com-

ponents before the compression. The D is measured

by using the vernier calliper. Dtc and Dbc is the con-

tact diameter of the porous Al–Ti samples in the top

and bottom portion after deformation. The Dtc and

Dbc are measured by using the vernier calliper. Db is

the bulged diameter of the porous Al–Ti samples,

measured by using the vernier calliper. R is the rela-

tive density (RD) of the porous Al–Ti samples, mea-

sured by using the Archimedes principle. � is the

Poisson’s ratio, determined by using the equation

(3). H is the initial height of the porous Al–Ti com-

ponent before applying the load and Hf is the height

of the deformed porous Al–Ti samples after applying

the load. The H and Hf are measured by using the

vernier calliper.

Damage criteria

The ductile fracture of P/M materials under various

conditions of deformation depends on process param-

eters that influence the stresses and strains in cold

working conditions. Many researchers have

proposed various fracture criteria to find the ductile

fracture.20–23 The detailed explanation is given below.

All the fracture criteria are based on the macro

mechanical approach in which failure occurs when

the stresses and strains reach a critical value. As

stated by these criteria, the workpiece loses its

strength on compressing the specimens to

higher values of strains and the value of strain at

which fracture occurs is called critical damage. The

value of the CDP will vary with the type of criteria is

assumed.

The author has established the CDP expression for

strain energy to fracture during the plastic deforma-

tion process.20

C1 ¼
Z �E f

0

�r �dE (10)

Researchers have introduced a mathematical for-

mula for finding the CDP and they reported that

damage occurs when tensile strain energy reaches a

maximum critical value.21

C2 ¼
Z �E f

0

r1 �dE (11)

The authors have proposed the normalized version

of the Cockcroft and Latham damage criterion.22

This criterion considered the important parameter

for the ductile fracture as the ratio of maximum prin-

cipal tensile stress to the effective stress and the CDP

is expressed as

C3 ¼
Z �E f

0

r1
�r

�dE (12)

Researchers have introduced the ductile fracture

model with considering the CDP as the ratio of

mean stress to effective stress.23

C4 ¼
Z �E f

0

rm
�r

�dE (13)

where �r is the effective stress, �dE is the effective strain

increment, �E f is the effective strain at fracture, rz is

true axial stress, rh is true hoop stress, r1 is the max-

imum principal stress. r1 ¼ rh for axisymmetric cylin-

drical compression test.24 C1, C2, C3 and C4 are the

CDP of porous Al–Ti samples. Substitute the stress

and strain relation in equation (10) to (13), the CDP is

calculated.

Experimental procedures

Material selection

The components were obtained from the aluminium

(Al) and titanium (Ti) elements, which were devel-

oped via the atomization route and were in the

form of powders, to investigate the fracture character-

istics of porous Al–Ti samples. Because of its benefi-

cial properties, the combination of these materials (Al

and Ti) has been commonly used in the automotive

and aerospace industries.25–28 Hence, this analysis

aims to focus on a subset of these (Al and Ti) speci-

mens and assess their response to damage character-

istics under various localized heating conditions.
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Because of its advantages in economic, specific and
captive applications used in various industries such as
aerospace and automobile, the samples were pro-
duced using the powder metallurgy (P/M) tech-
nique.29 The Al and Ti particles come from the SRL
Company in Maharashtra, India, and have an aver-
age size of 44 mm and 74 mm, respectively. Both par-
ticles are 99.5 percentage pure, with just 0.5
percentage insoluble impurities. The scanning elec-
tron microscope (SEM) representation of the Al and
Ti powder particles is shown in Figure 1(a) and (b).
TESCAN and VEGA 3 LMU are the labels and ver-
sions of the SEM equipment. The irregular shape is
found in the Al particles in Figure 1(a) and the spher-
ical shape is found in the Ti particles in Figure 1(b).
To achieve a homogeneous powder blend, the correct
amount of powders are taken and blended in the por-
celain bowl for 45 to 60minutes by manually stir-
ring.30 Using the X-ray diffraction (XRD)
instrument, the received powder particles are also
analysed to confirm the presence of Al and Ti par-
ticles in the powder. PANalytical and X’Pert Powder
XRD is the make and model of the XRD equipment.
Figure 1(c) displays the XRD picture of the Al and Ti

powder particles and shows that the particles (Al and

Ti) are present in the obtained powders.

Compacts preparation

By compressing/compacting the mixed Al and Ti

powders, the necessary dimension of the porous Al–

Ti components was prepared from the powder par-

ticles. The compaction is taken place by pouring the

correct amount of powders into the proper die tools

with the help of a hydraulic press machine (HPM).

The maximum capacity of the HPM is 0.5 MN and

the HPM is made by SVS Hydraulics from

Hyderabad, India. The obtained geometry of the pre-

pared samples is 10mm in height and 10mm in diam-

eter. The application of compaction pressure for

choosing the initial relative densities (IRDs) (80%,

85% and 90%) for different weight percentages of

Ti (2%, 4% and 6%) in the Al component is

318MPa to 420MPa. With increasing the amounts

of Ti contents in the Al, intermetallic compounds

(Ti3Al, TiAl and TiAl3) will be formed. But, this

research focuses on only Ti particles in the Al

matrix. Hence, the least quantity of Ti contents at

Figure 1. (a) SEM picture of Al powder particle, (b) SEM picture of Ti powder particle, and (c) XRD plot of Al and Ti powder
particles.

4 Proc IMechE Part E: J Process Mechanical Engineering 0(0)



an equal difference (2%, 4% and 6%) was selected. In

compaction, friction may take place between the par-

ticles and the die parts which could affect the quality

of the compacts as well as the life of the die parts. So,

zinc stearate was used as a lubricant on the die tools

to avoid friction. Then, the prepared compacts are

sintered in standard ambient pressure at the temper-

ature of 550� 10 �C for 1 h holding time using the

electrical muffle furnace. The furnace is made by

Swam Equip from Tamilnadu, India. After the sinter-

ing process, the dispersion of Ti in the samples is

analysed using the SEM equipment and the image is

shown in Figure 2(a) to (c). It is noticed from Figure 2

that the Ti elements are dispersed uniformly in the

components. Also, the presence of Al and Ti compo-

nents in the prepared sintered Al–Ti samples are ana-

lysed using the XRD equipment and the image is

shown in Figure 2(d) and confirmed that Al and Ti

components are present in the newly developed

preforms.

Localised heating in the upsetting test

Here, a method of selective or localised heating (SH)

is introduced in the outer or equatorial sites of

deformed porous Al–Ti samples to investigate the

fracture characteristics at various IRDs for different

Ti compositions under different temperatures. In this

SH method, the initial height, diameter and the IRD

of the samples were noted before applying the com-

pression load. With the incremental deformation

load, the upsetting was performed on the newly devel-

oped P/M Al–Ti samples using the HPM at room

temperature (27 �C) at the same strain rate (0.1 s�1).

By the application of forging load, the porous work-

piece is deformed into the different amount of strains.

Figure 2. (a) SEM picture of sintered porous Al – 2% Ti samples, (b) SEM picture of sintered porous Al – 4% Ti samples, (c) SEM
picture of sintered porous Al – 6% Ti samples, and (d) XRD plot of sintered Al and Al–Ti samples.
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The complete schematic diagram for describing the

SH technique is given in Figure 3(a) to (e). In the

beginning, the porous Al–Ti samples are located in

between the dies (top and bottom) which are attached

with the HPM as seen in Figure 3(a). The deforma-

tion test is performed on the developed porous Al–Ti

components by giving the deformation load (F)

incrementally and their representation is given in

Figure 3(b). After every incremental deformation,

the dimensions of the samples (diameter and height)

and the RDs are changed. The changed dimensions

and the RD after the deformation are noted for ana-

lysing the failure parameter of the samples. The

stresses and the pores are more in the outer zone of

the components during the compression.11,12 The dia-

gram for describing the stresses and the pores is given

in Figure 3(c). These two factors have an impact on

the damage limit of the material. Hence, it is compul-

sory to decrease the stresses and the pores in the outer

position. The stresses and pores are relieved by adopt-

ing the SH technique in the equatorial zone of the P/

M samples. The schematic diagram of the SH method

is given in Figure 3(d) and noticed that the SH is

applied to the compressed samples in the equatorial

zones at which the failure happens with the aid of a

portable gas cartridge. The temperatures of the sam-

ples were noted by the infrared thermometer and the

observed values are 100 �C, 140 �C, 195 �C, 220 �C
and 250 �C. Once, the SH is completed on the outer

position of the deformed specimen, again the defor-

mation is performed on the corresponding selective

heated specimen as seen in Figure 3(e). The upsetting

was stopped after the damage happens on the outer

face of the workpiece.

Figure 3. The schematic diagram for conducting the SH upsetting test: (a) application of deformation load on the sintered specimen,
(b) specimen is deformed after the application of load, (c) stresses accumulated in the equatorial position of the deformed sample,
(d) adopting the SH technique in the outer region of the deformed sample and (e) application of load on the deformed samples after
the SH.
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Results and discussion

Evolution of strain paths for different weight

percentages of Ti at different SH conditions

The strain paths of newly developed porous Al–Ti

samples for different weight percentages of Ti (2%–

6%) and various IRDs (80%–90%) under different
SH conditions (100 �C–250 �C) was analysed. Figure

4(a) to (c) gives the typical experimental strain paths

of P/M Al–Ti samples with the IRD of 90% for dif-
ferent compositions of Ti (2%–6%) under various SH

conditions (100 �C–250 �C). The value of hoop strain

(HS) is more in the circumferential direction with the

raise in the true axial strain (TAS) irrespective of the
SH and the compositions of Ti contents. It is found

that the strain paths of Al–Ti samples differ with the

SH and the weight percentages of Ti compounds in

the developed P/M samples. It is observed from
Figure 4(a) that the distance between the two points

in the strain paths has improved with the higher SH

conditions concerning TAS. This is because of the

samples flow behaviour and the densification of the
components. The flow behaviour of P/M Al–Ti sam-
ples has increased towards the outer zone with the
higher heating conditions (250 �C) due to the reduc-
tion in the stresses in the outer zones. Therefore, the
failure strain has improved for the higher level of SH
condition. Also, the RD of the porous Al–Ti samples
has improved at a superior SH temperature (250 �C)
than other SH conditions because of the reduction in
the amount of porosity.31,32 The amount of porosity
for the newly developed porous Al-Ti samples was
determined using the formula porosity ¼

Volume of void
Volume of Al�Ti composite . The volume of Al–Ti com-

posite (VAl-Ti) is calculated by the Archimedes princi-
ple using the weight balance machine. Void volume
(Vv) of deformed Al- Ti composite is calculated using

the formula, Vv ¼ qthe;Al�Ti � qexp;Al�Ti

qthe;Al�Ti
. Where, qthe,Al-Ti is

the theoretical density of P/M Al–Ti preforms and
qexp,Al-Ti is the experimental density of deformed
P/M Al–Ti preforms. The experimental density of
deformed powder metallurgy Al–Ti preforms

Figure 4. Role of SH on the strain paths of P/M Al–Ti samples for various weight percentages of Ti: (a) 2% Ti, (b) 4% Ti, and
(c) 6% Ti.
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(qexp,Al-Ti) is determined by the Archimedes principle

using the weight balance machine. The theoretical

density of Al–4% Ti composite (qthe,Al-Ti) is calculat-

ed using the formula 100
qthe;Al�Ti

¼
Wt:% of Al

qthe;Al
þ Wt:% of Ti

qthe;Ti

� �
.Theoretical density of Al

(qthe, Al) is 2.7 g/cm
3 and the theoretical density of Ti

is 4.506 g/cm3. The porosity results of deformed Al–Ti

samples for different SH are listed in Supplemental

Table 1. It is observed from Supplemental Table 1

that the levels of porosity have reduced with the

higher SH conditions (250 �C). Hence, the void nucle-

ation (VN) is less for samples with a higher level of

SH (250 �C) and the VN is more for samples with the

lower SH conditions (100 �C) Therefore, a higher fail-

ure strain is obtained at higher SH irrespective of the

Ti contents. Also, it is found that the strain path

moves downward with the higher contents Ti particles

in the P/M samples irrespective of SH conditions

because of the influence of pores. The flow behaviour

of the P/M samples is obstructed by the addition of

reinforcements in the samples.31,33,34 Therefore, the

failure strain has reduced for more amounts of Ti

contents in the workpiece. Also, the amount of poros-
ity has increased with the rise in the compositions of
Ti contents which could reduce the densification of
the samples.31,34 Hence, the VN is more for samples
with the higher amounts of Ti contents and the VN is
less for the lower contents of Ti particles. Therefore, a
higher failure strain is obtained for 2% of Ti compo-
nents irrespective of the SH conditions. The same
kind of results is obtained in the case of TAS vs effec-
tive strain (ES) plot for different Ti compositions
(2%–6%) at various SH conditions (100 �C–250 �C)
as shown in Figure 5(a) to (c).

Evolution of strain paths for various IRDs at
different SH conditions

The strain paths of porous Al–Ti samples for differ-
ent IRDs (80%–90%) and different Ti contents (2%–
6%) under different SH conditions (100 �C–250 �C)
was analysed. Figure 6(a) to (c) gives the typical
experimental strain paths of porous Al–4% Ti sam-
ples with various IRDs (80%, 85% and 90%) at dif-
ferent SH conditions (100 �C–250 �C). The results of
HS is more in the circumferential direction with an

Figure 5. Role of SH on the ES concerning TAS of P/M Al–Ti samples for various weight percentages of Ti: (a) 2% Ti, (b) 4% Ti, and
(c) 6% Ti.
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increase in the TAS irrespective of the SH and the

IRDs. It is found that the strain paths of P/M Al–

4% Ti samples vary with the SH conditions and the

preforms IRDs. It is observed from Figure 6(a) that

the distance between the two points in the strain paths

has improved with the higher SH conditions concern-

ing TAS. This is because of the densification during

the process. During upsetting, the closure of pores has

improved with the higher heating conditions (250 �C)
which will increase the densification of the sam-

ples.31,32 For sample with the higher densification,

the preforms flow behaviour has increased and

hence the failure strain of the component is improved

due to the reduction in the porosity.31–34 The amount

of porosity for the porous Al – 4% Ti samples for

various IRDs was determined and the results are

given in Supplemental Table 2. It is observed from

Supplemental Table 2 that the levels of porosity

have reduced with the higher SH conditions

(250 �C). Hence, the VN is less for samples with a

higher level of SH (250 �C) and the VN is more for

samples with the lower SH conditions (100 �C).
Therefore, a higher failure strain is obtained at

higher SH temperature. Moreover, it is found from

Figure 6 that the strain path moves upward with the

higher value of IRD because of the amount of poros-

ity. In the higher IRD, the level of porosity has

reduced which will increase the densification and the

materials flow behaviour.34 Therefore, the failure

strain has increased for the higher IRDs. Hence, the

VN is less for the samples with the higher IRD and

the VN is more for the lower value of IRD. Therefore,

a higher failure strain is obtained for the higher IRD

(90%) at the higher SH conditions (250 �C). The same

kind of results is obtained in the case of TAS vs ES

plot for different IRDs (80%–90%) at various SH

conditions (100 �C–250 �C) as shown in Figure 7(a)

to (c).

Analysis of CDP for different weight percentages of

Ti at different SH conditions

In the forming process, the value of CDP is an essen-

tial variable to investigate the ductile fracture of the

workpiece. The high value of CDP gives good form-

ability and the low value of CDP gives poor formabil-

ity. But, this CDP differs by various process

parameters such as materials compositions, IRD

Figure 6. Role of SH on the strain paths of porous Al – 4% Ti components for various IRDs: (a) 80%, (b) 85%, and (c) 90%.

Tharmaraj et al. 9



and temperature. So, it is a need to increase the CDP

of porous Al–Ti preforms which would be useful for

engineering applications. Hence, in this present work,

a novel method of SH is introduced at the damage site

of the deformed specimens to enhance the CDP

during the upsetting process using various fracture

criteria. The CDP of porous Al–Ti components for

various weight percentages of Ti (2%–6%) and dif-

ferent IRDs (80%–90%) under different SH condi-

tions (100 �C–250 �C) was evaluated using different

fracture criteria. Figure 8(a) to (d) gives the CDP

plots of porous Al–Ti samples with the IRD of 90%

for various weight percentages of Ti (2%–6%) under

various SH conditions (100 �C–250 �C). It is noticed

from Figure 8 that the weight percentage of Ti par-

ticles and the SH conditions are a superior response

to the CDP of the developed P/M Al–Ti samples. It is

observed from Figure 8 that the CDP of the samples

has improved with the higher SH conditions. This is

because of the relieving of stresses and the reduction

of pores in the outer positions. In the compression of

porous samples, the presence of stresses and the pores

are more in the equatorial sites of the specimens.11,12

These stresses and the pores are the major factors on

the CDP of the workpiece. By the application of SH

in the equatorial position, the amount of stresses and

the pores has reduced and therefore the failure strain

(effective strain) has enhanced due to the materials

flow softening and the reduction in the porosity.31,32

So that the VN has been delayed and the CDP of the

material has improved. The reduction of stress and

the pore amount varies with variations in the SH

conditions. For a higher SH condition (250 �C), the
relieving rate of stress and pores is more and the

relieving rate of stress and pore is low for the lower

SH condition (100 �C). Hence, the effective strain has

increased for the samples with the higher SH condi-

tions and the value of effective strain has reduced for

the samples with the lower SH condition. Thus, the

CDP is more for the higher SH due to the slow VN

and the CDP is low for the lower SH due to the faster

VN. Moreover, it is found from Figure 8 that the

CDP of porous Al–Ti samples has reduced with the

higher contents Ti particles in the P/M samples

Figure 7. Role of SH on the ES concerning TAS of porous Al – 4% Ti components for various IRDs: (a) 80%, (b) 85%, and (c) 90%.
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Figure 8. Role of SH on the CDP of P/M Al–Ti samples for different compositions of Ti under various fracture criteria.

Figure 9. Role of SH on the CDP of porous Al – 4% Ti samples for various IRDs under different fracture criteria.



irrespective of SH conditions because of the pores.
The amount of porosity has increased with the rise
in the compositions of Ti contents which could reduce
the RD and the flow behaviour of the samples.34

Therefore, the effective strain of the sample has
reduced due to the larger amounts of pores. Hence,
the VN in the sample has been increased and the CDP
of the material has reduced. Thus, the CDP is less for
samples with the higher amounts of Ti contents (6%)
due to faster VN and the CDP is more for samples
with the lower amounts of Ti contents (2%) due to

slow VN. Therefore, the maximum value of CDP is

achieved in the 2% of Ti at the largest value of SH

condition (250 �C).

Analysis of CDP for various IRDs at different SH

conditions

The CDP of porous Al–Ti samples for various weight

percentages of Ti (2%–6%) and different IRDs

(80%–90%) under different SH conditions (100 �C–
250 �C) was evaluated using different fracture criteria.

Figure 10. Microstructure and grain size of P/M Al–Ti samples at various conditions: (a) OM image of sintered Al – 2% Ti, (b) OM
image of sintered Al – 4% Ti, (c) OM image of sintered Al – 6% Ti, (d) OM image of deformed Al – 2% Ti at 27�C, (e) OM image of
deformed Al – 4% Ti at 27�C, (f) OM image of deformed Al – 6% Ti at 27�C, (g) OM image of deformed Al – 2% Ti at 250�C, (h) OM
image of deformed Al – 4% Ti at 250 �C, (i) OM image of deformed Al – 6% Ti at 250�C, (j) grain size of sintered Al–Ti samples, (k)
grain size of deformed Al–Ti samples at 27�C, and (k) grain size of deformed Al–Ti samples at 250�C.
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Figure 9(a) to (d) gives the CDP plots of porous
Al–4% Ti samples with different IRDs (80%–90%)
under different SH conditions (100 �C–250 �C). It is
observed from Figure 9 that the CDP has enhanced
for the samples with the higher IRD due to less
amount of porosity for any SH conditions.
Therefore, the RD of the sample has increased
which yields to increase in the flow behaviour of the
samples.31–34 Hence, the effective strain at failure is
improved due to the reduction of porosity. Therefore,
the VN in the Al–Ti sample is slow for the higher
value of IRD (90%) which increase the CDP of
the material during the process. On the other side,
the CDP value has decreased for the samples with
the low value of IRD due to the larger amounts of
pores. Hence, the flow behaviour of the sample has
reduced due to the lower densification.31–34

Therefore, the effective strain of the sample has
reduced because of the higher amount of porosity.
Thus, the VN in the sample has increased and the
CDP of the sample has reduced. Moreover, the
CDP has enhanced with the higher levels of SH for
any IRDs due to the relieving of stresses and the clo-
sure of pores. Therefore, the maximum value of CDP
is achieved in the higher IRD (90%) at the largest
value of SH condition (250 �C).

Analysis of microstructures

The analysis of microstructures was carried out using
the optical microscope (OM) for various Ti contents
(2%–6%) and various IRDs (80%–90%) at various
heating conditions (100 �C–250 �C). Initially, the
porous Al–Ti samples were polished into a good
finish using various kinds of polishing methods such
as paper polishing and cloth polishing. After that, the
polished samples were undergone to the microstruc-
ture evolution using the OM instrument. The model
of the OM is Quasmo ISI Microscope and the soft-
ware used in the OM is Quasmo iview 3.7. The etch-
ant and the time for etching the sample are chosen as
Keller type and 60–70 s. Figure 10(a) to (l) gives the
optical microstructures and grain size (GS) of sintered
and deformed P/M Al–Ti samples for various Ti con-
tents (2%–6%). It is noticed from Figure 10 that the
entire P/M sample consists of equiaxed grain size in
the sintered conditions (seen in Figure 10(a) to (c)).
The influence of Ti contents (2%–6%) and the IRDs
(80%–90%) on the optical image of compressed
porous Al–Ti specimens was studied at various SH
conditions (100 �C–250 �C) using the OM. Figure 10
(d) to (i) show the microstructure of compressed
porous Al–Ti specimens with an IRD of 90% for dif-
ferent weight percentages of Ti contents (2%–6%) at
room (27 �C) and SH of 250 �C. The Ti contents play
a significant role in the microstructure of P/M pre-
forms for all processing conditions during the upset-
ting tests. It is found that the GS of the sample has
increased (seen in Figure 10(k) and (l)) for the higher

SH conditions (250 �C) due to the growth of the
grains.35,36

Conclusions

The CDP of the porous Al–Ti samples for various
weight percentages of Ti (2%–6%) and different
IRDs (80%–90%) have been analyzed by adopting
the novel technique of SH under various temperatures
(100 �C–250 �C). Following are the major
conclusions.

• SH technique is the right route to improve the
CDP of the porous samples by reducing the
stresses accumulated in the equatorial position
and minimizing the pores in the equatorial position
during the upsetting.

• Strain paths of various porous Al–Ti specimens
have been investigated for different Ti contents
and various IRDs under various SH conditions.
The results showed that the fracture strain of the
specimens has enhanced for the higher value of SH
and the higher value of IRD due to the reduction
of stresses and the amounts of porosity. Also, the
fracture strain has decreased for samples with the
higher contents of Ti particles due to the more
amount of porosity.

• CDP of various porous Al–Ti specimens have been
analysed using different damage criteria and found
that the CTD has improved for the higher SH con-
ditions and the higher IRD due to the reduction of
pores which yield a slow VN. Also, the CDP has
decreased for samples with the higher contents of
Ti particles due to the more amount of porosity
which provides the faster VN.

• Microstructure evolution of selective heated
porous Al–Ti specimens was analysed using the
OM equipment at various processing conditions
during the upsetting. Heating selectively at the
equatorial site of the P/M components affects the
GS. The GS has increased for the higher SH con-
ditions due to the growth of the grains and the
CDP of the material was enhanced due to this.
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Appendix

Notation

C1, C2, C3, C4 critical damage parameter
�dE effective strain increment
D initial diameter of the preform
Db bulged diameter of the preform
Dbc bottom contact diameter of the

deformed preform
Dtc top contact diameter of the

deformed preform

F axial compression load
H initial height of the preform
Hf deformed height of the preform
R relative density
VAl-Ti volume of P/M Al–Ti preforms
Vv void volume of deformed P/M Al–

Ti preforms
Eeff effective strain
Em mean (or) hydrostatic strain
Ez true axial strain (or) height strain
Eh hoop strain
�Ef effective strain at fracture
� Poisson’s ratio
qthe,Al-Ti theoretical density of P/M Al–Ti

preforms
qexp,Al-Ti experimental density of deformed

P/M Al–Ti preforms
reff or �r effective stress
rm mean (or) hydrostatic stress
rz true axial stress
rh hoop stress
r1 maximum principal stress
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