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stract 

s work examines the formability characteristics of sintered Aluminium (Al) composites during cold upsetting. Formability 
luates the extent of deformation that materials can withstand without the initiation of cracks or before yielding in the forming 
cess. As such, formability studies are critical in order to produce defect free components. This study is particularly necessary 
parts produced by the Powder metallurgy (PM) technique, considering the high volume of pores present in PM components 
n after the sintering process. Thus, this study experimentally investigates the effects of different weight percent of Copper 
) and Titanium carbide (TiC) addition to the Al composite preforms. To determine the formability behavior; Al, Al-3%Cu, 
6%Cu, Al-3%Cu-2%TiC, Al-3%Cu-4%TiC, Al-6%Cu-2%TiC and Al-6%Cu-4%TiC with aspect ratios (height/ diameter) of 
5 and 0.9 were cold upset under different frictional conditions (nil/ no lubricant, graphite lubricant and zinc stearate lubricant). 
sequently, the effects of reinforcement addition to the Al composite and initial preform geometry on the relative density, R, 
investigated. Moreover, other influencing physical parameters such as axial stress and the formability stress index, β are also 
phically presented. It has been established from this study that the nil lubricated lower aspect ratio TiC containing compacts 
erally achieved improved densification, higher values of axial stresses and consequently better formability. However, the 
ition of Cu and TiC limits the height strain to fracture. 
019 Elsevier Ltd. All rights reserved. 
r-review under responsibility of the scientific committee of the 2nd International Conference on Materials Manufacturing and 
delling, ICMMM – 2019. 
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Nomenclature 

Al  Aluminium 
Cu Copper 
TiC Titanium Carbide 
Db Bulged diameter of the preform after deformation (mm) 
Dc1 Contact top diameter of the preform after deformation (mm) 
Dc2 Contact bottom diameter of the preform after deformation (mm) 
hf Height of the preform after deformation (mm) 
R Fractional theoretical density or relative density ε  True axial strain or true height strain  σ  Axial stress, Pa   
β   Formability stress index 

1. Introduction 

Formability is the ability of a material to undergo plastic deformation without being damaged. Hence, the 
formability characteristic of the material is of absolute importance and the forming limit is an important criterion in 
the design of a forming operation. More often, the formability of fully dense materials are compared to PM parts to 
establish maximum densification while working in a safe load. As such, formability studies of PM parts further 
necessitates due to the presence of substantial volume of pores and this limits to a critical working load in order to 
produce defect free parts. PM processing requires the secondary deformation process aided by formability analysis 
to further increase the material strength. The effects of the hydrostatic and the effective stress on the PM compacts 
was investigated by Abdel-Rahman and El-Sheikh [1] who proposed the formability stress index, β. Moreover, a 
significant set of work has been presented by Narayanasamy et al. [2-5] on the formability behavior of PM 
composites of which some are discussed. An experimental investigation was carried out by Narayanasamy et al. [2] 
on the formability behavior of Al-Fe composite under triaxial stress state conditions, who established that as the iron 
content was increased, the β value also increased. Furthermore, Narayanasamy et al. [4] conducted experimentation 
on the formability behavior of Al composites during cold deformation. The study presents the effects of particle size 
and volume fraction of SiC additions in Al-SiC preforms on formability characteristics and reported that the β 
increased with an increase in SiC volume percent. Hassani et al. [6] carried out compressive formability tests of 
porous Al/SiC composites fabricated through mechanical alloying (MA) and established that the instantaneous 
density coefficient and work hardening exponent decreased when the density was increased. Additionally, increase 
in the milling time, weight percent of SiC particles and a decrease in the SiC particle size displayed improved 
strength of the preforms. A formability study of sintered copper alloy preforms was conducted by Rajeshkannan [7]. 
Several curve fitting techniques were utilized and it was established that the formability stress index improved with 
decrease in the aspect ratio. However, this limits the height strain to fracture. A study on the effects of glass 
percentages in Al-Glass composite on the formability behavior at triaxial stress state condition as a function of the 
relative density was carried out by Kumar et al. [8]. It was highlighted that the β increased as the percent glass 
content was increased.  

Mohapatra et al. [9] investigated the fabrication of Al-TiC composites via the hot consolidation technique with 
different volume fraction of TiC particles as reinforcements. The Al-TiC preforms tested displayed improved Young 
modulus, hardness and compressive strength. Mohapatra et al. [9] also reports that the TiC reinforcements are 
desired because of its high hardness, elastic modulus, low density, excellent wettability with molten aluminium and 
low chemical reactivity. Another study conducted by Narayan and Rajeshkannan [10] presents an experimental 
investigation evaluating the effects of various carbide contents (Al-4% TiC, Al-4% WC, Al-4% Fe3C and Al-4% 
Mo2C) and different aspect ratios (0.4 and 0.6) on the relative density (R), stress ratio parameters, (𝜎  / 𝜎 ), (𝜎  /𝜎 ), (𝜎 /𝜎 )and β. This study highlights that the TiC compacts established better densification and β; however, it 
limits the height strain to fracture. It was also reported that the preforms with lower aspect ratio demonstrated 
improved densification and formability behavior; on the other hand, it limited the height strain to fracture. 
Polynomial curve fittings were used to establish the relationships between stress ratio and formability against axial 
strain and relative density. The initiation of ductile fracture can be predicted as presented by Narayana Murty et al. 
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[11]. Internal porosity in PM parts after primary deformation is critical as these leads to fracture during secondary 
deformations. As such, formability studies are of extreme importance and require careful selection of the process 
parameters such as die and preform design, dimensions, lubrication and density to avoid failure [12].  

Although there exits numerous work on the formability of PM materials, no published work is seen on the cold 
upsetting to determine the formability of Al, Al-3%Cu, Al-6%Cu, Al-3%Cu-2%TiC, Al-3%Cu-4%TiC, Al-6%Cu-
2%TiC and Al-6%Cu-4%TiC under three different frictional conditions, namely, nil/no lubricant, graphite and zinc 
stearate lubricant condition and of two different aspect ratios of 0.45 and 0.9. Thus, the present work firstly pertains 
to experimentally establish the formability characteristics of the aforesaid composites under triaxial stress state 
condition. This study will also report on technical relationship that exists between characteristics of densification, 
axial stress and formability stress index with respect to true height strain and the variables such as lubricant 
conditions and aspect ratios. 

2. Materials and Method 

Al, Al-3%Cu, Al-6%Cu, Al-3%Cu-2%TiC, Al-3%Cu-4%TiC, Al-6%Cu-2%TiC and Al-6%Cu-4%TiC 
composites were prepared using atomized Al powder of less than or equal to 150µm size (diameter) and respective 
reinforcements of less than or equal to 50mm in size (diameter).  Tables 1 and 2 given below presents the basic 
characteristics of the elemental powders used such as flow rate, apparent density, compressibility and sieve analysis. 

Table 1. Characterization of Aluminium powder and its blends. 

Property Apparent Density (g/cc) Flow rate, (s/50g) by Hall Flow Meter Density (g/cc) at pressure of 130±10MPa 

Al 1.091 87.306 2.356 

Al-3%Cu blend 1.162 85.684 2.307 

Al-6%Cu blend 1.228 83.875 2.280 

Al-3%Cu-2%TiC blend 1.193 84.900 2.295 

Al-3%Cu-4%TiC blend 1.220 84.117 2.284 

Al-6%Cu-2%TiC blend 1.254 83.062 2.268 

Al-6%Cu-4%TiC blend 1.270 82.308 2.257 

Table 2. Sieve Analysis of Aluminium powder. 

Sieve size (µm) 200 +150 +100 +75 +45 -45  

Retention in sieve (Weight %) 0.5 15.2 57.4 9.9 6.8 9.4 

 
The masses of Al and respective powders required were weighed and mixed in a planetary ball milling machine, 

model Retsch PM400MA. The mixing process was conducted for a period of 2 hours at a speed of 200rpm to 
achieve a homogeneous mixture. These blended powders were kept in airtight containers to avoid oxidation. The 
apparent density was measured at 1 hour interval to ensure a homogenized mixture validated by a consistent 
apparent density towards the end of blending process. The powder blend was then compacted on a 100 tonne 
capacity hydraulic press into cylindrical billets of aspect ratios (height-to-diameter ratio) 0.45 and 0.9. The 
respective compacting pressures were obtained from the compressibility curve prepared for each material so as to 
obtain an initial theoretical density of 86%. 

An indigenously developed ceramic coating was applied on the compacts straight after compaction and allowed 
to dry for a period of 12 hours at normal atmospheric conditions. The preforms were recoated in the direction 90o to 
that of the earlier coating and dried again for 12 hours. The coating was applied to avoid oxidation of compacts 
during the sintering process. The ceramic-coated compacts were sintered in an electric muffle furnace at a 
temperature of 220oC for 30 minutes (drying process) and then at the temperature of 594oC for 60 minutes. Sintered 
and furnace cooled preforms were machined to yield aspect ratios of 0.45 and 0.9. Initial dimensions of the 
cylindrical billets were measured and noted for initial density calculations. Each preform was compressively 
deformed between a flat die-set assembly in incremental step loading of 2 tonnes using a 100 tonne hydraulic press 
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under different frictional conditions (nil/no lubricant, graphite lubricant and zinc stearate lubricant).  The 
deformation process was stopped once a visible crack appeared at the free surface. After every step of deformation, 
dimensional measurements of the deformed height (hf) and deformed diameters (top surface contact diameter, Dc1, 
bottom surface contact diameter, Dc2 and bulged diameter, Db) were carried out. Archimedes principle was used to 
calculate the density of the forged specimens. The various stress parameters, axial strain, true diameter strain, 
percent relative density and formability stress index were calculated using the experimental results.  

The fully deformed Al composite preforms were cut into half using a fine hack-saw blade. This offers an estimate 
of the dispersion uniformity of the matrix and the reinforcements. Then the cut specimens were hot mounted using a 
mounting press. Grit sandpapers (#240, 400, 600, 800 and 1200) were used to polish the sectioned samples. This was 
done by changing the direction of grinding at 900 to that of initial angle. The specimen was rinsed and dried after 
which it was cloth finished using Al2O3 and constant supply of water. The polished surface was cleaned using water, 
then with ethanol and then dried with warm air after thoroughly washing with water. Tongs were used to hold the 
sample and the surgical cotton soaked with Keller’s reagent to etch the polished surface to further boost examination 
of microstructural details. Subsequently, the samples were firstly cleaned with distilled water, then using ethanol and 
then a blower was used for drying. Finally, a light microscope was used for microscopic examinations of the 
samples.  

3. Results and discussion 

Parts produced by the PM technique contains considerable amount of pores even after sintering. Cold working 
these PM parts allows the materials to flow into pores and this reduces the bulk volume; subsequently increasing the 
density and material strength [13]. Hence, the Relative density, R is a function of axial strain, 𝜀 . As such, Figure 1 
(a-g) are drawn between Relative density and axial strain for PM preforms i.e. Al, Al-3%Cu, Al-6%Cu, Al-3%Cu-
2%TiC, Al-3%Cu-4%TiC, Al-6%Cu-2%TiC and Al-6%Cu-4%TiC given as a-g respectively with height-to-diameter 
ratio of 0.45 and 0.9 cold upset under nil/no lubricant (N), graphite lubricant (G) and zinc stearate (ZS) lubricant 
conditions. Generally, the curves are seen to follow a similar characteristic pattern. It is noted that higher 
densification levels are more apparent in the early phases of upsetting (till 𝜀  of about 0.4). Consequently, a steady 
state of densification is observed after 𝜀 of 0.4. This behavior can be attributed to the existence of larger pore closure 
in the initial stages of deformation which significantly promoted densification with little enhancement in axial strain. 
The final stages of deformation (after 𝜀 of 0.4) experienced decreased pore closure rate with evident decrease in 
densification until strain hardening. This is evident in Fig. 2 that depicts the microstructure of the specimen at the 
initial and final stages of the deformation given as (a) and (b) respectively. The pores present at the initial stages of 
the deformation are mainly round and spherical in shape whereas the remaining pores at the final stages of 
deformation are elongated. This result is in agreement with Chawla et al. [14]where the quality of pores, spherical in 
shape and distribution are necessary to increases the density and the mechanical behavior of the powder metallurgy 
materials. This characteristic pattern depicts that induced strain enhances densification. The nil lubricated preforms 
with lower aspect ratio (0.45) generally demonstrated higher levels of densification in terms of the final attained 
density. This is because the lower aspect ratio preforms have a lower pore bed height. This closes the pores more 
effectively; consequently yielding better densification irrespective of the lubricating conditions. Furthermore, a 
probable reason for the nil lubricated preforms exhibiting better densification can be attributed to greater resistance 
to lateral deformation. This consequently reduces the barreling effect which is a major cause of crack at the free 
surface of the preform. As such, this enables greater compression forming pressure yielding improved densification.  

It is interesting to note that there is little effect of lubrication and aspect ratio in the initial stages of deformation 
with the addition of TiC and Cu but effects of these are distinct in the last phases of upsetting as seen in the graphs in 
Fig. 1 (a-g). The plot in Fig. 1 (h) has been drawn to better demonstrate the effects of the different compositions, the 
nil lubricating condition and lower aspect ratio on densification against axial strain. The deformation and 
densification of pure Al preforms were more pronounced. Al-3%Cu also demonstrated good densification rate in the 
initial phases of upsetting with respect to the axial strain but lagged in the final phases when compared to others 
tested. This is so because the addition of Cu reduced the height strain to fracture and inhibited greater levels of 
deformation in Cu containing preforms. Thus, increasing the Cu content significantly reduced the densification rate 
and final density attained by the preforms as Al-6%Cu had the lowest density amongst all the composites. However, 
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it is seen that the addition of TiC to Al-6%Cu greatly improved the densification rate and final attained density by 
the preforms. The same is not true for Al-3%Cu where the addition of TiC slightly reduced the densification rate; 
however, final density attained was almost same as Al-3%Cu. TiC particles being smaller and finer allows for better 
consolidation of the respective compositions which subsequently greatly improves the final attained density as 
explained by Narayan and Rajeshkannan [10]. 

 

 

(a) (b) 

 

 

(c) (d) 

 
 

(e) (f) 
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(g) (h) 

Fig. 1. Relationship between the Relative density, R and axial strain, 𝜀  of Al composites during cold deformation (a-h). 

 

 
(a) 

 
(b) 

Fig. 2. Microstructure of Al-3%Cu-2%TiC (a) at the initial stage of deformation and (b) at the final stage of deformation. 

 
The stress-strain relationship of materials when subjected to external loading is essential to better comprehend the 

mechanical behavior. This is particularly significant for PM parts due to added complexity as a result of the presence 
of pores. Stress determines the internal resistance of a material on a particular cross-sectional area exposed to 
deformation whereas strain highlights elongation due to the deformation of the body [15-16]. Also, this relationship 
is critical in designing the preform geometry and dies in the cold upsetting process. Hence, the plots given in Figure 
3 are drawn between the axial stress, 𝜎  (acts longitudinally) and axial strain, 𝜀 . It is seen to have followed a similar 
pattern in terms of the characteristic nature of curves. It can be deduced from this behavior that the effects of the 
different composition and aspect ratio on the characteristic behavior and axial stress with respect to axial strain is 
little in the early phases of upsetting. It is noted that the axial stress increases with an increase in induced axial strain 
till fracture. This is the result of the flattened pores in the preform and increased contact surface areas with the 
increasing load during the upsetting process. The load-bearing capacity increases with the increase in strain. 
Furthermore, a decrease in axial strain at fracture is noted with the addition of Cu and TiC. Moreover, careful 
observations reveal that the axial stress are notably higher for preforms having TiC whereas Al-6%Cu, Al-3%Cu and 
pure Al being lowest respectively for majority given axial strain. Therefore, Al-6%Cu, Al-3%Cu and pure Al can be 
deformed further if it is yet to yield. Conversely, the higher stress levels demonstrated by preforms containing TiC 
can be attributed for further plastic deformation. This is because the motion of dislocations is inhibited more for TiC 
particulates than other composites tested. Thus, the evident higher stress values against the given axial strain for TiC 
composites. Another vital observation is that the nil lubricated and the lower aspect ratio (0.45) compacts exhibited 
higher values of axial stress with respect to axial strain whereby the highest was noted with the Al-3%Cu-4%TiC 
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compacts. As such, the plot in Fig. 3 (h) has been drawn highlighting the effects of the different compositions, nil 
lubricating condition and lower aspect ratio on the axial stress experienced by the preforms. The nil lubricated lower 
aspect ratio preforms generally exhibited higher values of axial stresses as these conditions and compositions 
experienced lowest lateral deformation at the contact surfaces when compared to others tested as demonstrated in the 
plots drawn in Fig. 3 (a-g). In other words, the bulging phenomenon is highest in these preforms than the others 
tested. Thereby, preforms with the higher aspect ratio and other lubricating conditions can be further deformed be it 
defect free. These conditions are ideal for the effective closure of pores yielding greater levels of densification in 
agreement with the relationship established in Fig. 1. 

 

 

(a) (b) 

  

(c) (d) 

  

(e) (f) 
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(g) (h) 

Fig. 3. Variation of the Axial stress, 𝜎  and axial strain, 𝜀  for cold deformed Al composites (a-h). 

 
The formability stress index, β is an important parameter that aids significantly in the design of forming 

operations. This index establishes a safe working zone so that healthy (defect free) parts are produced [17-18]. Thus, 
the plots in Figure 4 are drawn between the formability stress index, β and the axial strain, 𝜀  of Al composites given 
as a-g. It is established that an increase in 𝜀 increased the β. Generally, this behavior is more apparent with the nil 
lubricated preforms of lower aspect ratios. The same relationship was established in Fig. 1 drawn between R and 𝜀 whereby densification increased with deformation. This is in agreement with Abdel-Rahman and El-Sheikh [1]that 
the formability characteristics of PM parts are dependent on the effects of the Relative density whereby the nil 
lubricated preforms of lower aspect ratios exhibited better densification. Furthermore, as explained in Fig. 1, pure Al 
generally established good formability characteristics at greater levels of deformation. Also, Al-3%Cu demonstrated 
better formability with little increase in axial strain in the initial phases of deformation. However, Cu addition limits 
the height strain and increasing the Cu content posed to reduce the formability characteristics. The TiC addition to 
Cu shows improvements in the formability behavior. This is attributed to the greater effectiveness of pore closure in 
these conditions as discussed in the densification mechanism in Fig. 1. Also, the final formability achieved is nearly 
same but at different fracture strain values for the higher aspect ratio preform with the addition of TiC and Cu 
reinforcements.  

 

 

(a) (b) 
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(c) (d) 

 

 

(e) (f) 

 

 

(g) (h) 

Fig. 4. Relationship between the Formability stress index, β and the axial strain, 𝜀  of Al composites during cold upsetting (a-g). 
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4. Conclusion 

This study has established the following for the aforesaid composites and respective conditions:   
• Pure Al preforms demonstrated better densification and formability behavior at higher levels of deformation. 
• Cu addition to the Al composite tends to reduce densification and formability behavior significantly. Further, 

Cu addition limits the height strain to fracture. 
• TiC addition improved the densification, yielded higher values of axial stress and subsequently better 

formability against axial strain. This was more apparent with Al-6%Cu preform. 
• The critical densities obtained were around 94-96% for the preforms tested. 
• The lower aspect ratio and nil lubricated preforms exhibited enhanced densification, higher values of axial 

stress and improved formability. 
• An increase in axial strain showed increases in the values of the relative density, stress parameters and the 

formability of the PM preforms tested.  
• The above analysis significantly aids in the design of forming operations for the aforesaid composites. 
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