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Abstract: In this study, an investigation on the densification behavior and forming limit of powder
metallurgy composites containing hard carbide particles were carried out. The selected composite
materials are Al4TIiC, AlI4WC, Al4Fe;C and Al4Mo,C. The compacts of 0.82 and 0.86 relative
density and 0.4 and 0.6 aspect ratio were prepared on a 1-MN capacity hydraulic press using suitable
die-set assembly. Sintering was carried out at 594 °C for 60 minutes in an electrical muffle furnace.
Hot upsetting was carried out at the sintering temperature immediately after the sintering process and
the forming process was stopped once visible cracks were seen on the free surface. Flat dies on the
upper and lower surface were employed under dry friction conditions during hot upsetting. Finally,
the densification behavior and forming limit of sintered-forged aluminium composite preforms is
presented in this research work. It was concretely noted that Al4TiC produced the best density
amongst all the above mentioned aluminium composites. Further, it was seen that Al4Mo,C and
Al4WC produced good final height and diameter strain at fracture.
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1. Introduction

Powder metallurgy metal matrix composites are extensively employed in industries due to some
very important properties such as light weight, good mechanical properties such as fatigue, tensile,
impact, rigidity [1] and good chemical properties such as corrosion resistance [2]. These components
are commonly used in growing automotive, structural and aerospace industries [3,4]. TiC, SiC and
Al,O3 reinforced aluminium parts are extensively employed in industry due to many good properties
such as low specific density, good wear resistance and low thermal expansion coefficient. SiC
reinforced aluminium composites [5,6], TiC reinforced aluminium composites [7] and Al,O3
reinforced aluminium composites [8] have shown improved properties in aluminium metal matrix
composites such as hardness, tool wear in turning, improvement in wear resistance and reduced
corrosion rate. The addition of titanium carbide particles to prepare powder metallurgy (P/M)
composite steels showed significant improvements in densification, formability and mechanical
properties [9,10]. Further, addition of TiC particles to aluminium foams resulted in increased
compressive strength and energy absorption capabilities [11]. Tungsten carbide additions are seen to
improve hardness, elastic modulus and wear resistance in tungsten carbide reinforced copper
composites [12]. In this research the authors studied reinforcing aluminium metal matrix composites
with WC, TiC, Fe3;C and Mo,C due to its possible industrial uses. WC, FesC and Mo,C are rarely
found in literature as reinforcing particulates; however, the authors believe that these particulates
may provide enhanced properties when reinforced in aluminium metal matrix composites and is great
significance for industrial applications. Densification behavior plays a key part in the enhancement
of the aforementioned properties in the aluminium metal matrix composites. Danninger et al. [13]
have reported the correlation between material density, Vickers hardness and tensile strength in
sintered powder metallurgy iron and steels specimens. It was reported that the final density achieved
by the specimen had great effect on the hardness and tensile properties. Further, it was
reported [14,15] that the mechanical properties such as impact, tensile and fatigue properties of
powder metallurgy steels are greatly influenced by the relative density, sintering time and
temperature. Hence, densification studies are absolute necessary and the necessary changes in the
processing techniques can be implemented in the production of such structural parts.

One of the major drawbacks of P/M materials are the pores left in the final part after processing.
The porosity present in the final part has significant negative effect on almost all properties of the
P/M materials. The pores present in the P/M materials especially the open ones has significant effect
on the densification behavior and solving these problems will increase the potential use of P/M parts
for industrial applications. Powder preform forging is a secondary deformation method employed to
conventionally make P/M parts to achieve the near net final shape enhancing density of the product
simultaneously for structural and heavy duty applications. The presence of circumferential mean
stress on the free surface plays an important role in densification and pore closure and depends on
amount of porosity and friction. Rahimian et al. [16] studied the influence of sintering time and
temperature and particle size on the densification behavior as well as other properties. They showed
that the particle size and sintering time and temperature has different densification properties and this
also affects other properties such as hardness, yield strength, compressive strength and elongation to
fracture. Many researchers [7,9,16] evaluated the influence of applied stresses, strain rates and
deformations levels to study deformation and densification behavior of P/M materials. Further,
experimental investigations are mainly used to study the performance of P/M materials [17-23].
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Apart from experimental studies many researchers have used mathematical models and
simulations to study densification behavior of P/M materials. The material yield stress plays an
important role in achieving the compacted part’s final strength and density. A new deformation
model was presented [24,25] which included modifying Mohr-Coulomb and work hardening
hypothesis which included internal friction, die-wall friction and work hardening during the
compaction process. Other factors that also affected the final compacted density were starting density
of the compact and the pressure distribution from the center to the edge of the preform for a given
friction condition, lubricated powders and higher particle size. Zhou et al. [26] presented a
densification mathematical model for porous metallic powder materials. They reported that the
plastic deformation of the metallic material is mostly caused by the slipping of crystal lattice. This
principle can be used effectively to improve the density and strength in the P/M materials. Further,
they introduced voids in the FEM model making it possible to carry out simulations correctly and in
a timely manner. Hua et al. [27] presented and validated several yield criterion that are used to study
plastic deformation behavior of compressible P/M materials. The proposed yield criterion can predict
the initial yield as well as successive yielding point of compressible sintered P/M materials. The
effects of initial density and densification strengthening are depicted by the proposed criteria.
Because of the presence of pores in the P/M materials, almost all mathematical models have some
assumptions and ambiguity.

In view of this and lack of literature found for WC, Fe3C and Mo,C reinforced aluminium metal
matrix composites motivated to carry out this research work. In this study, the authors attempted to
investigate the densification behavior and forming limit of powder metallurgy composites containing
hard carbide particles. The selected materials are Al4TIiC, Al4AWC, Al4Fe;C and Al4Mo,C. The
secondary forming process induces internal stresses in the powder metallurgy materials and leads to
high stress concentration areas due to the presence of internal pores. This phenomenon leads to
material failures through initiation of surface cracks, thus it is vital to study the extent by which the
material could be deformed so that appropriate die design and processing techniques can be
employed to produce parts free from defects.

2. Theoretical analysis

Many researchers have used the following theorem to formulate equation to determine yield
strength of powder metallurgy materials

%(20'92 +20’ 40,0, )+ B(40'; +o’+ 4090'2)= oYy 1)

where A, B, dare yield criterion parameters and are functions of fractional theoretical density and Y,
is yield strength of a full dense material having fractional theoretical density o [28].

Hua et al. [27] explored to find the yield criterion parameters by studying plastic Poisson’s ratio,
relative density and flow stress of the matrix material. Further, they compared their findings with
several yield criterions for sintered powder material by other researchers. The following yield criteria

parameters are chosen in this researchas A=2+ p?, B=(1-p%)/3, §=[(p—p,)/1-p,)]*. Eq 1

now can be written as
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Equation 2 gives the expression for equivalent stress in terms of cylindrical coordinates.
Narayansamy et al. [17] stated the hoop stress (o, ) under triaxial stress state condition as:
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The stress formability factor [18] is given as
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The stress formability factor given in Eq 4 highlights the consequence of mean and effective
stress on the forming limit of P/M preforms during the deformation process.

Further, the axial strain, diameter strain and hoop strain can be calculated using the basic
equations as

where, o, = , Is the hydrostatic stress.

h
=Ih—=2 S
D
g =1In DZ (6)
2D? + D?
Ey = In((gTzc)j (7)

where, h, is the initial height and hy is the deformed height of the specimen, D, is the initial diameter,
D. is the average contact diameter of top and bottom surfaces of the deformed specimen and Dy, is the
bulge diameter.

3.  Experimental details

The respective powder compacts used in the present investigation were prepared using 150 pm
aluminium powder and 50 pm carbide powders, namely, titanium, tungsten, molybdenum and iron
carbide. All powders used in the present investigation had purity levels of 99.7%.
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The parameters chosen for this research work are two aspect ratios (AR), 0.4 and 0.6, two initial
relative densities (R), 0.82 and 0.86, and four different carbides reinforcement in aluminium. The
correct amount of powders were mixed to obtain aluminium 4% by weight titanium carbide
composite (Al4TiC), aluminium 4% by weight iron carbide composites (Al4FesC), aluminium 4% by
weight molybdenum carbide composites (Al4Mo,C) and aluminium 4% by weight tungsten carbide
composites (Al4WC) using planetary ball milling machine. The aspect ratio of 0.4 and 0.6 are chosen
to understand the effect of geometry on the densification behavior. Further, it is seen that the initial
relative density also affects many properties of P/M materials and the safe working initial density are
generally above 0.80 [7,9,10]. Hence, two initial relative densities above 0.80 are chosen to see the
effect of initial relative density on the densification behavior. The mixing process was carried out for
2 hours at 200 rpm and it was ensured to obtain a homogenized mixture. A consistent apparent
density towards the end of the mixing process ensured even distribution of the carbide particles in the
matrix.

The required amount of powders to produce compacts having height to diameter ratio of 0.4 and
0.6 and relative density of 0.86 and 0.82 were taken and pressed in a hydraulic press. For each
composite material a total of eight compacts are prepared. A compacting pressure of 139 MPa to
159 MPa was enough to produce these compacts. A compressibility graph was produced for each
material from which the compacting pressures were determined to produce each compact with
specific height and relative density. A paste of Al,O; mixed with acetone was prepared and painted
over the compacts to avoid oxidation during the sintering process. The compacts were painted twice
with 12 hours of drying period each application.

A further drying process on the ceramic covered compacts was employed at 220 °C for
30 minutes in an electric muffle furnace. Then the temperature was increased to the sintering
temperature of 594 °C and the sintering was carried for further 60 minutes. Each compact was
compressively deformed at a temperature of 594 °C (sintering temperature) to different levels of
height strain in one blow of the hammer. The compacts were placed between two unlubricated dies
for open die forging and finally taken for atmospheric cooling. Bulged diameter, contact surface
diameter and deformed height together with initial height and diameter of all the compacts were
taken and the relative densities of all the compacts were measured using Archimedes principle.

4. Results and discussion

The hard carbide particles which is present in aluminium composite tested here will have some
effect on densification. Since the apparent density of the hard carbide particles and its blends as seen
in Table 1 are different, the densification and deformation behavior would be different as well as the
final density attained would be different. The densification response of carbide reinforced aluminium
with relative density and axial strain is shown in Figures 1 and 2. The variables in this study are the
initial relative density, 0.82 and 0.86, and initial aspect ratio, 0.4 and 0.6. The relative density of
most of the materials continuously improves as the deformation progresses with the reduction of
axial height. The densification rate is higher at lower height strain, however, this effect is found to be
different in various materials formed in this study. This is because of the larger and higher amount of
pores present during the initial stages of deformation which closes with small axial strains.
Rudenko et al. [19] also presented similar behavior while studying aluminium metal matrix
composite via cold deformation. Generally, it is seen that TiC reinforced aluminium shows better
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densification rate when compared to other composites. Al4TiC showed better densification rate at
lower height strain, followed by Al4Fe;C and Al4Mo,C. Lowest densification rate was obtained by
Al4WC composites. As seen in Table 1, the amount of TiC powder required is more to form Al4TiC
when compared to the amount of WC powder required to form AI4WC composite. Further,
aluminium particles are bigger in size (150 um) in comparison to carbide particles (50 um). This
means that the powder stacking will be better in Al4TiC compared to other composite. Also the
percentage of pores is same in all the composites; however, smaller pores are present in Al4TiC
composite. These will aid in densification process, hence, better densification is observed for TiC
containing composites. Shear modulus plays an important role in plastic deformation of metals.
Shear modulus in metals usually ranges from 20000 to 150000 MPa, however, the shear stress
required for plastic deformation are always lower when compared with shear modulus values of that
material. As the shear modulus are usually high in metals it is difficult to balance with smaller shear
stress required for plastic deformation. Further, shear modulus is directly proportional to shear
strength (T, = G/2w; where T, is the shear strength and G is the shear modulus). From Table 1, it
can be seen that the shear modulus of WC is much greater than shear modulus of TiC, hence the
relative density is lower in AI4WC when compared to Al4TiC. In many materials, dislocation is the
carrier of plastic deformation and the energy required to move them is less than the energy required
to fracture the material. Later, a steady state densification is observed of all the composites. During
this time the densification rate is lower as compared to the initial stage. As the deformation
progresses the material increases in strength as a result of reduction of pores thereby increasing in
relative density. The pore closure rate is directly proportional to densification; hence, even though
the height strain is prominent at the final stage, the densification rate is low. The main reason here is
that the cylindrical pores elongate in the lateral direction with the flow of material which is
perpendicular to the direction of load application. Similar findings are reported by Narayan and
Rajeshkannan [20]. As the deformation progresses the relative density, grain boundary growth and
the strength of the material improves. To further improve the relative density by eliminating more
pores is difficult as the mobility of the particles decrease due to the improvement in relative density,
strength and grain boundary growth for every stage of deformation. Thus the densification rate
reduces significantly during the final stages of deformation. Al4TiC showed better densification at
final stages of deformation (Figure 1). Similar findings and outcomes were presented by
Narayan et al. [20,21].

Further, the effect of aspect ratio and initial relative density is highlighted here. Smaller aspect
ratio preform showed better densification rate for all the composites. Further, for Al4TiC smaller
aspect ratio preform also had the higher final density attainment, however, for all other composites
the final density attainment is almost same irrespective of aspect ratio. The number of pores present
in the higher aspect ratio preform is more than the number of pores present on the smaller aspect
ratio preform. Hence, the densification rate is higher in smaller aspect ratio preform. Further, when
the initial relative density is lower the final density achieved by all the composites are lower
compared to higher initial relative density preforms. More number of pores is present in lower initial
relative density preform and the chances of crack initiation will be more in lower initial relative
density preform compared to higher relative density preform. This could be the cause for low final
density attainment by lower initial relative density preform as chances of crack initiation before good
final density attainment is highly possible. Similar finding are presented by Narayanasamy et al. [7].

AIMS Materials Science Volume 5, Issue 5, 902-915.



908

Table 1. Properties of respective powders and its blend.

Properties Powder/Blend
Al TiC FesC Mo,C  WC  AI4TIC  AldFe;C AldMo,C  Al4WC
Density (g/cc) 270 490 7.70 890 15.80 2.79 2.90 2.95 3.23
Shear modulus (GPa) - 188 - - 270 - - - -
Apparent density (g/cc) 1.091 - - - - 1.186 1.308 1.325 1.345
To prepare 200 g of Aldxx  Mass (g) 192 8 8 8 8 - - - -
Volume (cm®) 7111 163 1.04 090 051 - - - -
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Figure 1. Correlation of R and &, for initial relative density of 0.86 [29].
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Figure 2. Correlation of R and ¢, for initial relative density of 0.82.

Figures 3 and 4 give that response of hydrostatic stress against axial strain. The variables in this
study are the initial relative density, 0.82 and 0.86, and initial aspect ratio, 0.4 and 0.6. It is important
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to study hydrostatic stress against axial strain to depict densification behavior of the selected
composites. The strength of the P/M material increases with the increasing density, hence, a higher
applied load is required to further deform the P/M material each time [22]. In general all the graphs
follow similar trend. The hydrostatic stress increase at a higher rate as the material density increases
and then it follows a steady state rate. During the initial stage (0 to 0.4 height strain) a higher
hydrostatic stress is required to overcome the yield stress of the P/M materials plastic deformation.
During this time the larger number of pores present closes increasing the strength and density of the
material thereby increasing the load requirements. During the later stages (after 0.4 height strain) of
deformation the densification rate is low meaning the effective closure of pores is slow. The
cylindrical pores elongate extensively before it is eliminated are the reason for steady state stress
requirements during later stages when compared to initial stage [23].
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Figure 3. Correlation of o,/ o, and &, for initial relative density of 0.86 [29].
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From Figures 3 and 4, it is evident that during the initial stage AlI4TiC showed higher
hydrostatic stress, followed by Al4Fe;C and Al4Mo,C and lowest stress found in AI4WC. The same
is true during the later stage. Hydrostatic stress mainly due to the friction between the die and contact
surfaces of the specimen plays significant role in pore closure. Hence, more hydrostatic stress, more
lateral flow of the material and more densification achieved by the material. The hydrostatic force
depends on porosity, material property and friction condition between tool and work-piece interface.
Further, the effect of initial relative density and aspect ratio is discussed here. Lower aspect ratio and
higher initial relative density preform showed better hydrostatic stress when compared to higher
aspect ratio preform and lower initial relative density preform, respectively. Hence, more pore
closure in lower aspect ratio preform and higher initial relative density preforms. This leads to more
densification for these preform as seen in Figures 1 and 2.

For high strength applications of P/M parts for industrials applications the strength in the final
part needs to be greater than what is available after primary P/M manufacturing process. It is proved
that as the density increases in the P/M parts the final strength of the part also increases. Apart from
reinforcing the P/M materials with other high strength materials to increase strength one can increase
the density to achieve the high strength of P/M parts. Density in the P/M parts can be increased by
secondary processes such as one carried out in this experiment. One of the major drawbacks during
the secondary process is the crack appearing at the visible surfaces. This is due to the pores present in
the material some of which is closed in turn increasing the density but some may appear as crack. In
view of this the forming limit is analyzed.

Figures 5 and 6 give the height strain at fracture for respective composites with initial relative
density of 0.82 and 0.86.
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Figure 5. Correlation of fracture height strain (&,) and composition for initial relative

density of 0.86.
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Further, Figures 7 and 8 highlight the relationship between height strains at fracture against
diameter strain at fracture for initial relative density of 0.82 and 0.86. It can be seen that Al4Mo,C
has the highest height strain at fracture followed by AI4WC, Al4Fe;C and lowest for AI4TiC. Further,
it can be seen that higher aspect ratio preforms gives better height strain at fracture compared to
lower aspect ratio preforms. Further, from Figures 7 and 8, it can be depicted that for composites
having lower height strain has lower diameter strain as well as in comparison to other composites. As
the height stain improves the diameter strain also improves in the aluminium composites tested in
this work. These data can be properly utilized in selecting the forming parameters and procedures.
Further, the data can be effectively utilized in die design.
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Figures 9 and 10 show the microstructural view of the respective composites used in this
research work at 0.86 initial relative density (magnification of 100x). Further, Figure 9 gives the
microstructural views at the center of the specimen and Figure 10 gives the microstructural view at
the edge of the specimen. The upsetting axis is horizontal in Figures 9 and 10.

Figure 9. Optical micrographs of various sintered aluminium composites at the center of
the specimen.
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Figure 10. Optical micrographs of various sintered aluminium composites at the edge of
the specimen.

Less number of pores is found in the center of the specimen in comparison to the number of
pores present at the edge of the specimen. Further, the pores in the center of the specimen are found
to be generally smaller in size then the pores at the edge of the specimen. Similar findings are
reported by Narayan and Rajeshkannan [30]. Also the pores appear to be round in shape at the center
of the specimen while generally elongated towards the edge of the specimen. These behaviors are
found for all the composites. Round and spherical pores do not act as stress risers during application
and are assumed to be second phase particles [23]. On the other hand, the elongated pores will appear
as cracks when further deformation is employed or may undergo further elongation. This will act as
stress risers in actual application and cause failures. Hence, these micrographs can be used
effectively to employ repressing activities during forging or help in die design so that round or
spherical pores are left in the final part or the pores are prevented to appear as cracks and are
contained within the bulk material.

5. Conclusions

The forming limit and densification behaviors of Al-4TiC, Al-4WC, Al-4Fe;C and Al-4Mo,C
were studied in this research work. The findings are as follows:

e The characteristic nature of the densification curves is similar irrespective of the selected
compositions, aspect ratio and initial relative density. Al4TiC was found to have the highest final
density followed by Al4Fe;C, Al4Mo,C and lowest for Al4WC. Further, the effect of aspect ratio
and initial relative density became less prominent during the final stages of deformation.

* Al4Mo,C and AI4WC have the highest height strain and diameter strain at fracture compared to
Al4Fe;C and AI4TiC. Also higher aspect ratio preforms showed higher height and diameter
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strain at fracture. The effect of initial relative density on diameter strain and height strain at
fracture was almost negligible for these composites.

Pores found at the center of the specimen were generally lesser in numbers, smaller in size and
round in shape. On the other hand, pores at the edge of the specimens were mainly elongated in
the direction of deformation. These behaviors are found for all the composites. The extent of
pores and grain structure varies extensively in the composites. The final grain distribution
conveys strong alignment along the upsetting direction, causing a fiber structure.
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