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Introduction
The aluminum (Al) metallurgical parts have been used in various industrial applications 

including but not limited to structural, aerospace and automotive industries etc. owing to 
their excellent corrosion resistance, light weight, and good mechanical properties especially 
good specific strength [1-3]. In conventional ingot making, the properties of Al-alloys were 
improved by changing the composition of alloying elements, optimizing the processing 
techniques like heat treatments and mechanical treatments. There are various physical and 
mechanical properties which are not improved through ingot casting technique, and hence 
there is need to explore new processing techniques which can produce desire properties for 
complex shaped components. Metal casting is one of the important and widely used routes 
to shape Al metallurgical parts, however this process is health hazardous and not ecofriendly 
[4]. The powder metallurgy (P/M) can provide the possible solutions to the aforementioned 
issues associated with the production of Al metallurgical parts.

The P/M route provides a flexibility to produce Al alloys of the desired compositions 
and shape through mixing, pressing and sintering processes with enhanced mechanical and 
physical properties [5]. Currently, the Al powder metallurgical parts have increasing number 
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Abstract
In this work, the feasibility of using slip casting technique on aluminum powder was studied. It has been 
found that aluminum powder can be slip cast using sodium alginate as a defloculant binder and water as 
a liquid vehicle. The results showed that morphology of powder particles plays an important role in slip 
making, and spherical shaped powder showed better results compared to irregular shaped powder. Slips 
with water-powder (W/P) ratios of 0.538, 0.600 and 0.666, and with minimum viscosities were casted 
in plaster molds. Castings were sintered in vacuum furnace at 500 ºC, 550 ºC and 580 ºC for 5h. The 
results showed that sintered densities were increased with increasing sintering temperature. The optical 
microscopy of the sintered samples revealed that with the increase in sintering temperature, the fusion 
of powder particles improved leading to better density and reduced porosity. At an optimum sintering 
temperature of 550 ºC, mechanical properties were found to be increased while due to decreasing 
porosity and crystal grain growth lower values of mechanical properties were obtained for the samples 
sintered at 580 °C. The results of this work showed that there is a great potential to use slip casting 
process for the manufacturing of aluminum metallurgical parts.
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of industrial applications especially in aerospace and automotive 
sector as well as structural and power tools because these parts 
have competitive properties compared to the components produced 
through ingot casting, extrusion, melt casting, and screw machine 
processes [5-7].

Despite all the fascinating features and potentials of the P/M 
route in Al industry, the use of the P/M is limited by the high cost 
of processing, equipment and handling of the powders (roughly 1.5 
to 2 times that of ingot parts) [8]. To counter the issues, arise in the 
solid-state P/M processing, aluminum (Al) slip casting process has 
been proposed in the present work. The process of slip casting is 
being used in ceramics industry for many years [9,10]. However, the 
idea of using slip casting technique for metal powders processing 
is relatively new. The powder metallurgical components prepared 
through slip-casting have many potential applications in defense 
sector and automotive industry. A broad range of complex porous, 
hollow and solid parts of various sizes can be fabricated from 
ecofriendly metallic powder slip casting process, economically. 

Previously, the use of copper powder has been reported for slip 
casting and evaluation was based on the physical and mechanical 
properties obtained from the cast test specimen [11-14]. Moreover, 
the use of titanium powder for slip casting has also been reported 
for producing dental prosthetic appliances, rectangular and 
tubular porous components [15-18]. The slip casting of aluminum/
aluminum alloy powders has not been reported yet. Therefore, it 
has been performed in this work, and the slip cast samples have 
been evaluated on the basis of mechanical properties.

Materials and Methods
Aluminum powder

Two types of aluminum powders were used in this study. The 
powders were purchased from Tanyun Junrong Co., Ltd. China and 
were used without further processing. Powder (A) had irregular 
shape and flakes like morphology having average. Powder (B) had 
spherical shaped particles as it was produced through atomization 
process (Figure 1). The composition of both powders obtained 
from the manufacturer is presented in Table 1.

Figure 1: SEM images of Al powders (a) Flake like morphology, (b) Spherical morphology.

Table 1: Composition of Aluminum powders.

Al-Power Fe Si Zn Cu O Al

(A) 0.02 0.01 <0.01 <0.02 0.015 Bal.

(B) 0.09 0.08 <0.03 <0.01 0.10 Bal.

Mold and Al slip preparation, casting and sintering

Figure 2: Plaster mold of desired casting cavity.

Plaster mold was made by using slurry prepared by plaster-
water ratio of 1.5 and poured into the master mold. It had a cavity 
of 10mm dia. and 50mm length as shown in Figure 2. After setting 
of the mixture, the mold was removed from the master mold and 
dried in oven at about 120 ºC. 

Table 2: Composition of slip (mass %).

Slip W/P ratio Al powder (%) Water (%) Sodium Alginate 
(%)

S1 0.538 64.8 34.9 0.3

S2 0.600 62.3 37.4 0.3

S3 0.666 59.8 39.9 0.3

Three different compositions of slips were prepared (i.e. S1, 
S2 and S3) with different water-powder (W/P) ratios as shown 
in Table 2. The slips were prepared by dry mixing the Al powder 
and sodium alginate and then waster was added gradually in 
this mixture while stirring mechanically. The value of pH of slips 
was adjusted between 6-10 by adding solution of 2N-NaOH and 
2N-HCl. The viscosity of the slips was recorded with the help of a 
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viscometer. After preparation, the slip was poured into the plaster 
mold and allowed to settle for about 10-20min. The semi dried Al 
casting was removed from the mold and dried in an oven at 110 ºC 
for overnight. 

The sprue and flashes (if any) were removed carefully, and the 
densities of cylindrical samples, in dried condition, were measured 
by using mass and volume of the samples. Afterwards, the samples 
were sintered in a vacuum in Nabertherm furnace (Germany) at 
500 ºC, 550 ºC and 580 ºC, and heating rate was kept at 20 ºC/min. 
Sintering shrinkage was calculated by measuring the volume of the 
sintered samples before and after sintering. Sintered density of 
the samples was calculated by using Archimedes method. Relative 
density was calculated by dividing sintered density with the 
theoretical density of aluminum (i.e. 2.7g/cc).

Characterization of slip cast samples
The cross-sectional images of the slip cast samples were 

obtained by optical metallurgical microscope LEICA DM 4000M 
(Germany) at various magnifications. Scanning electron microscopy 
(SEM) technique was utilized to examine the powders morphology 
and particle size of the samples using (SEM, S-3700N, Hitachi, 
Japan). The phase analysis was achieved by X-ray diffraction 
machine GNR Explorer (Italy) for Al powder (B), green casting, and 
sintered samples. 

The mechanical properties of all the samples were assessed 
by nano hardness tester, (CSM instrument, NHT-MST, 01-0259, 
Switzerland). A load of 50mN was applied for 20Sec for each 
indentation using Berkovivh indenter (BJ-49) triangular shaped. 
The loading unloading curves were obtained for each specimen to 
get the hardness, modulus of elasticity and stiffness values (final 
readings were obtained by taking the average of various tested 
samples). 

Results and Discussion
Al powder (A) and powder (B) were selected initially for this 

study. The SEM images of Al powder (A) and powder (B) are shown 
Figure (1a & 1b), respectively. Figure 1(a) clearly shows that the 
powder (A) has irregular flake like morphology while powder (B) 
shows spherical morphology (Figure 1(b)). Initially, both types 
of powders were examined by making the slurry and slip casting 
the samples. It was difficult to prepare the slip of powder (A), and 
slip casting also came out to be difficult. The slip of powder (A) 
was sticking with the mold walls, and the cast samples had non-
uniform cavities as shown in Figure 3, resulting in low dried density 
of 0.811g/cc which was around 31.2% of the theoretical density 
of Aluminum. Also, there was no marked difference between the 
sintered density (at 550 °C) and the dried density. Whereas, with 
powder (B), a stable non-sticky slip was formed which produced 
denser and cavity free cast body. Based on these findings, it was 
decided to pursue the investigation with spherical shaped Al 
powder (B). So, in further discussion the term Al powder will be 
used instead of Al powder (B) for simplification.

Figure 3: Casting of Al powder (A) which is sticking 
to the walls of mold.

X-ray diffraction was performed on the Al powder (as received), 
Al dried slurry and sintered samples and the results are shown in 
Figure 4. Spectrum for as received Al powder and Al dried slurry 
was found to be same and no phase transformation was observed in 
the slurry which was dried at constant temperature for a long time. 
These results encouraged to pursue further investigation for the 
slip of Al powder in water. Furthermore, the sintered sample (550 
°C) did not reveal any peak for aluminum oxide and the spectrum 
was same as for the as-received Al powder with slight peak shift 
towards higher 2-theta which might be associated with shrinkage 
during sintering. These results confirmed that there was no phase 
change and Al was monolithic after sintering. The acquired spectra 
showed agreement with the standard JCPDS No. 004‐0787 for 
aluminum [19,20].

Figure 4: XRD spectra of Al powder, Al-slip and 
sintered Al.

When fine powder is mixed in water to produce suspension, 
attractive forces are developed between water molecules and 
suspended particles in most of the cases which may cause 
sedimentation. The stability, castability and the green density of the 
slurry after drying are very important properties and controlled 
by the shape of particles, stabilizing additives, viscosity and the 
pH of the slip [18,21]. A stable slip can be made with liquids and 
dissolved surface-active ions which are adsorbed on the particle 
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surface. Sedimentation and agglomeration is prohibited by 
repulsion between like charge particles [21]. Al powder was used 
in the current investigation and a thin oxide layer appeared on 
particles surface which formed surface OH- groups in suspension 
or slip. In slip these groups undergo acidic and basic reactions by 
accepting or releasing hydrogen ions. The resulting surface charge 
(Zeta Potential) depends upon the concentration of hydrogen ions 
in the slip [17]. Hence, viscosity of the slip is controlled by resulting 
surface charge and pH of the slip. Figure 5(a) shows a relationship 
between pH and the viscosity of slip S1. There is a direct relationship 
between viscosity and the pH in alkaline and acidic range. A critical 

point of minimum viscosity of the slip S1 was observed at a pH of 
8.4. The viscosity of the slip S1 increased linearly from this critical 
point towards alkaline or acidic side of pH. A similar trend was 
observed for the other slips S2 and S3 having higher powder and 
water ratios (Figure 5(b)). It can be clearly seen in Figure 5(b) that 
with the increase of water content in slip, viscosity of the liquids 
decreased, and it is highest in case of slip S1 (water/powder ratio 
of 0.538). In addition, as water/powder ratio is increased, the slip 
loses its fluidity and becomes very thick, therefore, slip S1 was 
taken as the optimum combination of water and Al powder to make 
the slips for further investigation.

Figure 5: (a) pH-viscosity relationship for the slip S1 with W/P ratio 0.538, (b) comparison of pH-viscosity 
relationship for slips S1, S2 and S3 with increasing W/P ratios.

Figure 6: Dried densities of Al-slip castings 
concentration of Al in water, pH and the mixing 
process. 

The densities of green castings after drying in an oven at 110 
ºC were expected to increase with decrease in W/P ratio. As these 
two parameters are directly related to set the conditions to form 
the final casting shape of the slips. With the increase in W/P ratio, 
the fraction of powder in the unit volume of slip is decreased which 
ultimately increases the slip fluidity. The water is absorbed by the 
porous mold via capillary action from the slip casting and makes 

the powder particles compact. Therefore, an optimum W/P ratio 
must be achieved for the slip fluidity, and for the good green/
dried density of the casting. Figure 6 shows dried densities of the 
castings before sintering for three different samples of slips S1, S2 
and S3. The dried densities for slips S1, S2 and S3 were found to be 
1.82gm/cc, 1.62gm/cc and 1.635gm/cc, respectively. The optimum 
value for dried density was achieved for slip S1 having 0.538W/P 
ratio. Therefore, from this point onwards, the effect of sintering 
temperature on the physical and mechanical properties of the 
sample S1 (0.538W/P) will be discussed in detail. 

Figure 7(a) & 7(b) show the sintering shrinkage and relative 
densities after sintering of the castings made of slip S1 at 
temperatures of 500 ºC, 550 ºC and 580 ºC for 5h, respectively 
(i. e. S1(500), S1(550) and S1(580). After sintering at different 
temperatures, a small difference was observed in sintering 
shrinkage and densities of the samples. The shrinkage value varied 
from 10.41% for S1(500) to 13.10% for S1(580), while the relative 
density varied from 0.77 to 0.91. Two variables are involved in 
sintering to tune the density i.e. sintering temperature and time. 
Here the effect of temperature was observed while keeping the 
sintering time constant at 5 h. Before sintering, the voids are present 
between the powder particles in dried casting. During sintering 
process, the pores are decreased and contact area of the particles 
is increased that causes densification i.e. decrease in porosity and 
hence increase in density [22,23]. 
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Figure 7: (a) Sintering temperature vs shrinkage relationship for casting of slip S1, (b) sintering temperature vs 
relative density re relationship for casting of slip S1.

Figure 8: Comparison of the densities of Al.

Figure 8 shows the comparison of apparent, dry, sintered and 
wrought Al density. The apparent density of Al powder was 1.34g/
cc. After optimization of the slip composition, the green density 
obtained from the slip cast sample S1 was 1.92g/cc. This green 
body after sintering S1(580) had the density of 2.34g/cc while the 
relative density was found to be 0.91. These results show that slip 

cast profile is almost 13% porous than wrought aluminum. However, 
it can be improved and the solid body with completely dense 
structure can be made by adjusting the slip making parameters (i.e. 
concentration of Al in water, pH and the mixing process). 

Figure 9 shows the microstructures of the samples S1(500), 
S1(550) and S1(580). The microstructure of the sample S1(500) 
shows two distinct regions i.e. shiny region of sintered Al and dark 
region of the porosity. It is reflected from the Figure 9(a) that Al 
particles started to coalesce at 550 °C and porous area was reduced. 
By increasing the sintering temperature for S1, the porous area 
was further decreased (Figure 9b & 9c) [20-22]. At a sintering 
temperature of 550 °C, the microstructure showed higher fraction 
of shiny area than S1(500) confirming the denser structure, and 
these results are in conformance with the density data. At a sintering 
temperature of 580 °C, number of pores were decreased further, 
and the grain growth was observed because the temperature was 
approaching near the melting point of Al. Therefore, to avoid grain 
growth, the samples sintered at 550 °C were selected with the 
expectation to have better properties than the samples sintered at 
580 °C. 

Figure 9: Microstructure of castings made from slip S1 sintered at (a) 500 ºC, (b) 550 ºC, and (c) 580 ºC for 5 
hours.
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The Al powder cast samples after sintering at 500 ºC, 550 ºC 
and 580 ºC for 5h were subjected to nano-indentation to evaluate 
their mechanical properties. Figure 10 shows the black, blue, and 
red curve for the load vs penetration depth for the samples S1(500), 
S1(550) and S1(580), respectively. The loading curves show that 
the maximum penetration depth was achieved for the sample 
S1(500) i.e. about 2100nm and minimum penetration depth for 
the sample S1(550) i.e. 1200nm. During loading time of 20s, no 
obvious deformation was observed. The mechanical properties of 
the subjected specimen were revealed by the unloading curves. A 
very little bounce back of the material after complete removal of the 
load shows the plastic nature of the material which is characteristic 
of metals. Curves showed the higher penetration depth for S1(500) 
than S1(580).

Figure 10: Nano-indentation plots (load vs 
penetration depth) for sample S1 at different 
sintering temperature.

The higher value penetration depth for sample S1(500) 
might be attributed to lower densification of the sample at this 
temperature. The presence of the pores (Figure 9(a)) allowed more 
penetration which resulted in lower values of hardness for S1(500) 
as shown in Table 3. Figure 10 (red curve) shows the loading and 
unloading behavior of the sample sintered at 580 ºC for 5h. The 
comparison of red and black curves clearly depicts that sample 
S1(580) has higher penetration depth of 1750nm compared to 
S1(550), therefore sample S1(580) demonstrated lower values of 
hardness and modulus of elasticity as shown in Table 3. 

Table 3: Nano-indentation data for various slip casted and 
sintered samples.

Sr. No. Properties S1 (500) S1 (550) S1 (580)

1 Instrumental 
Hardness (MPa) 444.063 675.667 430.941

2 Vickers 
Hardness (HV) 45.125 62.574 41.910

3 Modulus of 
Elasticity (GPa) 56.154 67.925 49.892

The reason for lower hardness for S1(580) might be associated 
with greater amount of deformation as shown by the sample 
sintered at higher temperatures, which resulted in higher linear 
strain and hence lesser modulus of elasticity. Moreover, grain 

growth was observed in the microstructure of the sample S1(580) 
which might be the other reason for higher linear strain and 
lower hardness. Based on above discussion, it can be summarized 
that sample S1(550) showed best mechanical properties i.e. 
hardness and modulus of elasticity. Sample S1(500) and S1(580) 
demonstrated higher values of penetration depth and lower values 
for hardness, and modulus of elasticity than S1(550). However, the 
values of mechanical properties were higher for sample S1(580) 
than S1(500). The higher penetration depth and linear strain of 
S1(500) can be attributed to less densification and porous structure 
of the samples, while in case of S1(580) the phenomenon of grain 
growth is responsible for this behavior.

Conclusion
Aluminum powder metallurgical samples were synthesized 

by slip casting technique for the first-time using water as a liquid 
vehicle. Powders morphology played an important role in making a 
slip. Spherical shaped powder particles were selected to make slip 
because flaky powder particles produced slip which was sticking 
with the mold walls and the cast sample had non-uniform cavities. 
The viscosity of the Al powder slip was controlled by the pH of the 
solution and stable slip with optimum viscosity was obtained in the 
acidic range 8.4. In addition to pH, water to powder (W/P) ratio 
was another controlling factor for slip making and optimum W/P 
ratio was 0.538. The density of slip cast samples was increased with 
increasing temperature, however, higher sintering temperature led 
to grain growth. The modulus of elasticity, hardness and stiffness 
initially increased with increasing temperature from 500 °C to 550 
°C while a more ductile behavior was observed with increasing 
temperature up to 580 °C due to grain growth.
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