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Besides chemistry, processing route influences the micro-
structures and properties of metallic materials significantly.
The emerging processing (fabrication) routes capable of
tailoring the microstructures and hence properties of metal-
lic materials include semisolid processing, spray forming,
melt spinning, and laser materials processing. Although the
present issue was initially proposed to present the articles
based on all novel processing routes and its status on under-
standing the properties of materials, however, the topics and
papers are not extensive representation of all the areas of
advanced metallic materials processing. Furthermore, ad-
vanced processing of nonmetallic materials like polymeric
materials is also included in the special issue. The special
issue contains eight papers, out of them three articles present
research works related to semisolid processing and five con-
tributions on laser materials processing including one on
processing of polymeric materials. The contributions from
the authors who have expertise in different areas of materials
processing are gratefully acknowledged. Needless to mention
that without the time and efforts spent by the reviewers, the
special issue would not have been presented in this form. The
prompt reply and reminder by Ms. Doaa Shokry, Hindwai
Publishers, is gratefully acknowledged.

Laser materials processing is a promising route, where
a high-power laser beam is used as a source of heat for
processing of materials. Faster processing speed, refinement
and homogenization of microstructure, narrow heat affected
zone, and processing of any materials are the notable advan-
tages associated with laser materials processing. The first five
articles are based on application of laser materials processing
for the development of novel materials.

Laser surface cladding involves melting of clad material
coating using laser beam and applying it on the surface
with a minimum dilution at the interface. The first paper
is on “Synthesis and characterization of high-entropy alloy
AlXFeCoNiCuCr by laser cladding” by X. Ye et al. presented
development of high entropy alloy (AlXFeCoNiCuCr) coat-
ing on AISI 1045 steel substrate by laser surface cladding
technique. The characteristics of the clad layer in terms of
microstructure, chemical composition and constituent phas-
es are reported. The clad layers exhibited higher hardness
at higher Al atomic content. AlFeCoNiCuCr clad layer also
exhibited increased high temperature (400◦C –700◦C) hard-
ness.

Laser surface melting is a promising technique in im-
proving the hardness, wear and corrosion resistance of sur-
face by grain refinement and homogenization of microstruc-
ture. The second paper entitled “Metallurgical aspects of
laser surface processing of PM Cr-V ledeburitic steel” by
P. Jurči et al. reported on laser surface melting of Vanadis
6 ledeburitic steel. Laser surface melting and subsequent
rapid solidifying led to softening of the material due to the
presence of retained austenite which could be improved by
subsequent tempering which was concluded to be a challenge
for the future investigations. The mechanism of melting and
solidification was presented in details.

Laser-assisted welding offers the advantages of develop-
ment of weld zone with improved properties and flexibility in
welding of a wide varieties of materials including dissimilar
materials. The third paper concerns “Influence of welding
parameters on weld formation and microstructure of dual
laser beams welded T-joint of aluminum alloy” by M. Li
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et al. In this paper, a detailed investigations of the effect of
the distance between two laser beams (d), welding speed (υ),
laser power (P), and the laser beam offset toward the stringer
(BOF) on the weld appearance, microstructure, and hardness
of the 1.8 mm thick 6061 aluminum alloy plates in T-joint
configuration has been undertaken using dual lasers. It was
observed that at the optimized parameters, the welded T-
joint showed good weld appearance without macrodefects;
the microhardness of welds ranged from 75 to 85 HV0.3, and
the tensile strength was about 254 MPa with the fracture at
the heat affected zone (HAZ) on the stringer side.

Direct laser cladding involves building the near net shape
component by laser melting of materials in the form of pow-
der or wire and its subsequent application on a dummy sub-
strate in a layer by layer fashion. In the fourth paper, appli-
cation of DLD on the development of compositionally grad-
ed hip and femoral coupons with the cobalt ball on Ti-6Al-
4V femoral with a graded interface has been attempted using
a continuous wave CO2 laser. Graded interface was developed
by depositing a thin copper layer on Ti-6Al-4V substrate
prior to multiple laser cladding of cobalt on it. Presence
of copper interlayer was found to suppress the formation
of brittle intermetallics of Ti and Co. The effect of process
parameters on the microstructures, compositions and phases
of the interface was studied in detail. Finally, the mechanical
and electrochemical properties of the interface processed
under optimum process parameters are reported.

The fifth paper on “Precise hole drilling in PMMA using
1064 nm diode laser CNC machine” by J. A. Abdulnabi et
al. presented in brief the laser hole drilling of polymethyl-
methacrylate (PMMA) of 2.5 mm thickness using1064 nm
diode laser of 5 W output power. The effect of laser parame-
ters on the drilling quality was investigated and supported by
the predicted results of the analytical model.

Semisolid metal (SSM) processing is a unique manufac-
turing technique to fabricate near-net shape products for a
variety of industrial applications. The objective is to achieve
a semisolid structure which is free of dendrites and with the
solid present in a near spherical form. In the present issue,
three articles are presented on processing of materials by
semisolid processing.

Application of electromagnetic stirring (EMS) is capable
of modifying the microstructure of alloy before or during
the forming process. In the sixth paper, H. H. Kim and C.
G. Kang reported on “The fabrication of automobile com-
ponents by applying electromagnetic stirring in semisolid
process”. In this article, the effect of electromagnetic stirring
on the microstructure and properties of rheocasted A356
aluminum alloy was investigated in detail. It was observed
that a significant improvement in mechanical property was
achieved in the final product.

In the seventh paper, U. A. Curle et al. presented the a
detailed description of industrial semisolid casting trials of
aluminum A356 brake calipers in the paper entitled “Indus-
trial semisolid rheocasting of aluminum A356 brake cali-
pers”. The process stability was determined by consecutive
visual pass castings and determining the common defects
between trials by X-ray examination and pressure testing of

heat treated castings from the consecutive visual passed cast-
ings.

In the last paper of the special issue “The influence of
prior natural aging on the subsequent artificial aging re-
sponse of aluminium alloy A356 with respective globular
and dendritic microstructures”, H. Möller et al. presented
an interesting observation on the effect of microstructural
change associated with semisolid processing on its heat treat-
ment behavior and its difference with the same for dendritic
microstructure. In this paper, the influence of prior natu-
ral aging on the subsequent artificial aging response of alu-
minium alloy A356 with respective globular and dendritic
microstructures has been described. It was concluded that
the differences in microstructures (globular or dendritic) do
not have a noteworthy effect on the heat treatment response.
It is also shown that composition plays a major role in deter-
mining hardness regardless of the casting technique used.

In conclusion, it may be stated that all the articles in the
present issue present original research efforts on advanced
field of materials processing, especially on laser materials
processing and rheocasting and would motivate the readers
to consider research problem in this directions. Finally, we
wish the issue to be a successful, popular, and useful one to
the engineers, scientists, and researchers in the field of mate-
rials science and manufacturing technology.

Jyotsna Dutta Majumdar
Igor Smurov
Shoujin Sun

Indranil Manna
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High-entropy alloys have been recently found to have novel microstructures and unique properties. In this study, a novel
AlXFeCoNiCuCr high-entropy alloy was prepared by laser cladding. The microstructure, chemical composition, and constituent
phases of the synthesized alloy were characterized by SEM, EDS, XRD, and TEM, respectively. High-temperature hardness was
also evaluated. Experimental results demonstrate that the AlXFeCoNiCuCr clad layer is composed of only BCC and FCC phases.
The clad layers exhibit higher hardness at higher Al atomic content. The AlFeCoNiCuCr clad layer exhibits increased hardness at
temperature between 400–700◦C.

1. Introduction

The component of an alloy system is usually based on
one principle element and some additional elements for a
superior performance. It makes use of the edge component
region in the phase diagrams. The traditional view holds
that although it is helpful to add a small amount of alloying
elements for better performance, a large quality of the
additional alloying elements should be avoided. In some of
the common traditional alloys such as aluminum alloy and
nickel or titanium alloys, the main elements usually take up
more than 50% atomic content.

The widely used ferroalloys suffer a fall of hardness when
they are tempered at 350–550◦C, which limits the possible
applications in high-temperature environments [1]. The
high-temperature precipitate strengthened nickel-base super
alloys, which are widely applied in the aviation industry, also
suffer from the same problem, although to a lesser degree.
The multiprinciple bulk metallic glasses crystallize at 400–
600◦C, which also limits the application in high temperature
[2]. Poor performance in high temperature restricts the
application of tradition alloys.

As discussed above, the traditional way of designing
an alloy restricts the development of alloy systems for
high-temperature and extreme-loading applications. The
introduction of the high-entropy alloys (HEA) concept by
Yeh et al. [3] broke up the traditional rule that the main
elements take up more than 50% atomic content. HEA
means that alloys are composed of multielements and each
takes up a relatively high but less than 35% of atomic
content. The properties of this innovative alloy are decided
by the combined action of multielements. Previous research
demonstrates that the high-entropy alloy tends to form
simple crystallization phase disorderly, even nanophase or
amorphous phase. At the same time, by controlling the
composition, it is possible to achieve high-hardness and
high-abrasion performance at high temperatures [4].

Vacuum arc remelting [5–9] for bulk cast ingot is the
primary method to synthesize HEAs. Surface coating is also
possible. Varalakshmi et al. [10] synthesized the AlFeTi-
CrZnCu by mechanical alloying. However, these methods
can hardly be directly applied for the surface modification.
By ball milling followed by cladding on the surface, the
alloy powder can be used for surface modification indirectly.
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The bulk-processing route can be costly and is limited to
the production of relatively small components. However,
in many situations, only the contact surface properties are
important in determining performance of the component
in practical applications. Therefore, the use of a coating has
several attractive advantages.

In this paper, a novel method to fabricate the HEA
coatings by laser cladding is reported. Due to rapid heating
and cooling in the laser cladding process, the cooling rate of
laser cladding can reach 103–106 K/s. More importantly, laser
cladding has the capability of achieving a controllable dilu-
tion ratio, metallurgical bonding between the coating and the
substrate, small thermal deformation, and nonequilibrium
reaction. Considering HEA’s tendency to form simple struc-
tures and nanocrystallines, fabricating HEA by laser cladding
is of great significance and potential for extensive use. Until
now, this new method has not been reported elsewhere. The
objective of the investigation is to ascertain the feasibility of
fabricating HEA by laser cladding and achieve alloy coatings
with good combination properties, with an emphasis on
high-temperature hardness.

2. Experimental Procedures

Al, Co, Cr, Ni, Cu, and Fe powders of high purity are
prepared and well mixed as the raw material. Before the
above powder material is preplaced on an AISI 1045 steel
substrate, the mixed powders are added with ethanol and
mixed uniformly. The thickness of the precoated powder
layers was restricted to approximately 1.4 mm. When the
thickness is as large as the 1.6 mm, the number and length of
the cracks will increase sharply. However, when the thickness
is as small as 1.0 mm, it is difficult to obtain the approximate
dilution rate by controlling the laser parameters. With a
PRC-3000 CO2 laser equipment, in the argon environment,
the HEA was synthesized on the surface of AISI 1045 steel.
The performance of the cladding coatings are controlled by
the laser power and scanning speed, and the spot diameter is
fixed to 3 mm. Several different values of laser power were
used for laser cladding: 1200 W to 2000 W. The scanning
speed is among 2 mm/s–12 mm/s.

It has been reported that Al has a significant influence
on the structure and properties [11]. In order to evaluate
the influence of Al content in AlXFeCoNiCuCr coatings
by laser cladding, the X factor was set as another variable
quantity and the experiments were divided into 5 groups:
X = 1, 1.3, 1.5, 1.8, and 2.0. All the elements except
Al are equiatomic. After the laser cladding, the specimens
were sectioned perpendicular to the scanning track with
a wire-EDM machine. The specimens were analyzed by a
D8 Advance X-ray Diffraction analysis system (XRD). The
chemical composition of the cladding was determined by an
Oxford INCA X-sight 7573 Energy Dispersive X-ray (EDX)
microanalysis system equipped with JSM-6460LV Scanning
Electron Microscope (SEM). The crystal structure of the
cladding layers were analyzed by JEOL-JEM-2010 transmis-
sion electron microscope (TEM). The microhardness was
measured with an HX-200 Vickers Hardness Tester and

the high-temperature microhardness was measured at 200–
800◦C with an AKASHI AVK-A High-Temperature Micro
Hardness Tester.

3. Results and Discussion

3.1. Synthesis of High-Entropy Alloys. By optimizing the laser
parameters, porosity-free alloy coatings were synthesized
by laser cladding. The optimal ranges of laser powers and
scanning speeds for better dilution rate are among 1400–
1800 W and 8–12 mm/s, respectively. Figure 1 shows the
macroscopic appearance of coatings. Cracks were avoided
when the X values are under 1.5. The coating shows
no visible defects in macroscopic views. With the further
addition of Al element and the X factor reaching 1.8, some
cracks in small number were observed on the coatings. When
X reaches 2.0, the number of cracks increases sharply. The
sharply elongated cracks run through the cladding layers.
The existence of cracks would lead to adverse impacts to the
performance of the cladding layers.

3.2. The Microstructure and Compositional Characteristics of
AlXFeCoNiCuCr. The SEM pictures in Figure 2 show the
typical central area of the AlXFeCoNiCuCr structures. The
typical structures are composed of both dendritic (DR)
and interdendritic (ID) areas. Table 1 shows the atomic
composition of both DR and ID.

From Table 1, it can be seen that the actual composition
percentage of Fe element is much larger than the nominal
one. The possible reason is that some of the Fe element of
AISI 1045 steel base dilutes the clad, which results in the
deviation from the nominal percentage. Experimental results
show that the deviation of Fe elements grew bigger with
higher laser power and lower scanning speed. For instance,
at 1800 W and 4 mm/s, the atomic percentage of Fe can reach
as high as 50%.

The deviation from nominal composition of Al element,
indicates that there is a possibility of vaporization of Al
during laser cladding. Another possible reason is the selective
corrosion of aqua regia. If the corrosion resistance of the
Al-enriched phase is poorer than others, this phase would
be selectively corroded into interdendritic structure. This
situation could also result in the deviation of Al composition.

It was reported that the Cu element could be enriched in
the interdendritic structure [10, 11]. The atomic percentage
of Cu element would be up to more than 50%. However,
laser cladding synthesized AlXFeCoNiCuCr alloys appear
little dendrite segregation between the ID and DR structures.
Although the dendrite segregation does occur between the
ID and DR, it is not as severe as in casting alloys. The
high cooling rate character of laser cladding may explain
this phenomenon. In normal situation, with a lower cooling
rate, the segregation is more significant. When the cooling
rate rises to a certain level, the interdendritic segregation
diminishes. This is when the cooling speed reaches a
threshold level, then the diffusion process is inhibited in both
the solid and liquid phases. Under this condition, the alloy
comes into a situation of diffusionless crystallization, similar
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Figure 1: Macroscopic SEM figures of AlXFeCoNiCuCr High-entropy alloys under different X values at (a) X = 1, (b) X = 1.3, (c) X = 1.5,
(d) X = 1.8, and (e) X = 2.0.

to the solidification process of a pure metal. Hence, the
interdendritic segregation in the HEA synthesized by laser
cladding should be smaller than that synthesized by casting.
Interdendritic segregation usually causes adverse impacts
on the alloy’s performance, especially on the plasticity and
toughness. From the above results, it is expected that alloys
fabricated by laser cladding should have better performance
than casting ones.

3.3. The Phase Characteristics and the Influence of the Al
Contents. The work shows that the atomic content of the
Al element has a great influence on the phase composition

of HEA AlXFeCoNiCuCr. Experimental samples with an X
factor at 1.0, 1.3, 1.5, 1.8, and 2.0 were characterized using
XRD and TEM to understand the phase transitions.

3.3.1. X-Ray Diffraction Analysis. Figure 3 shows the X-
ray Diffraction patterns of AlXFeCoNiCuCr under different
X values. The diffraction peaks show that the complex
intermetallic compounds are merged into simple phases.
AlXFeCoNiCuCr synthesized by vacuum arc remelting and
mechanical alloying are both composed of simple phases
[11, 12].
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Figure 2: Typical microstructure of AlXFeCoNiCuCr clad layer, etching in aqua regia for a few minutes: (a)X = 1.0, (b) X = 1.3, (c) X = 1.5,
(d) X = 1.8, and (e) X = 2.0.

The analysis shows that AlXFeCoNiCuCr synthesized
by laser cladding shares the same phase composition with
the alloys fabricated by traditional methods. According to
Figure 4, the addition of Al content does not change the
number of phases. However, the relative intensity of the FCC
diffraction peaks decrease and the BCC peaks increase. It
can be inferred that there exists the transition from FCC
phase to the BCC phase, accompanied with the addition of
Al element. As Al obtains relatively bigger atomic radius,
the addition of Al aggravates the lattice distortion. This
phenomenon was also observed in previous research [12].

3.3.2. The Transmission Electron Microscope Analysis of
AlFeCoNiCuCr. The nanocrystalline nature of the HEA
AlFeCoNiCuCr has been confirmed from the TEM bright
field image and the corresponding selected area diffraction
(SAD) pattern shown in Figure 5.

We can learn that the alloy is composed of two distinct
phases: Phase One appears as white spots and Phase Two as
a black base. In (a), the microstructure investigation shows
the granular Phase One is dispersed in the base of Phase
Two. The result also proves the nonentity of the complex
intermetallic compounds in the HEA prepared by laser
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Table 1: The atomic composition and distribution in different X values.

Alloy Zone
at%

Al Cr Fe Co Ni Cu

Al1.0FeCoNiCuCr

Nominal 16.66 16.66 16.66 16.66 16.66 16.66

Actual 5.95 11.34 40.16 11.83 12.82 17.94

DR 5.64 12.42 42.36 12.94 11.70 14.94

ID 6.91 11.61 44.18 14.18 10.58 12.53

Al1.3FeCoNiCuCr

Nominal 20.63 15.87 15.87 15.87 15.87 15.87

Actual 14.84 16.28 23.93 15.68 15.71 13.46

DR 15.29 17.47 25.63 17.71 14.20 9.71

ID 16.46 16.97 21.67 14.22 16.16 14.53

Al1.5FeCoNiCuCr

Nominal 23.08 15.38 15.38 15.38 15.38 15.38

Actual 14.30 17.84 23.61 15.75 15.12 13.38

DR 14.78 20.69 27.70 16.56 11.34 8.93

ID 10.99 15.85 25.96 15.40 15.79 16.01

Al1.8FeCoNiCuCr

Nominal 26.47 14.71 14.71 14.71 14.71 14.71

Actual 20.99 14.92 16.36 16.28 14.65 16.80

DR 19.10 15.66 22.73 17.89 14.53 10.10

ID 20.41 14.73 18.57 13.81 16.66 15.82

Al2.0FeCoNiCuCr

Nominal 28.57 14.29 14.29 14.29 14.29 14.29

Actual 17.06 13.68 21.52 16.28 15.12 16.34

DR 17.89 12.68 27.62 13.57 14.92 13.32

ID 5.63 13.58 25.88 15.51 20.19 19.21

40 80 120
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Figure 3: The X-ray Diffraction patterns.

cladding. The Phase One is nanostructure, and the average
diameter was between several nanometers to about 100 nm.

3.4. The Cladding Layer Microhardness Distribution of
AlXFeCoNiCuCr. For the cladding layers, the microhardness
is a key performance index. It is also reported that the content
of Al elements has a great influence on the hardness [12].
The microhardness distribution for different X values and
the average hardness are shown, respectively, in Figure 6 and
Table 2.

20 40 60
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2θ
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X = 1.8

X = 1.5

X = 1.3

X = 1

Figure 4: The detailed main diffraction peak of XRD.

Table 2: The microhardness in different X values (HV0.2).

Al composition X = 1.0 X = 1.3 X = 1.5 X = 1.8 X = 2.0

Average HV0.2 390 540 640 660 687

Average HRC 40 52 58 58 60

The microhardness values for different X factors differ
considerably. With the increase of X, the average micro-
hardness across a section of the cladding layers (0–10 mm
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Figure 5: The TEM image and SAD patterns. (a) Bright field image;
(b) SAD pattern of [001] zone axis; (c) SAD pattern of BCC [012]
zone axis.

in length) presents an increasing trend with the increases in
the X factor. When the X value increases from 1 to 2, the
average microhardness increases from 390 to 687 HV0.2. The
content of Al significantly influences the microhardness. This
result is in agreement with the reported research [11]. This
phenomenon can be explained in the transition of lattice
structure. As discussed above, the addition of Al promotes
the transition from FCC to BCC structure. With the further
addition, the BCC become the elementary phase, which
results in a significant change of the microstructure. As
the BCC structure is considered to obtain higher hardness
than FCC [12], the microhardness would expect a sharp
increase after this transition. In another aspect, for the bigger
atomic ratio of Al, the atoms serve as a function of solution
strengthening and aggravate the lattice distortion. Compared
with the casting alloys, HEA synthesized by laser cladding
obtains higher microhardness as a result of more rapid
cooling which leads to finer microstructures.
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Figure 6: The microhardness distribution in different X values
(X = 1, 1.3, 1.5, 1.8, and 2.0).
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Figure 7: The high-temperature microhardness distribution.

From Table 2, it can be inferred that the increase of
microhardness is sharp when the X increases from 1.0 to
1.5. With further addition of Al, the increasing rate of
microhardness slows down because the initial addition of Al
greatly change the phase structure and this effect diminishes
gradually during further addition.

However, the addition of Al also results in the increasing
of cracks. It is possible to seek a balanced X values in which
lie the higher average microhardness and less defects. This
optimal X lies between 1.5 and 1.8.

3.5. High-Temperature Microhardness. Previous research
focuses on the microhardness change after tempering in
different temperatures instead of the hardness in high-
temperature situations. If HEA could remain a high hardness
in high temperature, the possible applications could be
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greatly increased. In this paper, we choose AlFeCoNiCuCr
for the high-temperature hardness test. Figure 7 shows the
microhardness of AlFeCoNiCuCr at different temperatures.
Firstly, when the alloy was heated, there was an obvious fall
of hardness. Most alloys would suffer from a fall of hardness
when heated.

However, more importantly, as the temperature further
increases to between 400◦C and 500◦C, the hardness has
a sharp increase. Higher hardness than that at room
temperature is shown for temperatures between 400◦C and
700◦C. This phenomenon shows that the AlFeCoNiCuCr
alloy shares the same property as high-speed steel which
also has an increasing hardness trend in certain temper-
ature ranges. High-speed steel contains elements such as
W, Mo, Cr, Co, and V, which can result in the carbide
precipitation when tempering. Precipitation harden effect
serve as harden mechanism. When it comes to HEA this
phenomenon can be explained as the multialloying elements
form intermetallic compounds of high thermostability and
microhardness, which results in higher high temperature
hardness at temperatures between 400–700◦C. This property
undoubtedly enhances the possible application in high-
temperature situations. However, the hardness falls sharply
at 600–800◦C and finally reaches HV5.0150. This is far from
the average hardness in room temperature. Both HEA and
high-speed tool steel suffer from a hardness fall above about
600◦C.

4. Conclusion

High-entropy alloys AlXFeCoNiCuCr has been successfully
in situ synthesized by laser cladding, and they are proved
to obtain nanostructure. The following characteristics of the
alloy have been found.

(1) Optimal laser parameters of synthesizing
AlXFeCoNiCuCr for suitable dilution ratio are
1400–1800 W and 8–12 mm/s.

(2) The HEAs prepared by laser cladding have shown
homogeneity in composition and have a crystallite
size of about 10 nm.

(3) Nanostructure with BCC and FCC crystal structure
have been observed in all the compositions. The
addition of Al element promotes the transition of
FCC to BCC structure.

(4) The composition of Al element is a key factor
influencing the microhardness and forming of HEA.
The alloy combines the relatively balanced forming
and microhardness at the composition region where
X = 1.5 to X = 1.8.

(5) The nanocrystalline high entropy alloy is stable even
at 400–700◦C and has a higher microhardness than
that at room temperature. The hardness presents a
sharp increase between 400◦C and 500◦C. However,
reduced hardness at temperatures above 700◦C was
also observed.
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The Vanadis 6 ledeburitic-type steel was laser surface remelted. Microstructural changes and hardness in laser affected material
were investigated using light microscopy, SEM, and EDS-microanalysis. It was found that the laser surface melting and subsequent
rapid solidifying led to softening of the material, due to presence of retained austenite. The melting of the material begins with the
transformation of M7C3-carbide into a liquid and finishes via the dissolution of primary solid solution grains. The solidification
proceeded in a reverse manner while the eutectics became often so-called degenerous form.

1. Introduction

Over the last three decades, the laser surface processing of
metals became an important industrial technique used in
variety of applications. High power densities delivered to the
workpieces can produce fully austenitized or entirely melted
and resolidified regions while the process of the treatment
can be completed in few seconds [1].

Many laboratory examinations indicated that the laser
surface melting can be a very promising technique in a
variety of industrial applications. However, technical appli-
cation of the laser surface melting is currently limited due
to several causes. The first one is the economical aspect—
mostly high initial costs for the laser equipment. The second
problem is connected with the nature of common metallic
materials used for the workpieces manufacturing. Since the
material undergoes rapid heating and cooling during the
laser thermal cycle, coarse structural constituents such as
thick pearlitic lamellae or carbides and clusters can make
serious obstacles in the results of treatment. Other important
difficulty is connected with the applications, when multiple
traces are needed to process larger surface areas. In these
cases, annealing effects can take place in adjacent laser traces.

The laser surface melting of ledeburitic steels (Cr-, Cr-
V-cold work tool steels, high speed steels) has been con-
sidered as a promising technique many years ago. It was

believed that the surface remelting can form a “refined as-
cast microstructure” in thin near-surface region while the
microstructure of the core material remains unaffected.
Refined “as-cast microstructure”, as assumed, would more
effectively withstand the degradation processes connected
with the use of tools, like abrasive and adhesive wear, since
it contains very hard carbides creating continuous networks.
The core material, on the other hand, consists of the matrix
with uniformly distributed fine carbide particles, which
ensures an appropriate toughness of the steel.

Metallurgical aspects of laser surface melting of various
ledeburitic steels were investigated by many authors. It has
been found that for laser remelted M2-type high speed
steel, refined dendritic or cellular morphology of primary
phase is typical [1, 2]. In addition, our pioneer work [3]
confirmed that the solidification of the material finishes
by eutectic transformation. Based on the fact that the
molten microvolume of the material undergoes the rapid
solidification effect, eutectics often freeze irregularly, in
a so-called “degenerous” manner. As reported elsewhere,
the eutectics can also contain metastable and intermediate
phases instead of stable carbides for given systems [4].

Typical cooling rates in laser surface melting were esti-
mated to range between 103 and 106 Ks−1. Such a high cool-
ing rate induces considerable alterations in the mechanism
of crystallization. For most types of high speed steels, for
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Figure 1: Specimen irradiated by laser.
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Figure 2: Light micrograph showing the substrate material.

instance, the primary crystallization proceeds by peritectic
reaction. As reported by Nizhnikowskaya [5], the peritectic
reaction in high speed steels proceeds completely only when
the cooling does not exceed 103 Ks−1. At higher cooling rates,
the δ-ferrite is conserved in the microstructure of solidified
metal. This makes a considerable softening of the material,
not only after remelting but also after tempering to the
maximum of secondary hardness [6, 7]. Therefore, the high
speed steels cannot be considered as suitable materials for the
laser surface melting. Other negative aspects were published
by Colaço and Vilar [8, 9]. They found out that the laser
melted and rapidly resolidified material can contain a high
portion of the retained austenite.

One can expect that the laser remelted materials would
have generally increased hardness compared to convention-
ally quenched and tempered steel. The reason is that owing
to the rapid solidification, extended solid solutions can be
formed that can have a positive effect upon the hardness.
For the ledeburitic steels, however, the situation seems to
be more complex and a general statement on the behaviour
of laser remelted and rapidly solidified materials does not
exist. At least, above-mentioned changes in the mechanism
of primary crystallization of high speed steels can influence
the hardness negatively. Also the presence of the retained
austenite has an undesirable effect upon the hardness. But,
as found out by Colaço and Vilar [9], and independently
also by the main author of this paper [10], the softening of
the material due to the retained austenite can be completely
eliminated by subsequent tempering if the alloy has an
appropriate chemical composition.

The laser surface remelting of Cr-V ledeburitic steels, and
its consequence upon the structure and properties was not
investigated seriously yet. The goal of the paper is to provide

the first attempt on the evaluation of surface remelting upon
an example of PM cold work tool steel Vanadis 6.

2. Experimental

The experimental material was the PM ledeburitic steel
Vanadis 6 with nominally (in wt%) 2.1% C, 1.0% Si, 0.4%
Mn, 6.8% Cr, 1.5% Mo, 5.4% V, and Fe as balance. As-
received material after soft anneal had a hardness of 284
HV10. Plate-like specimens with 70 mm in length, 18 mm in
width, and 8 mm in thickness were mechanically milled and
fine ground to a final surface roughness Ra = 0.2− 0.3μm.

The specimens were then subjected to standard heat
treatment. The heat procedure included the vacuum austen-
itizing up to final temperature of 1050◦C, nitrogen gas
quenching at 5 bars pressure and double tempering, each
cycle at 550◦C for 1 hour. After each tempering cycle, the
material was air-cooled down to an ambient temperature.
Resulting hardness of heat treated specimens was 700 HV 10.

Laser processing has been performed using the GSI
LUMONICS 701H Nd : YAG-laser equipment, with the
wavelength of the irradiation of 1064 nm, operating in a
continuous regime. The standard output power of the laser
was 450 W. The laser beam was focused to 50 mm over the
specimen surface. The relative beam speed on the specimen’s
surface was 80 mm/min. Specimens were laser processed in a
longitudinal direction, Figure 1.

Irradiated material was prepared for the microstructural
analysis. Cross-sectional samples were ground, polished, and
etched by 3% Nital reagent. Light and scanning electron
microscopy (SEM) have been used for the investigations.
The standard accelerating voltage of SEM was 15 kV for
the microstructural investigations. For better understanding
of the nature of structural constituents, also the energy-
dispersive spectroscopy (EDS) analysis and mapping have
been done. But, the acceleration voltage of SEM was at
strictly reduced to 1 kV, to avoid too deep penetration of
electron beam, and to enable more accurate analysis.

Quantification of the retained austenite volume fraction
has been done using the NIS-elements software. Standard
light microscope magnification was 800x. The measurements
were made in various places of cross-sectional samples, in
the direction from the surface towards the core material.
Five measurements were done on each place. From obtained
results, the mean value and the standard deviations were
calculated.

Hardness measurements have been made throughout the
laser influenced material using a Vickers hardness tester, at a
load of 0.3 kg (HV 0.3). The hardness maps of cross-sections
of laser traces were then constructed, enabling us to compare
the microstructure to the hardness in any of the typical laser
influenced regions.

3. Results and Discussion

Light micrograph, Figure 2, shows the microstructure of the
substrate steel after quenching and tempering to a hardness
of 700 HV. The material consists of the martensitic matrix
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Figure 4: Cross-sectional light micrograph showing the periphery
of laser influenced spot.

and fine (size of several microns) globular carbide parti-
cles. Previous experimental investigations revealed that the
carbides are of two types—vanadium rich MC-phase and
chromium-rich M7C3-phase [11].

The total influenced depth and width by laser were
measured to be 1.7 and 5 mm, respectively, Figure 3. It is
clearly shown that the surface quality of remelted material
is poor because the processing led to increased surface
roughness in the centre of the spot. Similar facts were
reported by Ramous [12]. He stated that problems with
the surface quality, connected with the needs of additional
costs for surface finishing, are one of the limiting factors
of industrial use of the laser surface melting technique. For
further investigations, therefore, much more careful control
of the laser parameters is necessary to obtain a good smooth
surface. Other inhomogeneities (pores, cracks) were neither
found in the laser spot nor in the vicinity of that.

Figure 4 shows the cross-sectional micrograph of the
periphery of laser irradiated region. There are no symptoms
of the remelting of the material. Close to the surface, there
is a region that underwent rapid austenitizing up to a
very high temperature and subsequent rapid cooling down,
due to strong thermal flux into the core material. The
microstructure consists of small portion of martensite, high
portion of retained austenite and undissolved carbides. In
between, there is the material, which also underwent the
austenitizing during the laser irradiation. But, the processing
time was not long enough for the complete transformation
of the structure into the austenite. Therefore, the “islands” of
nonaustenitized material can be found. The number and size
of these formations increase as the distance from the surface
increases. Parent material was not affected by laser beam and
the structure consisted of tempered martensite and carbides,
as developed by previous furnace treatment.

The central region of laser spot contained remelted zone
close the surface, Figure 5. This zone can be divided into
two characteristic regions. The first one, having a thickness
of only several tens of microns, forms very tiny layer on the
surface. The structure contained primary austenite cells and
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Table 1: Results of retained austenite volume fraction measurements.

Depth below the surface (mm) 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Central region 82 ± 2 81 ± 4 67 ± 7 63 ± 4 39 ± 5 16 ± 3 17 ± 3

Periphery 61 ± 8 63 ± 6 57 ± 9 49 ± 4 30 ± 4 18 ± 3 15 ± 3

Remelted
material

Austenitized
region

20 μm

Figure 5: Cross-sectional light micrograph showing the central
region of laser-influenced spot.

continuous eutectic network along them. The second typical
region was larger. It underwent only partial melting. As a
result, some of structural constituents were not influenced
significantly by the laser processing. The microstructure of
this region contained small amount of martensite and high
portion of retained austenite. In the intergranular spacings,
there is laser melted material, in a form of continuous
network. Below the remelted zone, there is the austenitized
and quenched region, having the microstructure similar to
that described in one of above-mentioned paragraph.

Results of quantitative structural analysis are summa-
rized in Table 1. The volume fraction of retained austenite
exceeded clearly 60% in laser remelted and partially remelted
material. But, also in the material austenitized to a very high
temperature, see also upper part of Figure 4, the volume
fraction of retained austenite over 50% has been identified.
Towards the core material, however, the amount of retained
austenite decreased to a “normal value”, ranging between
15–20%, which is typical for standardly furnace processed
material Vanadis 6.

SEM micrograph, Figure 6, made from laser melted and
rapidly solidified material shows that the microstructure
is formed by the matrix and two morphological types of
carbides. The matrix is mostly austenitic, but the presence
of some portion of martensitic needles is also evident.
EDS-map in Figure 7(a) shows that the first carbide type
is a chromium rich phase. Based on our previous results
[11, 13, 14] it can be assumed that chromium rich phase
is the M7C3-carbide. These particles underwent evidently
partial melting and during the freezing, they formed
eutectics, Figures 6 and 7(a), respectively. The second type
of carbides is the MC-phase, Figures 6 and 7(b), respectively.
However, it contains also a small portion of chromium;
see Figure 7(a). This finding is well consistent with other
observations [15, 16], where up to 10 wt% Cr was found in
MC-carbides. Globular shape of these particles, as formed by
the manufacturing of the material indicates that they did not
undergo melting during the laser processing of the material
and remain almost completely unaffected.

For better clarification of the behaviour of laser irradiated
material, previous experimental investigations upon the qua-
ternary Fe-C-Cr-V alloys have to be taken into consideration.
These experiments revealed that Cr-V ledeburitic steels
solidify via complex mechanism where at least two eutectic
transformations take place [13, 14]. The first transformation
proceeds at higher temperature. As a result, needle-like
mixture based on the MC-phase is formed. In the laser
affected region, Figure 6, this mixture was not appeared. It
seems that the temperature in dominant part of the laser
spot was not high enough to enable complete melting of the
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Figure 7: EDS maps of chromium and vanadium distribution from the material shown in Figure 6.
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Figure 8: SEM micrograph showing the microstructure of interface
region between remelted and solid state hardened zone.

material. The MC-carbides remain practically unaffected and
retained globular shape, resulting from the manufacturing
route of the steel.

During the solidification of Cr-V ledeburitic steels, the
second eutectic mixture based on the M7C3-carbide is
formed at lower temperature [13, 14]. It appears in a blade-
like form in pure Fe-C-Cr system or if the vanadium content
is sufficiently low in the alloy. At higher vanadium content,
however, the morphology of this phase changes to skeleton.
This is also the case of laser melted and resolidified Vanadis
6 steel, as clearly visible on the SEM micrograph, Figure 6.

Close to the melting boundary it is evident how the
M7C3-carbides began to melt, Figures 8 and 9(a). If the
temperature was close to the solidus of the material, then
this phase transformed into a liquid in a very limited
extent, and the second part remained almost unaffected.
After the laser processing, the M7C3-phase solidified rapidly
and formed semicontinuous formations along the grain
boundaries. Since the temperature was not high enough for
melting of other phases (solid solution, MC-phases), they
remain almost unaffected. The formations along the primary
grains can thus be considered as so-called “degenereous
eutectic structure”, containing only one phase-M7C3, Figures
8 and 9.
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Figure 9: EDS maps of chromium and vanadium distribution from the material shown in Figure 8.
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The hardness of laser remelted and partially remelted
material ranged between 490 and 580 HV 0.3, Figure 10.
Region with such values of hardness reaches down to
approximately. 0.5 mm from the surface. Around, there is
a slightly softer material, having hardness between 400 and
460 HV 0.3. The periphery of laser-influenced region, which
was completely austenitized but not overheated, had the
highest hardness. It exceeded 600 HV 0.3, but in some cases
it was higher than 700 HV 0.3. The hardness of the transient
region, located in close vicinity of the laser spot, exhibited
considerably lower hardness compared to fully austenitized
material of the periphery of the laser spot. The hardness
values ranged around 450 HV 0.3.

The behaviour of the laser-influenced material with
respect to the hardness can be explained as follows: the
remelted material contains primary grains of the austenite,

small portion of the martensite, MC-carbides (that mostly
did not undergo melting), and M7C3-carbides (less or
more transferred into a liquid phase during processing).
It is naturally to expect that this structure has reduced
hardness compared to no laser influenced material because
two processes were probably happening during the laser
processing. The first one is the extension of solid solutions,
due to the rapid solidification effect (hardness increase).
The second phenomenon is connected with extremely high
saturation of as-solidified austenite with carbon and alloying
elements and results in high portion of retained austenite
in resolidified material of laser spot; see also Table 1. The
final hardness of remelted material is then a result of
the competition between these two processes whereas it is
evident that the softening, caused by extremely high retained
austenite volume fraction, becomes dominant. It should also
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Figure 11: SEM micrograph showing the microstructure of solid
state hardened zone.

be noticed that the cooling rates in laser processing cannot
exceed 105 Ks−1 for common metallic materials. Therefore,
the microstructural effects are reduced only to the grain
refinement and slight extension of solid solutions, which
is insufficient to compensate the softening effect of highly
retained austenite content.

One possible way how to increase the hardness of laser
remelted material is a subsequent tempering. The tempering
of Cr-V ledeburitic steels at the temperature around 500◦C
generally induces a hardness increase, commonly known
as secondary hardening effect. It is connected with the
precipitation of fine carbides from the martensite and the
retained austenite, respectively, and with the transformation
of retained austenite to the martensite during the cooling
down from the tempering temperature. As pointed out
elsewhere [8], the maximum secondary hardness peak of
laser melted and rapidly solidified metals is shifted to higher
tempering temperature. As the principal explanation, higher
energy needed for the destabilization of retained austenite
compared to furnace processed materials, was suggested. In
addition, it should be mentioned that there is no presence
of phases (for instance δ-ferrite) in laser remelted Vanadis
6 steel, which could influence the secondary hardenability
of the material in a negative way. The challenge for future
experiments is then to perform the investigations of temper-
ing behaviour of the laser remelted Vanadis 6 steel.

Additional softening of the material below the remelted
area is also natural to be expected. This region contains also
the retained austenite as the dominant constituent. But its
supersaturation can be expected to be even much lower than
that of remelted region.

The maximum hardness was found in the solid state
hardened area. There is the structure with the fine needle-
like martensite, small portion of retained austenite, and
undissolved carbides, Figure 11. Such a structural type
corresponds well to that developed but conventional furnace
austenitizing and quenching, of course in a refined manner.
High hardness of solid state hardened material is then logical.

In the vicinity of the laser spot, the hardness decreased
again, as a result of so-called overtempering of the material.
It can be believed that in narrow region around the laser

spot, the temperature exceeded the tempering temperature
of the material (550◦C) but did not reach to the austenitizing
temperature. It is known that Cr-V ledeburitic steels have
the maximum secondary hardness peak at the tempering
temperatures from the range 500–550◦C. Beyond this peak,
the hardness drops down rapidly [17]. Measured values in
this region, being around 450 HV 0.3, correspond very well
to these considerations.

4. Conclusions

Laser surface hardening with remelting has been carried out
on the Vanadis 6 ledeburitic steel. The main findings can be
summarized as follows.

Laser affected spot consists of four typical regions. In the
centre, there are thin completely remelted and much larger
partially remelted regions. Around, solid state hardened
region and thin overtempered zones are located.

The microstructure of remelted region is formed with
primary austenite cells and continuous eutectic network
along them. Partially melted region contains undissolved
MC-carbides, austenitic grains with certain portion of the
martensite, and less or more continuous “degenereous
eutectic” network based on the M7C3-carbides.

Solidification mechanism of laser completely melted
material corresponds well to previous observations of the
author, concerning the Fe-C-Cr-V quaternary alloys. If the
material was not completely melted, then the solidification
was restricted only to the formation of either standard M7C3-
carbide/austenite eutectic or, if the temperature was even
lower, to the so-called “degeneroeus” eutectic based on the
same carbide.

Laser remelted material is significantly softer than that
hardened in a solid state. Principal explanation can be given
by the presence of dominant portion of retained austenite in
the microstructure.

Low hardness in laser remelted region could be improved
by subsequent tempering. Since the primary grains do
not contain any phases that could restrict the capability
of the material to be strengthened via precipitation, the
investigation of the tempering behaviour of the laser melted
Vanadis 6 steel is a challenge for the future investigations.
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[13] P. Jurči, Preparation and investigation of properties of rapidly
solidified powders and compacts of the Fe-C-Cr-V - system,
Ph.D. thesis, MtF STU, Trnava, Slovakia, 1996.
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This paper focused on the welding 1.8 mm thick 6061 aluminum alloy plates in T-joint form using dual lasers that introduced by a
Nd: YAG laser and a CO2 laser with 4043 aluminum filler wire. The effects of welding parameters on the T-joint weld appearance,
microstructure and the joint mechanical properties were studied systematically, The influence of welding parameters included the
distance between two laser beams, welding speed, laser power and the laser beam offset toward the stringer. The weld appearance,
microstructure, hardness of the joint were evaluated by optical microscope and micro-hardness test. A monotonic quasi-static
tensile test was conducted by a self-made clamping device to obtain the tensile property of welded joints. At the optimized
parameters, the welded T-joint showed good weld appearance without macro defects; the micro hardness of welds ranged from 75
to 85 HV0.3, and the tensile strength was about 254 MPa with the fracture at the heat affected zone on the stringer side.

1. Introduction

From the viewpoint of demand for weight loss in aerospace
industry, joint, of fuselage panels connected by traditional
mechanical fastening will be replaced by laser beam welding
[1]. Laser beam welding provides outstanding characteristics
of high energy density, high welding speed, high flexibility
of the moving system, low distortions, narrow heat affected
zone, and high depth-to-width ratio [2–4]. However, T-joint
of fuselage panels welded at one side by full penetration
will cause distortions because of the asymmetric force. Dis-
tortions not only increase the difficulty of frock clamping,
but also add the probability of crack [5–7]. In past decades,
mitigation methods have been developed to reduce welding
distortion using different approaches, such as low-stress
no-distortion welding with additional cooling [8], prede-
formation [9], thermal tensioning [10], optimized welding
sequences [11], or change clamping support distance [12].
Those methods are capable of reducing the distortion of
T-joint, however, dual-beam laser welding synchronously
at two sides can minimize the formation of weld-induced

self-stresses in the weld seams because of the symmetrical
stress distribution. In essential, dual beam laser weld T-
joint is a more efficient way to weld T-joint configuration.
Up to now, the influence of welding parameters on weld
formation and microstructure of T-joint welded by dual laser
beams was seldom reported, especially for thin aluminum
alloy plates. So this paper focuses on the welding of 1.8 mm
thin aluminum alloy plate T-joints synchronously at two
sides. The main goal is to evaluate the effects of welding
parameters on the microstructures and joint mechanical
properties systematically. Welding parameters include the
distance between two laser beams, welding speed, laser
power, and the laser beam offset toward the stringer (BOF).

2. Materials and Method

Test plates used in this study were the age-hardened (T6)
6061 aluminum alloy with the thickness of 1.8 mm. The weld
seam between the stringers and the fuselage skin were simul-
taneously welded from both sides of the stringer by means
of a dual-beam system. The dual-beam system is composed
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Table 1: Nominal chemical composition of materials used (wt.%).

Si Fe Cu Mn Mg Cr Zn Ti Al

6061 0.4–0.8 0.7 0.15–0.4 0.15 0.8–1.2 0.10 0.25 0.15 Balance

4043 4.5–6.0 <0.8 0.30 0.05 0.05 — 0.10 <0.02 Balance

of a 15 kW continuous wave (cw) CO2 laser TLF15000 of
TRUMPF and a 3 kW cw Nd:YAG laser LS-YC of IHI with
spot sizes of 0.86 mm and 0.9 mm, respectively. YAG laser
beam is in multimode, CO2 laser beam is of low-order
mode. The dual beam lasers were fixed together with the self-
designed fixture system to ensure synchronism. During the
laser processing, pure helium gas was used as the shielding
gas, which was coaxial ejected with the laser beams. The
flow rates are 15 and 28 L/min at the sides of Nd:YAG
laser and CO2 laser, respectively. According to results of the
pre-experiment and the simulate calculation, the applied
filler wires are Tehan-4043 aluminum alloy with diameters
of 1.0 mm and 1.2 mm. The chemical compositions of the
substrate material and the filler wire are listed in Table 1 and
the experiment setup for the T-joint welding is described
in Figure 1. The Nd:YAG laser beam formed an angle of
β (45◦) with the skin and θ (25◦) for the CO2 laser, filler
wire were held at the angle of 11◦ to the stringer at the
side of Nd:YAG but perpendicular to the stringer at the CO2

side. The symbols h and d represent the position of laser
focused on the stringer and the distance between two laser
beams, respectively. Before welding, plate surface was cleaned
by abrasive paper and then washed by a sodium hydroxide
solution followed by nitric acid to remove and minimize the
oxide film.

Macrographs and microstructure observation were per-
formed using optical micrographs. Micro-Vickers hardness
was tested on the cross-section of the welded T-joints using a
load of 300 g for 15 s. The T-joint tensile tests were carried
out on Zwick Z020 E-stretching machine at a strain rate
of 0.5 mm/min by a home-made device for clamping speci-
mens. According to the routine operating general recognized
in aeronautic industry, the specimen geometry for T-joint
tensile test and the schematic description of the self-made
clamping device were shown in Figures 2 and 3, respectively.

3. Experimental Results and Discussions

3.1. Appearance of the Weld. In our pre-experiments, deep
penetration cannot be produced by 3 kW Nd:YAG due to the
low power density. However, by preheating of tested plate,
the weld depth can be increased significantly. For example,
the sample preheating at 300◦C showed an depth of the
weld bead twice as deep as the sample without preheating,
1.00 mm versus 0.53 mm at the same welding condition
(laser power = 2.8 Kw, welding speed = 1 m/min). Taking
this fact into account, the Nd:YAG laser beam was placed
behind CO2 laser beam to facilitate preheating and its output
was kept at 2.8 kW. The feed rate of the filler wire and the
BOF were maintained at 1.4 m/min and 0.5 mm because of
its minimal affection. To simplify the discussion, the wire

Table 2: Influence of the distance between two laser beams on
welding process (welding parameters: PCO2 = 7.8 KW, υ = 4 m/
min).

The distance between two laser beams Welding process

0∼1.0 mm Unstable

1.0∼1.5 mm Stable

1.5∼3.0 mm Unstable

feeding speed at the side of CO2 laser was also kept at a
constant value of 4.2 m/min.

It is well know that the distance between two laser beams
plays an important role on the welding result. Therefore, dif-
ferent distances have been tested from 0 to 3 mm in order to
investigate the effect of this parameter on the stability of the
welding. As Table 2 shows, when the distance between two
laser beams is relatively small (0∼1.0 mm), the absorption
of Nd:YAG laser power increased and the welding seam got
deeper and wider. However, smaller distance caused higher
instability of welding process; this problem existed due to less
preheating of the plate at the position of Nd:YAG laser focus
and therefore incomplete melting of filler wire, which then
resulted in blocking of wire feed and breaking off the welding
process. If the distance is too big (1.5∼3.0 mm), the plate also
could not be preheated enough to acquire deep penetration.
The distance between two laser beams which ranged from
1.0 to 1.5 mm was suitable to get stable welding processing
and proper weld formation. Based on that, in the following
experiment the distance between two laser beams was set as
1.5 mm.

T-joints were successfully welded with welding speed of
2 to 6 m/min and the CO2 laser power of 7.8 kW. The typical
macrographs of weld cross-sections were shown in Figure 4.
It can be seen that weld seam at the side of CO2 laser (left
side in each photo) was wider than that of Nd:YAG because
of the relatively higher energy input of CO2 laser. Meanwhile,
with the increased welding speed, the welding seam changed
from full, wide penetration to partial, small penetration. The
undercut is seen in Figures 4(a) and 4(d), but the reason
is different. In the lower welding speed, the undercut is
formed because of the evaporation of melted metal. While
welding in the higher speed, undercut also formed for the
fast cooling speed and inadequate filler wire. According to
the pre-experiment, porosity is not the main problem in the
whole welding processing. In general, the porosity is reduced
with the increasing welding speed, because the flow of the
melted metal improved and the gas can escape more easily.
However, when the welding speed is too high, gas can not
escape from the pool in the limited time and the amount of
porosity increased. Weld beam with full penetration is useful
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Figure 1: Schematic diagram of the experiment set-up used for the T-joint experiment.
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Figure 2: Specimen geometry for T-pull test.
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Figure 3: Self-made lamping system adopted to perform T-pull test.

to reduce the porosity. Welding speed range of 3 m/min to
4 m/min was suitable to form a sound weld seam.

The weld cross sections at different CO2 laser power at
the same welding speed of 4 m/min are shown in Figure 5.
It can be found that with the increased laser power, the
weld seam at CO2 laser side became larger, but little change
at the side of Nd:YAG laser was observed. When the CO2

laser power is relatively low, the weld seam at both sides was
similar, but incomplete penetration was formed as shown
in Figures 5(a) and 5(b) with the red arrow pointed out.
The unpenetrated fusion hindered the escape of gas with a
result of higher porosity. With the increase of laser power,
weld seam area at CO2 laser side became much larger than
Nd:YAG. When the laser power increased to 8.0 kW, undercut
took place at CO2 laser side, as show in Figure 5(e). As shown
in Figures 5(c) and 5(d), with the laser power of 7.5 kW
and 7.8 kW, sound weld seams without macrodefects were
formed.

When laser spot focuses on joint of the stringer and the
skin (BOF = 0 mm), any tiny change may cause large fluc-
tuation of the weld pool, which will lead to an unstable
welding process. However, the offset of laser beam toward the
stringer can stabilize the welding process. Table 3 presented
the widths of upper and inner fillet weld leg fabricated using
BOF of 0, 0.5, and 1.0 mm at the CO2 laser side, respectively.
It can be seen that the widths of upper and inner weld leg
were not symmetry and the ratio of upper and inner weld
leg width was 1.35 when the BOF was 1.0 mm. Besides, there
was undercut in the stringer (see in Figure 5(e)). When BOF
was 0.5 mm, upper and inner weld legs of weld beam were
symmetrical without any obvious defect.

3.2. Microstructures. The optical micrograph, as shown in
Figure 6(a), reveals the whole view of the T-joint. While
high-magnification images of spot A, B, C, and D in
Figure 6(a) were shown as Figures 6(b), 6(c), 6(d), and 6(e),
respectively. At the center of welding seams, very fine cellular-
dendrite structures are found. The grain size at the side of
Nd:YAG welding seam is a little smaller than that at CO2
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Figure 4: Macrographs of the weld seams obtained at different welding speed (fixed welding parameter: PCO2 = 7.8 kW). (a) 2 m/min, (b)
3 m/min (c) 4 m/min, (d) and 6 m/min.
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Figure 5: Macrographs of the weld seams obtained using different laser power of CO2 laser (fixed welding parameter: υ = 4 m/min). (a)
6.8 KW, (b) 7.2 KW, (c) 7.5 KW, (d) 7.8 KW, and (e) 8.0 KW.
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Figure 6: OM micrographs of T-joint (welding parameter: PCO2 = 7.8 KW, υ = 4 m/min). (a) Macrographs of the weld seam; (b) high
magnification of spot A; (c) high magnification of spot B, (d) high magnification of spot C, and (e) High magnification of spot D.

Table 3: Influence of BOF on the width of upper/down fillet weld leg and welding process (welding parameters: PCO2 = 7.8 KW, υ = 4 m/
min).

BOF (mm) Upper fillet weld leg width (mm) Down fillet weld leg width (mm) Ration of upper/down weld leg width Welding process

0 1.55 2.29 0.67 Unstable

0.5 2.28 2.25 1.01 Stable

1.0 2.03 1.50 1.35 Stable



Advances in Materials Science and Engineering 5

CO2

−2 −1 0 1 2
70

80

90

100

M
ic

ro
h

ar
dn

es
s/

H
V

0.
3

Distance from the center of welding fusion (mm)

Mixed area Nd:YAG

Figure 7: Microhardness of the welding seam (welding parameter:
PCO2 = 7.8 KW, υ = 4 m/min).

7 7.5 8
150

200

250

Te
n

si
le

st
re

n
gt

h
(M

Pa
)

Laser power (KW)

Figure 8: Relationship between tensile strength and laser power at
the welding speed of 4 m/min.

Te
n

si
le

st
re

n
gt

h
(M

Pa
)

Welding speed (m·min−1)

2 4 6

200

250

Figure 9: Relationship between tensile strength and welding speed
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laser side due to less laser energy input. The root area of
the mixed welding seam as shown in Figure 6(e) contains
several distinct microstructure zones from the fusion zone
to the base material. They are (1) columnar zone, parallel
dendrites preferentially grew along the heat flow direction;
(2) chill zone, small equiaxed grain formed; (3) heat affected
zone (HAZ), the grain grow coarse to the equiaxed grain; (4)
base material region (BM). The detail is drawn by the dotted
line.

Varieties of microstructures were due to the different
cooling rate and heat transfer direction. The morphology of
the solidification structures developed in the fusion zone was
controlled by the parameter G/R (G is the thermal gradient
in the liquid and R is the solidification growth ratio) and the
undercooling level. At the center of fusion zone, G/R reached
a minimum value. While close to the fusion line, it gained
its maximum in the columnar zone, with the microstructure
changed from the cellular-dendrite at the center of fusion
zone to parallel dendrites. Near the fusion line, the melted
metal has high undercooling level, forming fine equiaxed
grain (show in Chill zone). The grain in the HAZ have been
affected by the thermal circle and grown coarse.

3.3. Microhardness. Figure 7 shows the microhardness pro-
file across the weld bead of the T-joint with the CO2 laser
power of 7.5 kW. At the side of Nd: YAG fusion zone,
hardness is slight higher than other area, because of low
heat input resulting in smaller grain size. At the side of the
CO2 fusion zone, the micro-hardness is the lowest, for heat
input is higher and the grain grows coarse. However, near the
surface of the weld bead at the side of CO2 laser, the micro-
hardness increased sharply because of the fast cooling speed
and small grain obtained. In the mixed area, the value of
micro-hardness is between those of Nd: YAG laser and CO2

laser. The result of micro-hardness coincides well with the
grain size as Section 3.2 described.

3.4. Tensile Strength. Figures 8 and 9 show the tensile
strength plot against laser power and welding speed, respec-
tively. When the laser power was relatively low, the T-joint
exhibited lower tensile strength because of nonfusion. The
peak tensile strength located at about 7.5 kW to 7.8 kW,
which corresponded to the complete penetration without
any obvious defect. If the laser power is kept increased, the
tensile strength decreased because of the grown grain size
and undercut. The plot of tensile strength against welding
speed is similar to Figure 8 for the same reason as discussed
above. With the welding speed increased, tensile strength got
maximum value at 4 m/min and then decreased, and the
peak tensile strength was 254 MPa with the fracture at the
heat affected zone (HAZ) on the stringer side.

4. Conclusions

(1) The parameters such as distance between two laser
beams (d), welding speed (υ), laser power (P), and
the laser beam offset toward the stringer (BOF) was
systematically investigated. The results showed that
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these parameters have great effect on the stability and
macrostructure of the welding.

(2) The undercut would be occurred under relatively
high and low welding speed as well as higher laser
power. Complete penetration is helpful to reduce the
porosity.

(3) With the optimized parameters (d = 1.0∼1.5 mm,
υ = 3∼4 m/min, PCO2 = 7.5 ∼ 7.8 kW, BOF = 0.5),
T-joint with good weld appearance, no obvious
porosity, and undercut was observed.

(4) Micrograph observation showed the joint had differ-
ent distinct zone with different microstructure from
the center of fusion zone to the BM. At the center
of fusion zone, cellular dendrites are present. While
close to the fusion line, microstructure changes to
parallel dendrites for preferentially elongating along
the heat flow direction. In chill zone, fine equiaxed
grain formed due to high undercooling level. In the
HAZ, grain grew coarse for the thermal circle.

(5) Micro-hardness at the Nd:YAG zone is higher than
other area due to smaller grain size. The tensile
strength was about 254 MPa with the fracture at the
heat affected zone (HAZ) on the stringer side.
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Direct laser cladding of cobalt on Ti-6Al-4V with and without a graded interface has been attempted using a continuous wave CO2

laser. Graded interface is developed by depositing a thin copper layer on Ti-6Al-4V substrate prior to multiple laser cladding of
cobalt on it. Presence of copper interlayer was found to suppress the formation of brittle intermetallics of Ti and Co. The effect of
process parameters on the microstructures, compositions, and phases of the interface was studied in details. Finally, the mechanical
and electrochemical properties of the interface processed under optimum process parameters are reported.

1. Introduction

The conventionally replaced hip consists of three parts; a
ball which rotates in a hollow socket, and it is fixed into
the femur (thigh bone) by a stem [1]. Co-Cr-Mo is the
most appropriate alloy for the ball because of its very high
elastic modulus and its wear and corrosion resistance [1].
On the other hand, Ti-6Al-4V alloy is the most acceptable
stem material. The ball and stem may be held together with a
taper. Though the use of multimaterials seems economical to
prepare component for hip replacement, loosening of metals
from the interface because of fretting and corrosion attack
is a severe problem. It has been observed that maximum
performance and service life of the bio implants may be
achieved when the component is made of a single material.
Direct laser cladding is a technique where fabrication of solid
components is achieved by laser-assisted melting of the mate-
rials in the form of particles/wire, deposition of molten layer
on a substrate in a layer by layer fashion and thereby, building
of the full component using computer-aided design (CAD)
[2]. Notable advantages of the technique over conventional
fabrication techniques include faster processing speed, no
requirement of tooling, ability to fabricate complex shapes,
and retention of metastable microstructure/composition [3].
Arcella and Froes [4] reported on the laser forming of tita-

nium. Srivastava et al. [5] reported on the direct laser fab-
rication of Ti48Al2Mn2Nb alloy and established the role of
process parameters on the microstructure. Effect of process
parameters on the quality of the DLD layers have been
studied by Syed & Li [6] and Majumdar et al. [7]. In the
present study, attempts have been made to fabricate a Co
layer on the surface of Ti-6Al-4V substrate by direct laser
cladding technique with an objective to develop the ball on
a stem made of Ti-6Al-4V for hip and femoral prostheses.
Attempt has been made to suppress the formation of inter-
metallics between Co and Ti by application of a thin Cu layer
on Ti substrate by electrodeposition technique. A copper
interlayer has been used to suppress the interdiffusion of
titanium and cobalt and hence, suppressing the formation of
a brittle intermetallics [8]. Following fabrication, a detailed
investigation of the microstructure, composition, and phase
of the fabricated layer has been undertaken. Finally, the wear
and corrosion properties of the fabricated part have been
studied in details.

2. Experimental

In the present study, commercially pure Ti-6Al-4V (of
dimensions 15 mm × 15 mm × 5 mm) was chosen as sub-
strate. A thin layer (30 μm thickness) of copper was deposited
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Figure 1: Scanning electron micrographs of the alloyed zone formed at the interface of direct laser clad Co on Ti, (a) without Cu and (b)
with Cu coating at a thickness of 30 μm.

Table 1: Summary of Young’s Modulus of as-received Ti-6Al-4V
and direct laser clad Co on Ti-6Al-4V without any interlayer and
with a 30 μm copper interlayer.

Sample history
Young’s

modulus
(GPa)

Ti-6Al-4V 114

Interface of cobalt clad on titanium without copper
interlayer

130–150

Interface of cobalt clad on titanium with a 30 μm
copper interlayer

140–240

on diamond polished Ti-6Al-4V substrate by electrodepo-
sition. Co layer was developed on the electrodeposited (Ti-
6Al-4V substrate using multiple laser cladding technique
by pre-deposition of elemental Co powder (of size ranging
from 20 μm and to a thickness of 500 μm) by spraying
with the desired elemental powder dispersed in alcohol with
organic binder and subsequently, laser melting it with a
continuous wave CO2 laser with an applied power of 1-2 kW
and scan speed of 500–1250 mm/min using Ar as shrouding
environment. Following the development of clad layer, the
microstructures of the clad layer and interface (both on top-
surface and cross-sectional plane) were studied by scanning
electron microscope (SEM). Compositional distribution was
monitored by energy-dispersed X-ray spectroscopy (EDS).
Phases present and its distribution were determined by
X-ray diffractometer (XRD) using Co-Kα radiation. Wear
resistance property of the formed layer was studied using
a ball-on-plate friction and wear monitor unit (model
no.: TR-208-M1) comprising a diamond pyramid indenter
rotating on the specimen with a predetermined speed of
15 rpm) and normal load of 1 kg. Kinetics of wear as a
function of time under different load was monitored by
converting the vertical displacement of the indenter into
cumulative wear loss using Winducom 2003 software. The
Young’s modulus distribution at the interface was carefully
analyzed using nanoindentation technique (by application
of a triangular pyramid (Berkovich) diamond indenter).
TestWorks 4 software for nanoindentation system is used
to calculate hardness and Young’s modulus from load-
displacement graph using the Oliver and Pharr method [9].

Finally, the corrosion behavior of the cross-section of
equal segments of clad-alloyed-substrate combinations were
carried out in Hank’s solution ((g/l): 0.185 CaCl2, 0.4
KCl, 0.06 KH2PO4, 0.1 MgCl2, 6H2O, 0.1 MgSO4·7H2O, 8
NaCl, 0.35 NaHCO3, 0.48 Na2HPO4, and 1.00 D-glucose)
by potentiodynamic cyclic polarization test at a scan rate
of 2 mV/s from −500 to +5000 mV(SCE) using standard
calomel as reference electrode and platinum as counter elec-
trode [10].

3. Results and Discussions

Microstructures play a crucial role in determining the prop-
erties and behavior of the components in practical service.
In the present study, a detailed investigation of the effect of
laser parameters and coating thickness on the morphology
of the microstructure was undertaken to optimize the process
parameters. Figures 1(a) and 1(b) show the scanning electron
micrographs of the alloyed zone formed in direct laser clad
Co on Ti, (a) without Cu coating and (b) with Cu coating
at a coating thickness of 30 μm. From Figure 1 it is relevant
that the microstructures of the alloyed zone mainly consist
of intermetallic phases distributed uniformly all throughout
the matrix. The morphology of the microstructures is a
mixture of dendrites and cellular. A comparison between
Figure 1(a) with Figure 1(b) shows that presence of Cu at
the interface, significantly refines the microstructures (As
evident from interdendritic arm spacing). The refinement
of microstructure due to the application of copper coating
is possibly because of a rapid cooling rate associated with a
large thermal conductivity of coated copper at the interface.
In this regard, it is relevant to mention that the area fraction
and nature of precipitates were found to vary with the
thickness of Cu coating. However, it was observed that
application of a very thick Cu interlayer leads to formation
of fine micro cracks in the alloyed zone due to presence of a
very large area fraction of intermetallics. A careful analysis
of the microstructures and residual stress distribution at
the interface shows an optimum coating thickness to be of
30 μm.

A detailed elemental distribution with depth showed
that distribution of Co in the alloyed region is maxi-
mum (20 wt%) at the clad layer-alloyed zone interface and
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Table 2: Corrosion behavior of the dissimilar interface in a 3.56 wt.% NaCl solution.

Sample history Epp1mV (SCE) Corrosion rate (mm/year)

Ti-6Al-4V 1300 1.07 × 10−3

Interface of cobalt clad on titanium without copper interlayer 437 2.43 ×10−3

Interface of cobalt clad on titanium with a 30 mm copper interlayer 700 1.26 × 10−3
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Figure 2: Wear profiles of (1) Ti substrate and Co clad Ti lased
with laser power density, P of 0.212 kW/mm2 and scan speed, v of
14.3 mm/s for (2) without Cu interlayer and with Cu interlayer with
thickness of (3) 30 μm at 1 kg load.

decreases gradually with depth reaching a minimum level
to 5 wt% at the alloyed zone-substrate interface. Addition
of Cu interlayer leads to its melting, intermixing with
Ti and Co and changing the composition/microstructures
of alloyed zone significantly. A detailed elemental analysis
showed that a 10 wt% of Cu was uniformly distributed all
throughout the alloyed zone. X-ray diffraction profiles of the
interface reveal the presence of intermetallics of Co and Ti
(Ti2Co). This intermetallic is very brittle and is detrimental
to the toughness property of the interface. On the contrary,
application of Cu interlayer on Ti prior to laser cladding
with Co causes formation of a number of intermetallics
between Cu and Ti (mainly CuTi3, Cu3Ti and suppresses the
formation of Ti2Co completely, though there was a presence
of TiCo2 phase at the interface).

Figure 2 shows the wear profiles of (1) Ti substrate and at
the interface of Co clad Ti lased with laser power density of
0.212 kW/mm2 and scan speed of 14.3 mm/s for (2) without
Cu interlayer and with Cu interlayer with thickness of (3)
30 μm, respectively. Wear test was carried out with standard
Diamond indenter with 1 kg load. A relatively lower wear
resistance of the interface where, Co was clad on Ti-6Al-4V
without any interlayer is attributed to the presence of Ti2Co
which is brittle and hence, leads to spalling effect during
abrasive wear against diamond indenter. From plot 3 the
effect of Cu interlayer on wear resistance is clearly noted. The
excellent wear resistance of CuTi3, Cu3Ti protects the formed
layer against the dry sliding wear. In addition, the rapidly

solidified homogeneous fine microstructure imparts the
coatings good combination of strength and toughness, which
also contributes to the excellent resistance of the coating
to spallation and delamination during dry sliding wear
process. Table 1 summarizes the average Young’s modulus
of as-received and the interface of the direct laser clad
cobalt on titanium without and interlayer and with 30 μm
thick copper interlayer. From Table 1 it may be noted that
Young’s modulus of the interface without the interlayer
is increased to 130–150 GPa as compared to as-received
Ti-6Al-4V (114 GPa). On the other hand, application of
Cu interlayer increases Young’s modulus further to a level
of 140–240 GPa. Improved Young’s modulus due to the
application of copper interlayer is attributed to the presence
of several Ti-Cu intermetallics (like CuTi3, Cu3Ti, etc.).

The corrosion behaviour of the interface was studied
using potentiodynamic polarization test. Table 2 represents
the results of the potentiodynamic polarization test con-
ducted in Hank’s solution for Ti substrate and the interface
of laser clad Co on Ti without copper deposition and
with copper deposition lased with laser power density of
0.212 kW/mm2 and scan speed of 14.3 mm/s. The polar-
ization test was conducted in forward cycle to determine
the critical potential for pit formation (Epp1) values. From
Table 1 it is clear that Epp1 value for laser clad Co on Ti
with Cu interlayer (700 mV) shows improvement compared
to laser clad Co on Ti without Cu interface (437 mV).
However, the formation of intermetallics like CuTi3, Cu3Ti
results in low Epp1 value compared to as-received Ti substrate
(1300 mV). The improvement in the pitting corrosion prop-
erty due to the addition of copper interlayer is attributed to
formation of a lower area fraction of precipitates in the later.
On the other hand, corrosion rate of interface of cobalt clad
titanium without copper interlayer is slightly deteriorated as
compared to as-received Ti-6Al-4V. On the other hand, at
the interface of cobalt clad on titanium with a 30 μm copper
interlayer the corrosion rate is almost similar to Ti-6Al-4V
substrate.

4. Conclusions

Direct laser cladding of cobalt on Ti-6Al-4V with and with-
out a copper interlayer was attempted using a continuous
wave CO2 laser. Graded interface is developed by depositing
a thin copper layer on Ti-6Al-4V substrate prior to multiple
laser cladding of cobalt on it. Presence of copper interlayer
was found to increase both the wear resistance and Young’s
modulus significantly due to the presence of intermetallics
between Ti and Cu (CuTi3, Cu3Ti, etc.) which are less
brittle as compared to the intermetallics between Ti and
Co (Ti2Co). Corrosion resistance of the interface in Hank’s
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solution was marginally deteriorated due to the presence
of multiphase in the structure. The degree of deterioration
is less where a copper interlayer was applied prior to the
direct laser cladding of cobalt on it. The pitting potential
was significantly reduced at the interface of direct laser clad
cobalt on titanium without any copper interlayer, though
marginally reduced in the case where Cu interlayer was
applied, which is attributed to a lower area fraction of
intermetallic in the structure.
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This paper represents the outcome of efforts that intended to achieve laser hole drilling execution in polymethylmethacrylate
(PMMA) of 2.5 mm thickness using 1064 nm diode laser of 5 W output power. Different laser beam powers, exposure time, and
positions of the laser spot were taken into consideration with respect to the workpiece. The workpieces were tested in the existence
of low-pressure assist gas (20–60 mmHg of air). The experimental results were supported by the predicted results of the analytical
model.

1. Introduction

The conduction of heat in a three-dimensional solid is given
by the solution of the following equation:

ρCP
∂T

∂t
= ∂

∂x

(
K
∂T

∂x

)
+

∂

∂y

(
K
∂T

∂y

)

+
∂
∂z

(
K
∂T
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)
+ A

(
x, y, z, t

)
,

(1)

where, the thermal conductivity K (Wcm−1 K−1), the den-
sity ρ (g cm−3), and the specific heat CP (Jkg−1 K−1) are
dependent on the temperature and position. The rate of the
applied heat to the solid is A(x, y, z, t) per unit time per
unit volume, and t is the time [1].

Using the cylindrical coordinates r and z (Figure 1), the
temperature distribution is [1, 2]

T(r, z, t)

= Pε

2πaK

∫∞
0
J0(mr)J1(ma)

×
{

exp(−mz) erfc

[
z

2(kt)1/2 −m
(
−(kt)1/2

)]

−e(mz) erfc

[
z

2(kt)1/2 + m(kt)1/2

]}
dm

m

+ T0,

(2)

where, r is the radial coordinate (hole radius), z is the axial
coordinate (thermal penetration depth), Jo and J1 are Bessel
functions of the first kind, P is the constant power during a
laser pulse, a is the radius of the laser spot at the surface, K
is the thermal conductivity of the material, k is the thermal
diffusivity, ε is the fraction of incident radiation absorbed, m
is an integer that represents the limit of integration, t is the
exposure time, and To is the initial temperature.

The numerical solution of (2) for determining the
temperature distribution as a function of time at any point
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Figure 1: Coordinate system [1].

inside the material along the Z-axis for r = 0 is given by
[1, 2]

T(0, z, t)

= 2Pε(kt)1/2

πa2K

{
i erfc

[
z

2(kt)1/2

]
− i erfc

[(
z2 + a2

)1/2

2(kt)1/2

]}

+ T0.
(3)

The dimensionless variables for temperature and time,
respectively are defined as [1, 2]

θ = TaKπ

Pε
, (4)

Γ = 2(kt)1/2

a
. (5)

Hence, (3) becomes

θ(0, z, τ) = Γ

[
i erfc

z
aΓ
− i erfc

(
z2 + a2

)1/2

aΓ

]
+ T0. (6)

For steady-state condition at any depth below or at the center
of the focal spot, t → ∞ in (6) [1, 2]

T(0, 0, t) = 2Pε(kt)1/2

πa2K

{
1

π1/2
− i erfc

[
a

2(Kt)1/2

]}
+ T0 (7)

θ(0, z,∞) = 1
a

[(
z2 + a2)1/2 − z

]
. (8)

This implies that the maximum surface temperature attain-
able is given by [1]

T(0, 0,∞) = Pε

πaK
. (9)

Figure 2 illustrates a plot diagram for (6) as the variation of
the dimensionless temperature θ with τ = Γ2 = 4kt/a2 and
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Figure 2: Dimensionless temperature θ versus dimensionless time
for various depths when heating with continuous disk (—) and
Gaussian (- -) sources [1].
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Figure 3: The designed nozzle.

depth below the focal spot. The temperature rises rapidly
at first and approaches 75% of its steady-state value within
τ = 4 or t = a2/k, then the change in temperature with
time proceeds at a progressively decreasing rate. The time
t = a2/K can, therefore, be considered as the thermal time
constant [1].

2. Experimental Work

A special nozzle for the laser head was designed and
constructed for achieving the optimum performance as
shown in Figure 3.

In the absence of the assist gas nozzle, the output power
of the laser head was 2.75 W as examined by a power meter
type (Gentec TPM 300 CE) as an average value of the output
power. In this work, the nozzle was designed in a way that
acts as a normal assist gas nozzle and as an assist gas nozzle
with variable orifice diameters (with a changeable nozzle tips
of 0.4, 0.6, 0.8, 1, 1.2, 1.5, and 3.0 mm in diameters), as
shown in Figure 4, that were used as an a apertures (placed
at the waist of the collimating lens [3, 4]) to allow choosing
various values of the laser beam output power and suppress
the higher-order modes.
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Figure 4: The assist gas nozzle and the seven different tips.

Table 1: The theoretical values of the aspect and taper ratios at
different powers.

Power (W)
Hole Diameter mm

Aspect Ratio Ar Taper Ratio Tr
Inlet Outlet

2.45 0.700 0.300 3.571 0.428

1.82 0.650 0.200 3.846 0.308

0.96 0.500 0.200 5.0 0.400

All the workpieces were illuminated by the laser beam
for many different time periods in order to reach the
vaporization temperature and executing drilling process.
The drilling process was examined for different laser spot
positions (at the surface, at the mid surface, and at the lower
surface), without the use of assist gas, and with the assist gas
(the used pressures were 20, 30, 40, 50, and 60 mmHg).

Figure 5 shows the values of the aspect ratio (depth to
diameter) and the taper ratio (outlet to inlet diameter) using
laser power of 2.45 W, the focal position at the surface of the
workpiece, and the assist gas pressure of 20 mmHg for 11
exposures time.

Figures 8, 9, and 10 illustrate the temperature distribu-
tions for different working conditions.

3. Simulation Results

The maximum temperature in the center of the focus at
the surface was measured from (7). This temperature was
substitute in (2) for each used output laser power with the
rest values mentioned in this equation (a,K , k, t, . . ., etc.) and
plotting the temperature distribution. The value of t that
substituted in (2) was measured as the thermal time constant
(t = a2/k) for z below the focal spot. This t represents the
maximum exposure time needed for the material to reach
the vaporization temperature over which the heat diffused
inside the material and not along the depth. This value of t
was used for the rest stages of the drilling process. The hole
depth was measured using the plot diagram and substituted
in (8) for determining θ. This θ was substituted in (4) for
determining the maximum temperature at this depth, which
will be considered as the new surface. The newly measured
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Table 2: The different experimental values of Ar and Tr at different working conditions.

Power (W) Focal position Taper ratio Taper exposure time (s) Aspect ratio Aspect exposure time (s) Assist gas pressure (mmHg)

2.45 At surface 1 2.75 20.8 2.75 20

= = 1 2.5 16.6 2.5 30

= = 1 2.5 20.8 1.75 40

= = 0.9 3 22.2 0.75 50

= = 0.9 0.75 22.7 0.75 60

= At mid surface 1 1.75 16.6 1.5 20

= = 0.8 1.75 3.7 1.25 30

= = 1 1.25 17.8 1.25 40

= = 0.9 3.5 4 3.5 50

= = 0.9 3.75 7.8 3.5 60

= At lower surface 0.43 1.75 4.3 1.75 20

= = 0.54 3.75 4.5 3.75 30

= = 0.6 4 4.5 3.75 40

= = 0.37 1.5 4.5 4 50

= = 0.4 4 4.4 0.75 60

= = 1 0.75 31 0.75 70

2.45 At surface 0.48 3.75 3.3 2 Non

= At mid surface 0.5 3.5 4 2 =
= At lower surface 0.6 3.75 3.5 2 =
1.82 At surface 0.5 3.75 3.5 2.5 =
0.96 At surface 0.56 3.25 5 2.5 =
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Figure 8: The first-stage temperature distribution; exposure time
(s) = 2.25, total power (W) = 2.45, and surface temperature =
1.5364e + 004. The second-stage temperature distribution; expo-
sure time (s) = 2.25, total power (W) = 0.3528, and
surface temperature = 2.2124e + 003.

temperature was substituted in (9) for measuring the new
laser power at this depth. The above-mentioned steps were
followed again many times until the hole covered the whole
thickness of the workpiece. Knowing that each time the new
thickness was added to the depth of the previous stage and
then substituted in (2).
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Figure 9: The first-stage temperature distribution; exposure time
(s) = 2.25, total power (W) = 1.82, and surface temperature =
1.1413e + 004. The second-stage temperature distribution; expo-
sure time (s) = 2.25, total power (W) = 0.2953, and
surface temperature = 1.8518e + 003. The third-stage temperature
distribution; exposure time (s) = 2.25, Total power (W) = 0.19,
and surface temperature = 1.2559e + 003.

4. Results and Discussion

The analytical steps were followed for laser output powers
2.45 W, 1.82 W, and 0.96 W using the nozzle orifices of
3 mm, 1.5 mm, and 1.2 mm, the spot radius measured as
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distribution; exposure time (s) = 2.25, total power (W) = 0.0989,
and surface temperature = 620.196.

0.5 mm, The thermal time constant t was 2.25 s, K of the
workpiece material (PMMA) 0.2 × 10−3 W mm−1 ◦K−1, k of
the workpiece material is 0.11 mm2 s−1, and the reflectivity R
of the workpiece material was assumed as 0.01. Therefore, the
emissivity of the surface of the workpiece ε = 1 − R = 0.99,
and the exposure time versus the surface temperature was
plotted for each of the used powers, 2.45 W, 1.82 W, and
0.96 W as shown in Figure 6.

A MATLAB package was used for presenting the case
under study. For one stage drilling process, it was found that
whatever the increase in the exposure time the hole did not
exceed certain depth of the whole thickness of the workpiece
and the heat was diffused (dissipated) inside the material and
not along the depth (Figure 7).

The aspect ratio (ratio of depth to diameter) and the
taper ratio (ratio of outlet to inlet diameter) of the drilled
holes by using laser beam powers; 2.45 W, 1.82 W, and 0.96 W
as measured from Figures 8, 9, and 10 are listed in Table 1.

These values of Ar and Tr clarify that irradiating PMMA
workpiece of 2.5 mm thickness by 1064 nm CW diode laser
of 1 W output power and exposure time of 2.25 s leads to
achieving an acceptable quality of the hole drilling process
that matches the most improved values represented by the
highest aspect ratio (20–30) and lowest taper ratio (≈1)
[5, 6].

5. Conclusion

The experimental results for different working conditions
that were illustrated in Table 2 show that without the use
of the assist gas the best holes can be achieved by focusing

almost of 1 W laser output power on the surface of the chosen
workpiece material for about 2.5 s which matches with the
best result of the analytical model as shown in the last row of
the table.

Moreover, the use of the low-pressure assist gas of about
60 mmHg with laser output power of 2.45 W and focusing
the spot on the surface of the workpiece enhanced the
drilling process and reduced the required exposure time.
Therefore, this study concluded that for executing laser hole
drilling process in black acrylic (PMMA) material of 2.5 mm
thickness using CW diode laser of low laser output power
around 1 W with the absence of the assist gas, the focal
position represents the most affecting parameter for getting
best results (highest aspect ratio and lowest taper ratio) while
when using higher laser output power of 2.45 W with the
existence of the assist gas, the most affecting parameters are
the assist gas pressure and focal position.
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This paper describes a rheo-forming process for the development of automobile components, such as knuckle, by using rheology
material with electromagnetic stirring (EMS) system equipment. The effects of several process and metallurgy parameters such as
stirring current, stirring time, pouring temperature, forming pressure, tip velocity, fraction of primary phase, and its morphology
and distribution, on the final products are reviewed and discussed. A variety of simulation studies are conducted. In addition, the
effect of the vacuum-assisted method on the performance of rheo-forged products is introduced. The EMS is an effective process
to improve a feed stock in the rheo-forming process with improved mechanical properties.

1. Introduction

Recently, the car industry has required lightweight parts to
improve gas mileage and mitigate the impact of damaging
emissions on the environment, which are thought to con-
tribute to depleting the ozone layer, increasing greenhouse
gases, and producing acid rain [1, 2]. Forming processes such
as casting and forging, hot forging, and low-pressure casting
have allowed lightweight aluminum alloy-based component
to be used in passenger cars, but they have not been adapted
to mass-production due to a lack of product reliability,
increased costs, and excessive initial investment.

The die casting process, that is, the forming process
that fills mold cavities with molten metal, has advantages
for the mass production of thin parts with complex shapes
which have little need for mechanical strength. However,
the process is inappropriate for producing parts with high
strength requirements because defects such as turbulent
flow-induced air entrapment could result as the melt flows
into the mold cavities [3]. Moreover, the forging process
has several limitations in producing precise parts and
productivity because the forming process has multiple steps.
Conversely, the mechanical properties of the parts appear to
be uniform and stable [4].

Therefore, the electromagnetic stirring forming process,
which is capable of producing light automobile parts with
high strength, has been required to promote low mechanical
properties of parts [5, 6]. Electromagnetic stirring (EMS) is
a process that modifies the microstructure of alloy before
or during the forming process. These microstructures are
created during solidification to spherical primary α-Al phase
particles and distributed into the eutectic phase by strongly
stirring the molten metal at the initial stage of solidification.

This paper describes a rheo-forming process for the
development of automobile components by using rheology
material with EMS system equipment such as knuckle, arm
and special designed bracket module. In addition, the effect
of the vacuum-assisted method on the performance of rheo-
forged products was introduced.

2. Fabrication of Arm Component
Medium-Pressure Type with EMS

2.1. Apparatus for Electromagnetic Stirring. This study
obtains the experimental data applicable to the forming
process of the resulting products to be produced by elec-
tromagnetic stirring in terms of investigation of the relation
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Figure 1: The schematic diagram of the apparatus with electro-
magnetic stirrer: (a) Front view of EMS, (b) top view, (c) stirring
direction.
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Figure 2: Geometry of runner system and arm part.

between the properties of A356 alloys. This includes primary
α-Al phase particle sizes, their distribution state, spherical
structures and electromagnetic stirring current and time.
An electromagnetic stirrer is classified with a vertical and
horizontal stirrer. In this study, a horizontal electromagnetic
stirrer was employed to get experimental data, and the
schematic electromagnetic stirrer used in this experiment
was illustrated in Figure 1(a). The horizontal electromagnetic
stirrer used in this study was manufactured so as to contain
three phases and three poles, with each phase located
circumferentially so that the current flows through the coils,
as shown in Figure 1(b). The electromagnetic force appears
to arise toward the circumferential direction, as shown in
Figure 1(c). To manufacture the electromagnetic stirrer used
in this work, the design and manufacture of the core to fix
the coil were completed first. The core holds the coil that is
wound to the core, which is in turn fabricated to laminate the
0.35-mm-thick steel plate.

2.2. Mold Design and Simulation. This study adopted the
Ostwald-de Waele rheology model. Taking into considera-
tion these characteristics of electromagnetic stirring, mold
design of arm parts was prepared using MAGMAsoft (casting
analysis code) and was optimized with prediction of casting
defects through filling analysis and solidification. Then, the
design plan was applied to manufacturing the mold used in
this study.

Fill time (s)
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0.0656
0.0601
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0.0382
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Figure 3: Filling time distribution of arm part.
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10.54
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1.15

Figure 4: Solidification time distribution of arm part.

Figure 2 depicts a runner system including the geometry
of a gate and an overflow. Figure 3 shows distribution of
filling time of arm products into mold cavity. The filling time,
the passing time through the gate, and the time for filling
the mold cavity of products are 0.074, 0.0437, and 0.0327 s,
respectively. Figure 3 shows the filling time distribution of
arm parts. Change in melt flows in the cavity as a function of
filling time found that good filling behavior is achieved with
completion of overflow. In addition, temperature deviation
of melts in the cavity resulted within 3◦C due to the short
period of filling. In addition, the final filling is completed
with the minimum temperature of melt in the cavity of
609◦C and solid fraction of 75%. Figure 4 shows the
distribution of solidification time of arm products. The final
solidification was completed in 66.9 s, and solidification of
product parts was also completed in 16.37 s after the final
filling. Also, directional solidification from product parts to
gate parts took place. Utilizing these results, the forming
condition of practical products like pressing time after filling
was obtained. Figure 5(a) shows the distribution of hotspots
in the arm products. Hotspots were mostly distributed at
the gate and the overflow due to directional solidification
toward the gate. As illustrated in Figure 5(b), a heating
line was facilitated surrounding the arm products for the
prevention of the lowering of the temperature and control
of solidification and stabilization in the temperature of the
mold since shrink pores may take place at locations having
formation of hotspots.
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Figure 5: Hotspot distribution of arm part and heating line.
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Figure 6: Schematic diagram for casting with EMS: (a) medium vertical die casting press; (b) continuous pouring of molten alloy (Al dosing
furnace).

2.3. Results of Arm Fabrication by Rheo-Casting. Manufac-
turing sleeves is important in the forming process utilizing
electromagnetic stirrers. Nonmagnetic material 19%Cr–
9%Ni STS 304 is currently used as a sleeve. STS 304 was
selected as a sleeve material since the characteristics of STS
304 provides nonmagnetic properties at room temperature
and good machinability. The inner and outer diameters of
the sleeve are 80 and 130 mm, respectively. Figure 6 illustrates
a schematic diagram for casting with EMS.

Figure 7 shows photographs of arm products formed
by EMS in terms of each forming condition. In the case of
pressure of 300 bar (300 bar × 14.5 psi × 0.001 × 5.895 MPa
= 26 MPa) and a speed of 0.2 m/s, insufficient forming of
products due to solidification of melt during filling into the
cavity took place and surface quality was not acceptable due
to a lack of transfer of filling pressure to the cavity. With
injection speed at a range of 0.2–0.3 m/s, sufficient products
were obtained and good surface quality was achieved. In
the case of an increase of injection speed up to 0.3–0.5 m/s,
the melt spread into the parting line of the mold due to

high-speed filling and surface quality of products was not
achieved. Surface quality of products was found to be better
with an increase of injection pressure with an increase
of forming pressure to 450 bar to investigate the effect of
forming pressure.

Figure 8(b) shows microstructures at each position
according to each point as depicted in Figure 8(a). The
samples of arm products were formed with EMS at 60 A
for 10 s and were sized with 5 mm long and 5 mm wide. As
a result of microstructural observation, it was found that
the primary α-Al phase particles were uniformly distributed
through entire products and the distributed primary α-Al
phase particles reached fine and globularly.

3. Fabrication of Tower Sprocket Component by
EMS Rheo-Casting

3.1. Procedure of Rheo-Forming. In this experiment, A356
aluminum alloy was used for making slurry with the same
EMS system (Section 2.1).
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Figure 7: Photographs of arm part according to velocity and
pressure (at 75% solid fraction): (1) 0.2 m/s and 300 bar; (2) 0.3 m/s
and 300 bar; (3) 0.3 m/s and 450 bar; (4) 0.5 m/s and 450 bar.

Table 1: The conditions of rheo-casting process.

No.
Casting pressure

(MPa)
Low velocity (VL)

(m/s)
High velocity

(VH) (m/s)

1 35 0.1 0.3

2 35 0.1 0.5

3 35 0.1 0.7

4 35 0.1 1.0

5 20 0.1 1.0

6 35 0.1 1.0

7 50 0.1 1.0

8 60 0.1 1.0

Figure 9 shows a location of rheological material and the
tip in the sleeve at both low velocity and high velocity. After
putting solid fraction-controlled (20% and 50%) rheological
material into the cavity and combining shot sleeve and lower
mold with concentration, the tip velocity maintains to be
low so as to reduce entrapment of air bubbles while the
rheological material arrives to gate entrance. The movement
of tip is kept to be high velocity so that the segregation of the
solid and liquid phase is prevented by quickly forwarding the
tip as soon as the material passes the gate entrance. In this
study, therefore, the experiment was evaluated with regard
to low velocity of VL = 0.1 m/sec and high velocity of the
tip movement ranging from VH = 0.3 m/sec to 1.0 m/sec, as
shown in Table 1.

3.2. Results of Tower Sprocket Fabrication by Rheo-Casting.
Figures 10(a) to 10(d) show the filling behaviors when the
velocities of injection are low velocity of VL = 0.1 m/sec at
solid fraction fs = 0.5 and high velocity of VH = 0.3 m/sec
to VH = 1.0 m/sec. No filling parts were observed at the high
injection velocity of 0.3, 0.5, and 0.7 m/sec. The filling was
only completed at VL = 0.1 m/sec and VH = 1.0 m/sec, as

(1)

(2)

(3)

(4)

(5)(6)

(7)

(8)

(a) Position to investigate the microstructure

200 μm 200 μm

200 μm 200 μm

200 μm 200 μm

200 μm 200 μm

200 μm 200 μm

(1) (2)

(3) (4)

(5) (6)

(7) (8)

(9) (10)

(b) microstructure at each position

Figure 8: Microstructures at each position according to each point
(C = 60 A, ts = 10 s and solid fraction of 75%).
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Over flow
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(a) Pouring and contact between lower die and shot
sleeve

(b) Movement of the tip by low velocity until meniscus of the melt
arrives at the die entrance

Figure 9: The plunger position for variation of velocity.

shown in Figure 10(d). Thus, the casting parameters for the
case of Figure 10(d) were used to obtain the complete cast
product. As shown in Table 1, after completing to fill the
die cavity, pressure of injection was controlled by maximum
pressure of 60 MPa so that microstructure of the part is
refined.

Figure 11 shows the external appearance of products
formed under the condition, VL = 0.1 m/sec, fs = 0.2, and
VH = 1.0 m/sec, which was optimized to obtain the sound
product through the preliminary experiment carried out in
this study. The thickness of side part of the product is 6mm
and the total weight of the net product is 1.61 kg without gate
part which occupies 40% of the product.

(a) VH = 0.3m/sec (b) VH = 0.5 m/sec

(c) VH = 0.7 m/sec (d) VH = 1.0 m/sec

Figure 10: Photograph of fabricated part according to injection
velocity in high-speed zone (VL = 0.1 m/sec, Solid fraction: 50%)

Figure 11: A photograph of products fabricated by vertical type
squeeze machine (VL = 0.1 m/sec VH = 1.0 m/sec, Solid fraction:
20%).

In this study, the shape of the cast product was selected
to be channel shape structure which has complicate shape
and rapidly changing direction of the melt flow. Through
conventional rheology die casting process, it is considerably
difficult to obtain the cast product which has the uniform
solid fraction over the entire product. Therefore, squeeze
casting process of rheological material developed in this
study is suitable for forming the complex part.

Figure 12 shows photographs showing the fine micro-
structure of the product which were fabricated at VL =
0.1 m/sec, VH = 1.0 m/sec, fs = 0.2. Dendrite phases for the
product fabricated at solid fraction, fS = 0.2, were hardly
shown. Because the branch of the dendrite might be crushed
by EMS, the globularized phases were shown compared to
the product fabricated at fs = 0.0. However, globularized
microstructure of the product obtained from vertical squeeze
casting process was quite different from that of the product
directly obtained from EMS. It may be due to the fact that the
melt flow in the die cavity did not smoothly occur because
the product, that is, die cavity was the complicated thin
plate in channel shape. During the EMS, control of the solid
fraction is associated with reduction in temperature of the
melt arising from convective heat transfer. The effect of EMS,
which plays a role on crushing and refinement of dendrites,
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Figure 12: Microstructures of fabricated part by rheo-casting: VL = 0.1 m/sec, VH = 1.0 m/sec, Solid fraction: 20%).
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Figure 13: Microstructure of rheology material (70% solid frac-
tion).

was considerably weak because EMS was conducted for
short time in order to get the melt with the low solid
fraction.

4. Fabrication of Module Bracket by
EMS Rheo-Casting

4.1. Fabrication of Slurry by EMS. In this experiment, A356
aluminum alloy was used for making slurry with the same
EMS system (Section 2.1). Figure 13 shows a microstructure
of rheological material. Uniformed and globular microstruc-
ture was well distributed.

4.2. Mold Design and Simulation with MAGMAsoft. To
produce a module bracket using EMS, an optimal module
bracket mold was designed by using a computer program to
predict product defects by analyzing filling and solidification
as shown Figures 14 and 15. The melt is filled from center to
edge.

The possibility happening of shrinkage was high at spot
regions. However, shrinkage will be removed due to direct
pressure at center position by punch.

4.3. Inspection of Fabricated Module Bracket. Figure 16 is
a fabricated sample by rheo-casting. Overall, there are no
unfilling region and surface crack. To investigate the internal
defect and particles distribution, observation of microstruc-
ture was conducted by optical microscope as shown in Fig-
ure 17. Overall, macroporosities were not founded. However,
dendrite structures and liquid segregations were founded at
regions 3 and 4. Liquid segregation and dendrite structure
cannot be controlled in liquid phase. The primary α and
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(a) 70% filled (b) 80% filled (c) 90% filled (d) 100% filled

Figure 14: Filling behavior of module bracket by rheology forging.

Figure 15: Solidification behavior of module bracket by rheology
forging.

(1) (2)

(3)
(4)

Figure 16: Fabricated module bracket and position of microstruc-
ture (initial slurry temperature: 600◦C, punch velocity: 50 mm/sec
and solid fraction: 70%).

eutectic phases were separated by the applied pressure at the
mentioned positions. This liquid segregation was caused by
nucleation of solid particles at the early solidification stage,
which later grew to dendrite and rosette type structure by
high liquid fraction. EMS is well affected between liquidus
and solidus. Reduction of pouring slurry temperature could
be done by the dendrite and liquid segregation. However,
generally lower temperature requires more load in metal
forming. In addition, unfilling and surface crack can easily
take place. Therefore, the finding of optimal pouring tem-
perature is very important.

5. Fabrication of Knuckle Component by
EMS Rheo-Casting

5.1. Mold Design and Simulation with MAGMAsoft. To
produce a knuckle using EMS, an optimal knuckle mold was

(a) (b)

(c) (d)

Figure 17: Microstructure of each position.

(a) Dimension of the gate (mm) (b) Design of runner system

Figure 18: Geometry of gate and runner system for knuckle.

designed by using a computer program to predict product
defects by analyzing filling and solidification. Figure 18
depicts the casting scheme of the knuckle describing the gate
and the runner system. The sleeve and the gate were designed
with a diameter of 80 mm and a height of 147.5 mm, respec-
tively. The overflow was designed to eliminate the oxide layer
on the surface of the slurry and gaseous impurities occurring
during production.

The analyses of filling and solidification were performed
using condition 1 (a speed of 0.6 m/s for the gate and of
0.2 m/s for the cavity) and condition 2 (a speed of 0.1 m/s
for the gate and of 0.3 m/s for the cavity). Figure 19 shows
the behavior of filling in the knuckle by injection speed
for each condition. Figure 19(a) shows how the materials
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Figure 20: Comparison of velocity behavior at the runner.

spattered at the ingate when the cavity was filled to 50 and
60% using condition 1. The temperature in the mold was
altered by 20◦C under condition 1 because of the increase
in filling time. In contrast to condition 1, the cavity was filled
flawlessly around the gate and the product using condition
2 as shown in Figure 19(b). The deviation of temperature
in the mold was found to be 7◦C and the fraction of liquid
phase was within 10%. Figure 20 compares the behaviors of
the flows at the gate for each condition. When the gate speed
was 0.2 m/s, the mold was insufficiently filled after 30% of the
filling was poured due to the high speed of the injection when
filling the mold up to 30%. It is evident that the turbulence of
the flow spatters the material because after 40% of the filling

was poured, the product was insufficiently filled. Thus, these
results indicate that porosity occurs due to the presence of gas
impurities in the knuckle. In Figure 20(b) it is clear that the
gate was fully filled and a laminar flow was well developed.

5.2. Results of Knuckle Fabrication by Rheo-Casting. Figure 21
shows a photograph of the knuckle produced without EMS
with solid fraction of 40%. When the injection pressure was
450 bar and the injection speed was 0.2 m/s, the products
were insufficiently formed due to solidification occurring
in the sleeve while filling the cavity. Moreover, the surface
quality was degraded because forming pressure did not
transfer to surface of the product. Since low-speed casting
resulted in an incomplete formation of the part and a
poor surface quality, the injection speed was increased from
0.2 m/s to 0.3 m/s. When the injection pressure was 450 bar
and the injection speed was 0.3 m/s, the resulting knuckle
was sufficiently formed and its surface quality was excellent.
When the injection speed was increased from 0.3 m/s to
0.5 m/s and the injection pressure was kept at 450 bar,
large volume products were incompletely formed and had
degraded surfaces.

To investigate the effect of EMS on the microstructures of
products, the product was cast while varying electromagnetic
current and time. Figure 22 shows photographs of the
microstructure of the knuckle produced using EMS. The
microstructure of the knuckle cast under each condition was
investigated at the tip of the product, which can be difficult
to form. When the stirring current was 60 A and stirring time
was 5 s, the dendritic structure was crushed somewhat but
not completely. When the current was 60 A and the time
was 10 s, the structure was fine. The primary α-Al phase
particle size was 75 μm and the roundness was 1.6. As the
stirring time increased to 15 s with a 60 A stirring current, the
crushed dendritic structure was recombined and coarsened.
The primary α-Al phase particle size was 79 μm and the
roundness was 1.7.

5.3. Mechanical Properties and Defect Analysis. Table 2
summarizes the mechanical properties of the knuckle formed
with and without EMS by these conditions. To investigate
the effect of EMS on the mechanical properties, the forming
experiments were performed using stirring currents of 40 A
and 60 A with stirring times of 5, 10 and 15 s. The mechanical
properties of the products using EMS were considerably
enhanced compared with those of the products formed
without EMS, but the values themselves were low. As air and
oxides flowed into the products when the melts were stirred
or were poured into the mold cavity, those impurities may
have caused deterioration in the mechanical properties. The
microstructures of the knuckles produced using EMS had
very fine primary phase particles compared with those of the
products formed without using EMS. Globular particles may
have influenced the mechanical properties [7].

To investigate the cause of the deterioration of the
mechanical properties of the knuckle produced by EMS, the
interior of the product was X-rayed (Toshiba Tosray-150
HS), as shown in Figure 23. The final filling part, which
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Table 2: The mechanical properties of knuckle part with and without stirring according to each condition.

P (Mpa) V (m/s) C (A) Ts (s) Heat treatment condition Elongation (%) UTS (MPa)

450 0.3 0 0 T5 (8 h at 170◦C) 1.9 145

450 0.5 0 0 T5 (8 h at 170◦C) 2.1 132

450 0.3 60 5 T5 (8 h at 170◦C) 2.2 204

450 0.3 60 10 T5 (8 h at 170◦C) 2.4 212

450 0.3 60 15 T5 (8 h at 170◦C) 1.5 164

450 0.3 60 5 T6 (3 h at 530◦C 8 h at 160◦C) 3.5 264

450 0.3 60 10 T6 (3 h at 530◦C 8 h at 160◦C) 3.6 250

450 0.3 60 15 T6 (3 h at 530◦C 8h at 160◦C) 2.9 230

450 0.3 60 15 T6 (3 h at 530◦C 8 h at 160◦C) 6.7 286

(a) 0.25 m/s 450 bar (b) 0.3 m/s 450 bar

(c) 0.5 m/s 450 bar

Figure 21: Photographs of the knuckle part fabricated by various
casting conditions.

may have had defects, was the focus of the investigation.
As can be seen from the photographs shown in Figure 23,
numerous porosities were found inside the products that
were cast after being stirred with 60 A of current for 15 s. The
air flowing into the products and the turbulent flow of the
melts caused the porosities to develop. Moreover, air in the
mold cavity could not be vented through air vents, thus the
air remains in the mold cavity. Figure 24 shows a photograph
of the microstructure of the knuckle including porosity and
impurities. Observations of the microstructures revealed that
porosities existed inside the products. These porosities may
diminish mechanical properties and cause surface defects as
the pores vent air to the surface of the products during heat
treatments. To eliminate these porosities, the stirring current
should be increased slowly preventing air from flowing into
the products and air in the mold cavity could be completely
vented through the five overflows while the melts filled the
mold cavity.

(a) 200 μm

(a)

200 μm(b)

(b)

200 μm
(c)

(c)

Figure 22: Microstructure of knuckle part at stirring current 60 A
for (a) 5 s; (b) 10 s; (c) 15 s.

Figure 23: The X-ray photograph to observe inside knuckle.
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Figure 24: The microstructure of knuckle including defects such as
porosity and segregation of liquid phase (C : 60 A; Ts : 20 s)
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Figure 25: Schematic diagram of the vacuum casting system ((1)
air cylinder, (2) Injection punch, (3) Sleeve, (4) Case, (5) Moving
bottom punch).

6. Fabrication of Knuckle Component by EMS
Two Type Rheo-Forging with Vacuum Pump

6.1. EMS under Vacuum for Rheological Billet Fabrication.
To remove oxidization products and hydrogen gas from
the molten metal, nitrogen gas was injected into the melt
for 15 min. Oxidization products and impurities were thus
cleared away from molten metal surface [8].
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(1) Punch

(2) Sleeve (5) Heating hole

(3) Upper die (6) Cooling pipe

(4) Lower die

Figure 26: Schematic of indirect-type die set for rheo-forging and
product.
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Figure 27: Positions of sample to observe in microstructure.
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(S f = 40%) in DEFORM-3D.



Advances in Materials Science and Engineering 11

Step −1

(a) 0 mm

Step 137

(b) 80 mm

SSSSSttteepp 2220000000

(c) 110 mm (d) 130 mm

Figure 29: Shape change results according to punch stroke in
DEFORM 3D.
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(b) Pouring S f = 40% (588◦C)

Figure 30: Result of indirect rheo-forging test of rheological
materials.

In aluminum alloys, hydrogen gas readily makes holes
within the alloy during solidification. In addition, hydro-
gen gas has the highest solvency within aluminum alloy
compared to other constituents of air, such as oxygen and
nitrogen. Consequently, gas hole formation and porosity
are increased within the alloy as the temperature decreases,
degrading its mechanical properties.

Figure 25 shows schematic diagram of the EMS and
vacuum pump. The EMS system operated with a three-
phase current at 60 A. After the molten metal was poured,
the injection punch was moved to the surface of the top

(1)

(2)

(3)

(4)

(5)

Figure 31: Microstructures of knuckle at each position (S f = 40%,
588◦C).

sleeve and the EMS was operated under vacuum. This system
prevents oxidation of the molten metal and air indraft.

6.2. Die Design and Simulation with DEFORM 3D. Knuckles
were fabricated by a press machine. To decrease the process
cycle time, the direct forging type is required, and Figure 26
shows the schematic of the indirect-type experimental
procedure in the rheo-forging knuckle sample.

The temperature was controlled for achieving the solid
fraction between 30% and 50%. Solid fraction (pouring
temperature) is variable in rheo-forging. Figure 27 shows
the positions on the test piece that were subjected to tensile
testing. The regions of each position were also studied
by microscope. In order to observe the differences of the
mechanical properties at different locations on the test piece,
microstructure observation was carried out.

Before the experiment was started for the required
forging load was calculated by simulation, considering the
capacity of the press machine, with a maximum 200 Tons. As
shown in Figure 28, the required load was about 200 Tons
at 588◦C (40% solid fraction). Figure 29 shows the shape
change with respect to the punch stroke. At the near end of
punch displacement of about 110 mm, most of cavities were
filled, except for marked region as shown Figure 29(c). When
the punch displacement reached about 130 mm, all cavities
were fully filled.

6.3. Results of Knuckle Fabrication by Rheo-Forging. Figure 30
shows the real samples fabricated with respect to various
pouring temperatures. All samples were completely filled
above the pouring temperature of 588◦C. Real samples
showed similar filling behavior as the simulation results in
indirect forging.

In semisolid forming, liquid segregation easily occurred
at high velocity due to the thixotropic characteristic. High
shear rate resulted in decreased viscosity for a given solid
fraction. Material having low solid fraction flowed easily
compared with already hardened material. As a result,
segregation occurred in a wide region. On the contrary,
almost primary α phase is shown Figure 31 at position 5.
Position 5 region was directly contacted with the punch.
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Material flow was slower than that of the other regions. The
contacted region was rapidly cooled. As previously stated, a
material hardened by the decreasing temperature flows less
easily than materials in liquid state. The remaining liquid
material is squeezed. It moves down to the other cavities. For
this reason, liquid phase is rare at position 5.

7. Summary

The applied EMS fabrications of automobile components
were studied by simulation and experiment. The following
conclusions were obtained.

(1) It was found from the microstructural observation
that the fine and spheroidized primary α-Al phase
particles were obtained, as a result of products by
EMS.

(2) The analysis of filling products using MAGMAsoft
(casting analysis software) or DEFORM 3D (forging
analysis software) was conducted, and based on the
analysis results, the optimized mold design scheme
was constructed, predicting the defects that may take
place during forming.

(3) Porosity is removed by the forging pressure. However,
the molten aluminum alloy easily takes up hydrogen
gas during solidification under exposure to the
atmospheric environment. Defects such as porosity
and oxide in the material could be removed by
application of a vacuum during EMS.

(4) In the rheo-forging process, segregations was re-
markably occurred at branches of the knuckle. It
must be controlled to obtain uniform mechanical
properties according to the changing process condi-
tion.

(5) In rheo-forming process, the EMS could be easily
applied during fabrication, and it is very effective
method to increase the mechanical properties.
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Industrial semi-solid casting trials of aluminum A356 brake calipers were performed over five days with the CSIR-RCS and high-
pressure die casting process cell. Consecutive visual passed castings were used as the measure of process stability, and common
defects between trials were categorized. Short fill results are erratic and caused by unintended underdosing by the furnace or
incomplete billet discharge at the delivery point in the shot sleeve. Cold shuts can be significantly reduced by adjusting the shot
control profile. Surface finish defects include surface roughness and staining caused by lubricant burn off. Visual passed castings
display none of the above-mentioned external defects. X-ray examination and pressure testing of heat-treated castings from the
consecutive visual passed castings show improvement over the five days. These initial-stage industrialization efforts pave the way
for process commercialization.

1. Introduction

Since the concept of semi-solid metal forming was discovered
in the early 1970s, the full potential of the process has not
yet been realized. The initial hype about the benefits of
forming near net shape high-integrity components resulted
in a wide array of technological approaches being proposed
[1]. Up to the early 2000s, the preferred approach was using
the thixocasting method which requires reheating a billet
with the desired globular microstructure to the semi-solid
state and forming. The high cost of infrastructure and the
actual processing of the material have limited the use of
the process although this method has a great opportunity
to produce high-quality components [2], especially in cost-
sensitive markets like the automotive industry.

In order to make semi-solid metal (SSM) forming
a viable option, the “slurry on demand” or rheocasting
processes offer a more cost-effective method of preparing
slurries for SSM forming. It was proposed [2] that the ideal
process for SSM forming is a cell with an integrated slurry
maker; the slurry maker needs to be efficient and capable of
producing the desired microstructure and billet consistency

with accurate process control. During the early 2000s, a
myriad of rheocasting systems were developed, UBE (NRC—
New Rheocasting), Honda (rheocasting), IDRA (SSR), THT
presses, SOD (Slurry on demand), Mercury Marine, and
New Rheo-Diecasting (Brunel University) to name a few [3].
Although rheocasting processes do provide a cost advantage
over the thixocasting process, they have not been widely
adopted by industry because the process is more expensive
than conventional casting processes. Also, the consistency,
efficiency, and repeatability of the processes need to be
demonstrated with a high degree of confidence.

The Council for Scientific and Industrial Research in
South Africa has developed and patented a rheocasting
system (CSIR-RCS) [4, 5] in the early 2000s. Since then,
testing was performed on a small-scale cell with different
alloys including Al-7Si-Mg [6] and Al-Cu-Mg-(Ag) [7]
casting alloys; heat treatable Al-Cu-Mg, Al-Mg-Si, and Al-
Zn-Mg-Cu wrought alloys [8], SiCp aluminum metal matrix
composites [9] as well as high purity aluminum [10].

An industrial scale semi-solid metal high-pressure die
casting cell with the CSIR-RCS unit at the heart was
established in 2008/09. Although there was interest from
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potential industry partners, the key question continuously
asked was: how stable and repeatable is the process? This
paper will present the first phase of the work performed
to demonstrate the industrial feasibility of the CSIR-
RCS through casting and industrial quality testing of
aluminum A356 brake calipers in order to answer these
questions.

2. Experimental

Aluminum A356 brake calipers were produced on five differ-
ent days, each a single continuous run, with the CSIR-RCS
and a high-pressure die casting (HPDC) machine. Figure 1
shows the brake caliper casting in drawing (including the
runner and the biscuit) and the actual premachined compo-
nent. The overall dimensions for the casting in Figure 1(a) is
327 mm high× 163 mm wide× 95 mm thick; the biscuit and
gate diameters are 78 mm and 35 mm, respectively.

Figure 2 gives the layout of the CSIR-RCS-HPDC
cell. The main components that make up the cell are: a
240 kg dosing furnace (WESTOFEN WESTOMAT W25S),
an automated robotic arm (FANUC ROBOT M-16iA),
a three-coil version of the CSIR-RCS (induction stirring
with simultaneous forced air cooling [4]) processing unit,
and a 630 ton HPDC machine with full shot control
(LK DCC630). The mechanical hardware operation of the
cell runs automatically through computer control software
(NATIONAL INSTRUMENTS LABVIEW 8.6).

The 240 kg dosing furnace was filled by melting commer-
cial aluminum alloy A356 ingots in charges of approximately
40 kg each with a custom-made induction heating ladle
furnace. The metal temperature in the dosing furnace was
left to equilibrate after the last charge (with additional Sr)
was added. A sample was poured into a cup and chilled for
chemical analysis by optical emission spectroscopy (Thermo
Quantris OES). The composition of the aluminum alloy
A356 melt was found to be 7.14 wt% Si, 0.36 wt% Mg,
0.14 wt% Fe, 0.13 wt% Ti, and 105 ppm Sr with the balance
of Al.

Thermodynamic properties of the alloy were then cal-
culated with an aluminum thermodynamic database (Pro-
Cast 2009.1) from the specific OES composition. Table 1
summarizes the calculated thermodynamic properties and
deduced rheocasting parameters. A pouring temperature of
approximately 40◦C above the liquidus (the pouring temper-
ature sensitivity has not yet been established) and a semi-
solid metal (SSM) processing temperature corresponding to
a solid fraction of 26% are used from experience with this
specific SSM processing cell system.

The sequence for casting was as follows: liquid metal
was poured from the dosing furnace into a stainless steel
processing cup (approximately 2 kg) which was then robot-
ically transferred to the CSIR-RCS unit and entered the coil
train at the bottom. All three coils in the processing unit was
inductive while forced air cooling was only used (manually
activated) on the top coil to control the SSM temperature
which was measured with a thermocouple in the semi-solid
metal contained in the cup.

(a)

40 mm

(b)

Figure 1: Example of the rheocast aluminum brake caliper
including the runner and the biscuit in part drawing (a) and the
actual premachined component (b).

When this cup at the top of the train thus been processed
after reaching the SSM temperature, it was robotically
transferred to the shot sleeve of the HPDC machine, and
the injection shot was triggered automatically to fill the
die. The die temperature was controlled by two oil heaters
(REGLOPLAS 300 L), one for each half of die, and was set at
170◦C.

The piston followed a set computer-controlled injection
velocity profile which was adjusted at the beginning of each
day to achieve the best filling result (within the first 4
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(d) 

(b) 

(a) 

(c)

(e) 

Figure 2: The CSIR-RCS-HPDC cell arrangement: automatic
dosing furnace with controller (a), automated robotic arm (b),
the CSIR-RCS processing unit (c), shot end of the 630 ton HPDC
machine (d), and a brake caliper casting for scale (e).

castings) and was kept constant during the remainder of
that day’s particular run. These minor adjustments to the
injection profile were to maintain repeatability. The casting
was ejected after solidification and manually removed.

Each casting of a trial was visually examined for cold
shuts, short fills, and surface finish. A visual pass was made
on grounds of fulfilling the following three criteria: there
were no externally visible cold shuts; the component filled
properly which included the overflow and a proper biscuit
thickness; lastly if the surface finish was macroscopically
smooth.

Four visual pass castings were randomly selected from
each day’s trial. These twenty castings were solution heat
treated at 540◦C for 1 hour and quenched in water to
accentuate porosity before independent X-ray examination.
An X-ray examination pass was awarded after a standard
combination of nine different positions was inspected in
the casting and was found fit to continue to the machining
section.

Two other castings were randomly selected from the
visual passed castings and heat treated to peak strength
(solution heat treated at 540◦C for 1 hour and artificial
ageing at 180◦C for 4 hours [6]) for pressure leak rate tests
after full machining. These final machined brake calipers
were assembled into a pressure test system where leak rates
are measured at both 2 bar and 140 bar.

3. Results and Discussion

Aluminum A356 brake caliper casting trials were successfully
completed with a trial per day. A breakdown of casting trial
results is given in Table 2. Castings produced per day ranged

Table 1: Calculated thermodynamic and deduced rheocasting
parameters of A356 for the three-coil CSIR-RCS-HPDC cell.

Parameter Property Temperature/◦C

Thermodynamic
Liquidus 610

Solidus 548

Rheocasting
Pouring 645

SSM 590

Table 2: Results of the aluminum A356 brake caliper casting runs
on different days with the CSIR-RCS and HPDC.

Trial/day A B C D E

/castings

Castings produced 23 18 31 25 31

Consecutive visual pass 5 8 12 13 13

Occurrence/%

Short fills 0 27 3 24 16

Cold shuts 26 6 3 0 16

Surface finish defects 0 0 10 4 6

Total visual pass 74 67 84 72 62

between 18 and 31 castings. The aim was to produce between
25 and 30 castings per day so that comparisons are more
meaningful.

The number of consecutive castings that passed the
visual test, in any particular trial, was taken as the measure
of improvement and an indication of process repeatability.
Table 2 shows that there was indeed an improvement over the
five days where the last trial produced nearly three times as
many consecutive castings that passed the visual examination
compared to the first trial. The total visual pass rate as a
measure of repeatability is subjective because it is not related
to chronological castings in the process.

Common defect classes were identified for reject castings
and are shown in Table 2. Short fill defects are related to
irregular billet mass delivery to the shot sleeve and cold shut
defects are related to the injection piston velocity profile.
Surface finish defects with this specific die are related to
lubricant, applied intermittently to the sliding core, spilling
into the die cavity. The total number of castings that passed
the visual evaluation completes the balance.

There is no real trend evident from the short fill rate
results, Table 2, between the different days; the cause is
intermittent. Short fills such as those in Figure 3 are normally
associated with too little material entering the die. In the
current casting cell system, this can happen, although not
distinguished between in the Table 2, either by an unintended
gross underdosing mass from the dosing furnace or by billet
material remaining in the cup after billet delivery to the shot
sleeve.

Figure 4 shows typical cold shuts which are associated
with inadequate joining of the separate metal flow fronts
during filling. The rate of cold shuts in Table 2 started off
at 26% in Trial A and decreased to 0% by Trial D, this was
achieved by manually adjusting the injection piston velocity
profile mainly for the minor change in day-to-day mass
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Figure 3: An example of a short fill defect brake caliper casting
produced during trials with the CSIR-RCS-HPDC cell indicating a
thin biscuit in conjunction with an incomplete casting.

Figure 4: An example of a cold shut defect brake caliper casting
produced during trials with the CSIR-RCS-HPDC cell.

of the billet delivered into the shot sleeve. The cold shut
rate increased on the last day because a position value in
the velocity profile was initially adjusted towards the wrong
direction which exacerbated this defect rate.

Surface finish defects manifest by increased surface
roughness due to volatilization of the oily compounds and
staining by resulting soot as shown in Figure 5. Surface finish
defect rates in Table 2 seem to have suddenly increased from
0% during Trial A and Trial B to in the order of 10% during
subsequent trials. This kind of defects goes unnoticed when
gross defects like short fills and cold shuts persist.

Visual passed castings in Table 2 all underwent a critical
external examination. All these castings properly filled the
die cavity into the overflows, and no external cold shuts were
perceptible. All castings surfaces were examined and passed
if found to be smooth with a bright luster. Figure 6 shows a
casting that passed all the visual examinations.

Industrial quality pass rate results of X-ray and pressure
tests are given in Table 3 for consecutive visual passed cast-
ings produced as the measure of quality that underscribes the
stability and repeatability of the CSIR-RCS-HPDC process
cell. Other castings were also X-rayed and pressure tested but

Figure 5: An example of the rough surface finish of a lubricant
defect brake caliper casting produced during trials with the CSIR-
RCS-HPDC cell.

Figure 6: An example of a visually inspected and passed brake
caliper casting produced during trials with the CSIR-RCS-HPDC
cell without any external defects.

bears no meaningful relation to the stability of the process
following the argument on the number of consecutive visual
passed castings. The total number of castings tested differs
between days because the samples for X-ray and pressure
tests were initially random chosen from the total visual
passed castings and afterwards again combined with the
consecutive visually passed casting results.

X-ray tests were done at a local manufacturer that
currently makes this brake caliper by another casting process
which is set up to do extensive automated positioning
evaluations in-house. The question of pass or fail was posed
to the manufacturer by deciding if the casting would pass for
subsequent machining as if it was one of their own castings,
without explanations. This approach was followed to ensure



Advances in Materials Science and Engineering 5

Table 3: X-ray and pressure test quality control sample of consecu-
tive visually passed castings achieved on the different days with the
CSIR-RCS and HPDC. X-rayed brake calipers were solution heat-
treated at 540◦C for 1 hour and quenched. Pressure tested brake
calipers were peak aged by solution heat treatment at 540◦C for 1
hour, quenched and artificially aged at 180◦C for 4 hours.

Trial/day
A B C D E

/castings

X-rayed test 2 2 2 3 3

Pressure test 1

Total tested 2 2 2 3 4

Pass X-ray test 1 1 2 2 3

Pass pressure test 1

Total passed 1 1 2 2 4

Sample pass rate/% 50 50 100 67 100

Table 4: Stability and quality summery table for brake caliper
casting trials over five days with the CSIR-RCS-HPDC process cell.

Trial/day A B C D E

Consecutive visually
5 8 12 13 13

passed/castings

Quality pass rate/% 50 50 100 67 100

a higher degree of impartiality. Again it is clear from the
sample pass rate in Table 3 that improvement was made over
time.

Table 4 gives the summery of the success achieved with
the CSIR-RCS-HPDC process cell in these early stages of
industrial trials with this rheocasting process en-route to
commercialization efforts. Extensive heat treatment opti-
mization and tensile property testing have been addressed for
these aluminum A356 brake calipers which show the tensile
properties to be 261 MPa yield strength, 317 MPa ultimate
tensile strength, and 6.7% elongation [11].

4. Conclusions

Industrial semi-solid casting trials of aluminum A356 brake
calipers were successfully completed on five different days
with a CSIR-RCS-HPDC process cell where consecutive
visually passed castings was used as a measure of process sta-
bility because of a chronological time relationship. Common
defects between trials were categorized. Short fills, which are
erratic and caused by underdosing of metal into the cup or
incomplete discharge at the delivery point in the shot sleeve
resulting in incomplete filling of the die cavity. Cold shuts
are metal flow-related problems, and their occurrence can
significantly be reduced by adjusting the injection piston
velocity profile during the start of a trial. Surface finish
defects are related to the mechanics of this specific die and
can be solved with a better die design. None of the defects are
rheoprocessing related but are ancillary equipment related.

Visually passed castings display none of these classified
external defects while X-ray examination and pressure testing
of heat-treated castings from consecutive visual passed

castings show improvement over the five day trial ending in
a 100% quality sample pass rate.

These early successful efforts of industrial trials pave the
way for commercialization of the CSIR-RCS.
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Alloy A356 is one of the most popular alloys used for semisolid metal forming. The heat treatment cycles that are currently applied
to semisolid processed components are mostly those that are in use for dendritic casting alloys. The assumption has been made that
these heat treatments are not necessarily the optimum treatments, as the difference in solidification history and microstructure of
SSM processed components should be considered. The objective of this study is to determine whether dendritic A356 behaves in
a similar way to globular A356 in terms of its response to artificial aging with or without prior natural aging. The results indicate
that the differences in microstructures (globular or dendritic) do not have a noteworthy effect on the heat treatment response. It
is also shown that strong linear correlations are found between T4 and T6 hardness and wt% Mg of A356, regardless of the casting
technique used.

1. Introduction

Semisolid metal (SSM) processing is a unique manufacturing
technique to fabricate near-net shape products for a variety
of industrial applications [1]. The objective is to achieve a
semisolid structure which is free of dendrites and with the
solid present in a near spherical form. This semisolid mixture
flows homogeneously, behaving as a thixotropic fluid with
viscosity depending on the shear rate and fraction of solid
[2]. There are two different SSM processing methods, namely
thixocasting and rheocasting. With thixocasting, a specially
prepared billet of solid material with a globular microstruc-
ture is reheated into the semisolid range, followed by a
forming process such as high pressure die casting (HPDC).
Rheocasting on the other hand involves preparation of an
SSM slurry directly from the liquid, followed by HPDC.
Rheocasting has become the preferred semisolid process
due to the higher costs of thixocasting [3]. The laminar
flow during SSM processing during the die-fill avoids the
problems of oxide and gas entrapment and also reduces

the shrinkage problems during solidification [4]. Blistering
during heat treatment can therefore be prevented.

Large quantities of castings are made annually from
aluminium alloy A356 (also known as Al-7Si-0.3 Mg). This
alloy is one of the most popular alloys used for semisolid
metal forming due to its good “castability” [5]. The chemical
composition limits of this alloy are shown in Table 1 [6]. The
heat treatment cycles that are currently applied to semisolid
processed components are mostly those that are in use for
dendritic casting alloys [7, 8]. The assumption is that these
heat treatments are not necessarily the optimum treatments,
as the difference in solidification history and microstructure
of SSM processed components should be considered [7–11].
However, a recent paper by the authors has shown that the
heat treatment response and tensile mechanical properties of
A356 automotive brake calipers are in fact not influenced by
having a globular or dendritic microstructure [12]. The same
conclusion was also reached by Birol [13, 14].

In addition, the authors have shown before that natural
aging (room temperature aging after the solution treatment
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and quench) prior to artificial aging has an adverse influence
on the subsequent artificial aging response of SSM-HPDC
A356 [9, 10]. An artificial aging treatment at 180◦C for 4 h
can, however, negate the effects of any prior natural aging
[10]. A recent review paper [15] on the heat treatment of Al-
Si-Cu-Mg alloys (which included alloy A356) has concluded
that the influence of natural aging on subsequent artificial
aging needs to be studied further in these alloys. Finally, it
has also been shown previously by the authors [9, 11] that
strong correlations exist between strength and Mg-content
of SSM-HPDC A356 (with other element contents kept
constant). The objective of this study is to determine whether
dendritic A356 behaves in a similar way to globular A356 in
terms of its response to artificial aging with or without prior
natural aging. Also, the influence of microstructure on the
maximum hardness in the T4 and T6 temper conditions is
compared that can be achieved with A356 cast using different
techniques (with similar Mg contents).

2. Experimental

Semisolid metal (SSM) slurries of alloy A356 (chemical
composition, as well as the chemical composition limits
for the alloy are given in Table 1) were prepared using
the Council for Scientific and Industrial Research (CSIR)
rheocasting process [16]. Automotive brake calipers were
cast in steel moulds with an LK DCC630 HPDC machine,
resulting in a globular microstructure. For comparison,
automotive brake calipers of similar composition and exact
design (shape, size, mass) were cast by a local manufacturer
using gravity die casting (GDC), resulting in a dendritic
microstructure (see [12, 17] for more details of the casting
parameters, size, heat treatments, and tensile mechanical
properties of these brake calipers).

In addition, rectangular plates (95 × 30 × 4 mm3) with
composition given in Table 1 were cast using investment
casting (IC) to obtain a coarser dendritic microstructure
than achieved in the brake caliper cast using GDC. Wax
pattern assemblies consisted of 6 of the plates assembled with
3 plates per opposite side, spaced 40 mm apart. A vertical
25 mm× 20 mm rectangular runner bar was used (250 mm
long) as shown in Figure 1. The plates were assembled at an
angle of 75 degrees inclined to the runner bar. The runner
bar extended below the lowest plates tip to form a dross trap.
A pouring cup was attached to the top of the runner bar.
The wax used was Remet 289B green wax. The preferred
bottom pouring method for aluminium was not used to
simplify the assembly and to ensure symmetry in the mould.
Wax assemblies were prepared by washing with Pattern Wash
6 from Remet and rinsed with de-ionised water. The wax
assemblies were left for 24 hrs to dry and to stabilise at
the dipping room temperature of 21◦C. The primary slurry
consisted of Ransom & Randolph Primecote, colloidal silica
30% binder and Zircon flour (Zircon silicate) −325 mesh as
refractory filler. The secondary slurry consisted of Ransom
and Randolph Customcote colloidal silica 25% binder with
fused silica (−325 mesh) as the refractory filler. The face
coat stucco used was Zircon sand P109 (mean 109 μm) and

Figure 1: Wax pattern assembly used for IC of alloy A356.

the back-up coat stucco was Chamotte (Alumino silicate).
The shell making facility was temperature controlled to
21◦C± 1◦C and the humidity was monitored—the relative
humidity was measured as ±60%. The dipping procedure is
given in Table 2.

Dewaxing (wax removal) was performed using a stan-
dard LBBC steam boilerclave with 200◦C steam at 8 bar
pressure for 15 min. The moulds was prefired in a gas fired
furnace with a 5% oxidising atmosphere to a temperature
of 800◦C, kept for 2 hrs, and furnace cooled. The mould
was inspected and vacuumed to ensure that the mould was
clean and preheated to the required casting temperature
and soaked for 1 hr in an electric kiln furnace. The metal
and mould temperature during casting was 720◦C to ensure
a relatively coarse microstructure. Aluminium alloy A356,
from the same master melt as was used for the SSM-HPDC
plates, was melted in a SiC crucible in an electric furnace.
Melting was timed to reach 720◦C as the mould reached
the 1 hr soaking time. This was to reduce metal time at
temperature to reduce hydrogen pick-up as no de-gassing
was done due to the small volume of the melt. The mould
and metal were removed from the furnace at the same time.
The mould was suspended in still air on a mould stand and
the metal surface was skimmed to remove dross and slowly
poured into the mould. The mould was left to cool to room
temperature and mould removal was done by hand.

Solution heat treatment of all castings was performed at
540◦C for 1 hour, followed by a water quench (20◦C) (see
[7, 9–12] that shows that 1 hour at 540◦C is sufficient for
alloy A356). The time necessary to place magnesium in solid
solution by dissolution of the Mg2Si in the alloy is rapid at
540◦C. It has been suggested that it takes less than 5 minutes
in alloy A356 [18]. Homogenisation occurs in approximately
8–15 minutes at 540◦C. The samples were then naturally
aged (NA) for either zero hours (artificial aging only) or
120 h (stable T4 temper), before being artificially aged at
180◦C to determine artificial aging curves. Vickers hardness
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Table 1: Chemical composition limits for alloy A356 [6], as well as the compositions of the alloys used in this study.

Si Mg Fe Cu Mn Zn Ti Other (Each) Other (Total)

Min 6.5 0.25 — — — — — — —

Max 7.5 0.45 0.2 0.2 0.1 0.1 0.2 0.05 0.15

SSM-HPDC 7.0 0.35 0.14 0.01 0.01 0.01 0.14 Sr = 0.020

GDC 6.6 0.36 0.27 0.03 0.01 0.02 0.06 Sr = 0.024

IC 6.7 0.25 0.10 0.01 0.01 0.01 0.06 Sr = 0.026

Table 2: The dipping procedure for investment casting of alloy A356.

Coate no. Slurry Stucco Drying time Drying method

Primary 1 Zircon Primary Zircon Sand 8 hours Air dry

Primary 2 Zircon Primary Zircon Sand 8 hours Air dry

Secondary 1 Customcote Chamotte 0.25–0.7 mm 45 Min Fan

Secondary 2 Customcote Chamotte 0.25–0.7 mm 45 Min Fan

Back-up 1 Customcote Chamotte 0.7–1.2 mm 45 Min Fan

Back-up 2 Customcote Chamotte 0.7–1.2 mm 45 Min Fan

Back-up 3 Customcote Chamotte 0.7–1.2 mm 45 Min Fan

Back-up 4 Customcote Chamotte 0.7–1.2 mm 45 Min Fan

Seal coate Customcote — 24 Hours Air

numbers (VHN) were determined (using a 10 kg load)
from the average of at least four readings per sample. The
average hardness values were found to be reproducible within
±3 VHN for all heat treatment conditions tested.

3. Results and Discussion

The globular microstructure produced with SSM-HPDC is
shown in Figure 2(a). In contrast, the dendritic microstruc-
tures obtained with GDC and IC are shown in Figures
2(b) and 2(c). Modification of the eutectic from a plate-
like to a fine fibrous silicon structure has been achieved by
the addition of strontium (Table 1) [19]. It is evident from
Figure 2 that GDC produced a finer microstructure than
SSM-HPDC and IC. Image analysis revealed a secondary
dendrite arm spacing (SDAS) of approximately 20 μm in the
GDC calipers, whereas the SDAS of the IC plates was 32 μm.
The average globule size in CSIR SSM-HPDC calipers was
approximately 60 μm.

Solution treatment at 540◦C for 1 h results in the
spheroidisation of the eutectic silicon particles in all the A356
castings (Figure 3).

Figure 4 shows artificial aging curves that were deter-
mined for alloy A356 after solution treatment at 540◦C for
1 hour, water quenching, and no natural aging. The artificial
aging response is very rapid when no natural aging is applied
whether the microstructure is globular or dendritic [9, 10].
Note that the hardness values are significantly lower for the
IC plates than for the brake calipers. This is due to the
low Mg-content of the IC plates (Table 1), resulting in a
lower volume fraction of strengthening precipitates during
artificial aging [9, 11, 20]. Artificial aging curves were also
determined for alloy A356 after solution treatment at 540◦C
for 1 hour, water quenching and 120 hours natural aging
(Figure 5) followed by artificial aging. The artificial aging

response is slow when prior natural aging has occurred,
regardless of the microstructure of the A356. This slow
artificial aging response can be explained by two different
mechanisms. Firstly, it has been shown that the precipitates
which grow during artificial aging from the clusters (formed
during natural aging) are coarser than those that develop in
certain 6000 series alloys aged immediately after quenching
[21]. This results in a reduction of up to 10% in tensile
properties for certain alloys. Secondly, it has been shown
that natural aging following the solution treatment reduced
the age hardenability of Al-Mg-Si wrought alloy AA6016
[22]. This was ascribed to solute clustering during natural
aging, and the dissolution of these clusters during subsequent
artificial aging. The extent of the loss was recovered by
precipitation of β′′ particles upon further aging [22]. Taking
into account Figures 4 and 5, it is seen that for alloy
A356, the hardness values of naturally aged samples are also
recovered with further artificial aging. The mechanism of the
formation of coarser precipitates that leads to a decrease in
tensile properties [21] does not allow for a full recovery in
hardness. It is therefore concluded that reversion of the solute
clusters is also responsible for the initial slow artificial aging
response in naturally aged alloy A356 [9–11].

When no natural aging occurs, a plateau (between ∼1–
5 h) is maintained once the maximum hardness is reached
during artificial aging (Figure 4), whereas a hardness peak
is observed after approximately 4 hours when prior natural
aging occurs (Figure 5) (also see [10]). The significant
conclusion is that the influence of any natural aging prior to
artificial aging can be removed by a 4-hours 180◦C artificial
aging treatment in both dendritic and globular A356.

Figure 6 compares the hardness values of A356-T6
(540◦C-1 h, 0 or 120 h NA, 180◦C-4 h) as a function of
the Mg-content of the castings (between the upper and
lower limits of the specification—Table 1). Figure 6 includes
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Figure 2: Optical micrographs of A356 in the as-cast condition produced by (a) SSM-HPDC, (b) GDC, and (c) IC.
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Figure 3: Optical micrographs of A356 in the T6 condition produced by (a) SSM-HPDC, (b) GDC, and (c) IC.
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Figure 4: Artificial aging curves at 180◦C for alloy A356 cast using
different casting techniques (after 0 h prior natural aging time).

hardness values of SSM-HPDC plates [9–11] and brake
calipers (Figures 4 and 5), GDC brake calipers (Figures
4 and 5), and IC plates (Figures 4 and 5). Globular and
dendritic microstructures are, therefore, included as well
as variations in natural aging time periods. It is seen
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Figure 5: Artificial aging curves at 180◦C for alloy A356 cast using
different casting techniques (after 120 h prior natural aging time).

that a strong linear correlation between T6 hardness and
wt% Mg exists (especially for the low Mg-concentration
range), regardless of the casting technique used (globular
or dendritic microstructure) or natural aging time period
employed before artificial aging (0 or 120 h NA). This is
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Figure 6: T6 (540◦C-1 h, 0 or 120 h NA, 180◦C-4 h) hardness values
as a function of the Mg-content of A356 produced using different
casting techniques.
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Figure 7: T4 (540◦C-1 h, 120 h NA) hardness values as a function
of the Mg-content of A356 produced using different casting
techniques.

a noteworthy finding, given the appreciable differences in
microstructures obtained using the different casting tech-
niques (Figures 2 and 3). This suggests that the Mg-content
primarily controls the hardening response by controlling the
volume fraction of strengthening β′′-Mg5Si6 in this alloy.
Note that A356 contains an excess of Si that is required to
form stoichiometric Mg2Si or the strengthening Mg5Si6 [23].
It also reinforces the earlier observation that the effects of any
natural aging preceding artificial aging can be removed by a
4-hour artificial aging treatment at 180◦C in both dendritic
and globular A356. The lower increase in hardness for the
high Mg-concentration range in Figure 6 has been studied in

detail by the authors before [20]. It was shown that the Mg-
containing π-phase (Al8FeMg3Si6) cannot be fully removed
by solution treatment at 540◦C in alloys which contain more
than ∼0.4% Mg. The π-phase removes the strengthening
solute Mg from solid solution and this has a detrimental
effect on the aging behaviour.

Figure 7 compares the hardness values of A356-T4
(540◦C-1 h, 120 h NA) as a function of the Mg-content of
the castings. Figures 6 and 7 include hardness values of SSM-
HPDC plates [9–11] and brake calipers (Figure 5), GDC
brake calipers (Figure 5), and IC plates (Figure 5). The T4
hardness values in Figure 5 are the data points at t = 0 h (i.e.,
before the start of artificial aging). A strong linear correlation
between T4 hardness and wt% Mg is also found, regardless of
the casting technique used. The lower increase in hardness at
higher Mg-levels in Figure 7 is once again due to the π-phase
[20].

4. Conclusions

(1) The natural aging (T4) and artificial aging (T6)
responses of alloy A356 are not influenced by having
a globular or dendritic microstructure.

(2) The influence of any natural aging prior to artificial
aging can be removed by an artificial aging treatment
of 4 hours at 180◦C in both dendritic and globular
A356.

(3) A strong linear correlation is found between T6 hard-
ness and wt% Mg of A356, regardless of the casting
technique used (globular or dendritic microstruc-
ture) or natural aging time period employed before
artificial aging (0 or 120 h NA).

(4) A strong linear correlation is also found between T4
hardness and wt% Mg of A356, regardless of the
casting technique used.
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