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Preface

Dear Distinguished Authors and Guests,

The Organizing Committee warmly welcomes you to the 2014 2nd International
Conference on Mechanical Structures and Smart Materials (2nd ICMSSM 2014), held
in Kuala Lumpur, Malaysia, August 16-17, 2014.

The topics of ICMSSM 2014 cover different areas of Mechanical Structures and
Mechanical Engineering, Material Science and Engineering, Materials Manufacturing
and Processing .The peer-reviewed, selected papers and additional lectures with
breakthrough contributions enlighten the technical program. Apparently, the
conference program is extremely rich, professional, and featured with high-impact.
The aims of the conference therefore provide an excellent platform for participants
to exchange and share new ideas and practical experiences, to establish business or
research relations and to search global partners for future collaboration.

We earnestly hope that the conference proceeding can contribute and provide you
for significant and improved knowledge in the contemporary scientific and material
fields.

On behalf of the organizing committee, I would like to thank Anne, Tanja, Dorthe and
all the editors from Trans Tech Publications for their great support to ICMSSM 2014.
Without their excellent editorial work, the proceedings of ICMSSM 2014 cannot be
published so timely and successfully.

Finally we wish all the authors and attendees a unique, rewarding and enjoyable
memory at the 2rd ICMSSM2014 in Kuala Lumpur, Malaysia. We look forward to your
participation in the 3 [CMSSM in 2015.

With our warmest regards,
Jenny Ji

Conference Organizing Chair
August 26, 2014

BOSI EDU
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Abstract. The evaluation of material cutting performance is a complicated and comprehensive
process. Only by using the fuzzy comprehensive evaluation way can we get a satisfactory result.
This essay, on the basis of fuzzy theory, illustrates the steps of fuzzy comprehensive evaluation,
introduces the factors influencing 18Cr2NiWA's cutting processing performance, gives a fuzzy
evaluation of the factors, and thereby successfully solves the problems regarding these
multi-factors' decision and evaluation.

0 Introduction

We should consider all aspects of factors because the things have variety of attributes or are
affected by many factors. Fuzzy comprehensive evaluation means to make decision and overall
evaluation of factors affected objects or phenomena, it is a mathematical tool for fuzzy synthetic
decision. !

1 The basic steps of fuzzy comprehensive evaluation

First, we should make a independent evaluation according to each factor, and then click the all
factors comprehensive evaluation, which mainly comprises the following steps:

(1) Analysis of the influence of elements

The factor set refers to the various important factors affecting evaluation objects as a collection
of elements, the commonly used U said, U= (uj,u,..., u,) .

(2) Determine the weight number

In order to reflect the importance of each factor, the factors of u; should be given a corresponding
weight a;, the form by the weight set A= (aj, ay,...,a,) is be called the weight number,

and each weight should satisfy the normalization, Zn: a=1, a=0.

(3) Evaluation results =l

The judge may make the evaluation objects of all kinds of the total evaluation results of the set,
usually expressed in V, V= (v, vy, ..., Om)

(4) Single factor fuzzy evaluation matrix

We can separate from a factor to determine membership about the evaluation set elements and
the alternative element set, first, we judge factor u; included in the i according to the evaluation
object, the j element of u; evaluation factors on the u; concentration of membership degree is 1;; (0 <
1jj < 1), the single factor evaluation is in R; Ri= (rjj,rip,...,lim) » Then the single factor evaluation
matrix is
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Iy Iz ... TIim

11 oo ... Iom
R = . . . .

Tn1 I'n2 ... TI'mm

The single factor evaluation matrix can actually be regarded the fuzzy relation matrix
between set of U and the alternative set of V, it is expressed as:

BT _
Rio = (u0)  (u,9,) o)

(5) Fuzzy comprehensive evaluation matrix

We must consider all of the influencing factors to obtain correct and comprehensive evaluation
result, single factor fuzzy evaluation reflects only one of the factors that affect the evaluation object,
so his will be through the fuzzy comprehensive evaluation in order to achieve the desired effect.

I I12 I'Nm
121 122 I'om

B= A°R = (al,az,...) = (bl,bz,...,bm)
T'ni I'n2 I'nm

2 The solution that meet the processing properties of materials and conform to fuzzy
evaluation on 18Cr2Ni4WA

The cutting performance of the artifact material mainly depends on the material mechanics,
physical properties (such as hardness, strength, ductility, toughness and thermal conductivity), the
chemical composition and microstructure is the main factors affecting the mechanical, physical
properties, so the machining properties of materials is not a single basic attribute, it is the
comprehensive reflection of some basic properties of the material, rather than a comprehensive
performance, we should use an index system and evaluation guidance not a single index. !

The traditional methods for evaluating materials cutting performance mainly use the relative
processing, such as:

(1) Tool life or cutting speed of the life;
(2) Cutting forces or cutting temperature;
(3) Surface quality;

(4) The difficulty level of chip breaking.

In fact, those are some fuzzy concept no absolute boundaries, such as a material easy cutting,
easier cutting or hard cutting, there are many fuzzy in the evaluation of Material cutting
performance. Moreover, we only use fuzzy comprehensive evaluation to evaluate the processing
performance of material in order to get the convincing results, because the evaluation of processing
performance of materials is a complex and comprehensive process. ¥

18Cr2Ni4WA can be used in the case of tempering treatment but no carbonization, it belongs to
the common low carbon alloy steel, high strength and good hardenability. The mechanical factors
affecting the cutting performance: hardness, tensile strength, elongation, impact toughness, thermal
conductivity, the physical and mechanical properties of the material are shown in table 1.



Applied Mechanics and Materials Vol. 680 5

Tab.1 Physical and mechanical properties of 18Cr2NiWA steel

material type and ~ Hardness tensile impact thermal Elongation
grade ( HBS) strength toughness  conductivity (6%)
(GPa) (MJ/mm?” (W/mK)
18Cr2NiWA 359 1.13 1.17 41.22 11

(1) Establishing factor set

The physical and mechanical properties of table 1 are seen as factors lumped elements.u; is
hardness, u, is hardness, uz is elongation, uy4isimpact toughnes, us is thermal conductivity, U=

(up,u,u3,us,us) .

(2) Build the weight set

The weight of each factor is one of key comprehensive evaluation, normally, we will carry out a
unified treatment for expert review and production experience. the influencing of the strength and
hardness are more important in the cutting performance rather than the impact toughness and impact
of thermal conductivity, the weight setis A, A= (0.30,0.3,0.1,0.1,0.2) .
(3) Establishing choice set

Machining properties of materials can be divided into ten grades, as shown in table 2.

Tab.2 The scale of material cutting performance

cutting easy cutting more easy hard cutting more difficult
performance to cut to cut
class code 0 1 2 3 4 5 6 7 8 9 10
hardness 50 100 150 200 250 300 350 400 480 635 635
(HBS)
tensile strength  0.196  0.44 0.589 0.785 0981 1.18 137 1.57 1.77 196 245
(GPa)
Elongation 10 15 20 25 30 35 40 50 60 100 100
(6%)

impact toughness 0.196 0.392 0.589 0.785 0981 1.37 1.77 196 245 2.40 -
(MJ/mm?

thermal 293 167 837 628 419 235 251 16.7 837 837 -
conductivity
(W/mK)

The ten level as alternative factors and it is expressed as V=(01,02,03,04,05,06,07,08,09,010)-
(4) The results of fuzzy comprehensive evaluation
We can get the fuzzy matrix by calculating the degree of membership when the normal
distribution curve as the membership function relationship.
R = 0 0 0 0 057 1 097 0.89  0.74
0 0 069 1 095 082 0.710.63 0.57
0.12 1 0.73 055 042 036 031027 022
0 0 0 0 073 1 0.850.66  0.60
0 024 048 064 096 1 0.53 0.14  0.57
Fuzzy comprehensive evaluation is B=A°R, we can carry out fuzzy evaluation by using M(°, +)
model according to the specific situation, therefore the following formula is true.

oo oo o
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vy
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A°R
(0.3 03 01 01 02)°

0 0 0 0 0 057 1 0.97 0.89 0.74
0 0 0 069 1 095 082 0.71 0.63 0.57
0 0.12 1 073 055 042 036 031 0.270.22
0 0 0 0 0 073 1 0.85 0.66 0.60
0 0 024 048 064 096 1 0.53 0.14 0.57

The cutting performance of 18Cr2NiWA quenched and tempered steel belongs to grade 6
according to the principle of maximum membership max (b;) =b;=0.882, it is very difficult to
cutting steel.

We had a cutting test for any three of steels to validate determination results, the optimal cutting
parameters obtained are shown in table 3.

Tab.3 The results of cutting test

workpiece material cutting speed cutting feed cutting depth
(mm/s) (mm) (mm)
38CrMnAl 2.25 0.27 2
38CrMnSi 2.55 0.20 2
18CrNi4WA 2.10 0.30 2

The three kinds of steel with the cutting performance of similar are hard to be cut, and the

experimental results show that the method has higher accuracy. !

3. Conclusion

Usually, the evaluation of objective things or phenomena that is a procession composed of multi
factors identification and evaluation. Fuzzy comprehensive of evaluation mathematics can solve the
decision making problem of multi factors. In order to determine the amount of cutting and other
processing parameters, we can accurate and comprehensive evaluation of machinability through
fuzzy comprehensive evaluation, even though many important factors influence processing
performance of mechanical cutting, and determine the amount of cutting and other processing
parameters. Allocation of weight has certain subjectivity in the process of evaluation. we can hire
experts and technical personnel to discuss in order to reduce man-made factors on evaluation.
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Abstract:

Aluminium metal matrix composites are being widely investigated with Carbon Nanotubes
(CNTs) as one of their reinforcing agents. This is done in order to improve the mechanical strength of
the composite. Various studies on this concept have already been recorded. In this study, Aluminium
has been reinforced with CNTs using powder metallurgy technique. The powders of aluminium and
CNT are ball milled, compacted in a die made up of die steel, and then sintered. The specimens thus
obtained were subjected to hardness, compression and chemical tests and the values were compared
with pure aluminium specimen fabricated by same technique. The study indicated that there was no
improvement in hardness of the composite on addition of CNT. The compressive strength of the
composite was increased by 143.58 MPa. The microstructure of pure aluminium and AI-CNT
composite had fine grains of pure aluminium particles and Al-Si eutectic particles throughout the
matrix phase.

1.Introduction:

Due to the exceptional physical and chemical properties, Carbon Nanotubes (CNTs) are being
used as one of the reinforcing agents in Metal Matrix Composites (MMCs). CNT had already been
reinforced with many metals in preparing metal matrix composites and had been tested. Aluminium is
one of the most tested material reinforced with CNT. This is because aluminium has a higher strength
at a lower weight and it is also easily available. Many studies have been previously recorded involving
Al and CNT. Mina M.H. Bastwros et al. (2013) concluded that, when the CNT content was varied from
Owt% upto Swt%, a significant increase in the hardness and the wear resistance, as well as a decrease in
the coefficient of friction was observed. Jinzhi Liao and Ming-Jen Tan [4]observed that Small addition
of CNTs (0.5 wt.%) resulted in the increase in tensile strength and hardness of the composite by
comparing with the pure matrix. A.M.K.Esawi et al. (2010) observed that, Mechanical properties were
found to improve significantly with the increase in CNT content and either exceeded or were close to
predicted values based on composite theory except at 5 wt.% when the mechanical properties fell short
of predicted values. Dominique Poirier et al. (2009) observed that, When milling the Carbon Nanotubes
with the Aluminium, it undergoes grain refinement, and experiences an increase in lattice strain and
results in formation of dispersoids. Thus an increase in the strength of Al matrix is expected. A.M.K.
Esawi et al.(2009) determined that the tensile testing fracture surfaces of specimen showed uniform
dispersion and alignment of the CNTs in the aluminum matrix but also showed CNTs acting as
nucleation sites for void formation during tensile testing. D.-S. Lim et al. (2005) stated that when the
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CNTs are added up to 12 wt.%, the wear loss decreased significantly and the friction coefficients were
maintained same. H.J. Choi et al. (2010) observed that, as the grain size is reduced to ~150 nm and
MWCNT volume increases up to 4.5 vol.%, yield stress notably increases and hence wear resistance is
significantly enhanced in the specimen.

2. Experimental Setup:

2.1 Materials Used:

Aluminium and CNT powders are used as materials in this study. The aluminium powders used
are of 99.5% purity with a mesh size of 200. The melting point and density of aluminium powders are
660°C and 2.70 g/cm3 respectively. The properties of MWNTs used include purity > 95% on trace
metal basis, melting point of 3652-3697°C, density of ~2 g/cm3 and dimensions of 10-30 nm of outer
diameter, 2-6 nm of inner diameter and 15-30 pum of length. As per TEM analysis, the impurities
present in the MWNTSs used are amorphous carbon of about < 3%.

2.2 Specimen Preparation:

Powder metallurgy technique was used to fabricate the test specimens in this study. Initially, the
aluminium powders and CNT were blended by ball-milling process for 30 min using steel balls of 5
mm diameter in a 250 ml steel jar maintaining the ball to powder weight ratio as 10:1 at 400 rpm. For
compaction the powders, the powders were loaded into the die and punch set of 20 mm diameter and
60 mm height. A compacting load of 150 kN was applied using Universal Testing Machine (UTM) and
the compacted green component had an height of 20 mm. the green component was then sintered in a
muffle furnace from 300°C to 550°C. The sintering operation was done by increasing 100°C after one
hour and at a rate of 50°C per hour after first hour. Sintering was done in order to convert the
mechanical bonds formed by compaction into metallic bond, which adds strength to the component.

3. Results and Discussion:

In this study, hardness, compression and chemical tests were carried out for various specimens
prepared above and the values were compared with that of pure aluminium specimen manufactured by
same technique. Hardness of the specimen was found by applying a load of 1 kg in Vicker’s hardness
testing machine for both the samples. Addition of CNT did not show any significant improvement in
hardness of the composite. The hardness of pure aluminium was found to be 46 HV and that of Al-
CNT was found to be 45.6, 46.7, 48.2 HV and 45.8, 46.2, 47.6 HV respectively as shown in Table 1.
The hardness between Al and AI-CNT are compared and shown in the figure 1.

Table 1. Hardness Test Result
Hardness (HV)

Specimen
Trial 1 Trial 2 Trial 3 Average
Al 48.8 47.7 48.8 48.43
Al-CNT 49.2 49.3 49.2 49.23
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Fig 1. Comparison of Hardness of Al and AI-CNT

The pure aluminium sample withstood a load of 104.84 kN during compression test giving a
compressive strength of 317.64 MPa. On the other hand, the AI-CNT specimen withstood a load of
150.75 kN giving a compressive strength of 461.22 MPa as shown in Table 2.

Table 2. Test Result of Compression test

Test Trial Al Al-CNT % Increase
Compressive Trial 1 324.81 483.61 48.89
Strength (MPa) Trial 2 328.81 493.26 50.01
Trial 3 331.86 499.76 50.59

For chemical test, the microscopic structures of both the samples were analyzed using a
metallurgical microscope. For a better view of grain structure under the microscope, 1% hydrogen
fluoride (HF) solution was as etching agent. The test results thus obtained showed that in both the
specimens, there appeared to be fine grains of aluminium particles with some Al-Si eutectic particles
throughout the matrix.

g f —|
f_ i =
/!
Smit oy ! ! ‘ ! ke o)
:—‘:" 104.84 KN ) :-“:" 150.75 KN
Fig 2. Applied Load vs Stroke for Fig 3. Applied Load vs Stroke for

Aluminium Al-CNT

Fig 5.Microstructure of AI-CNT specimen
at 500x magnification.

Fig 4. Microstructure of aluminium at
500x magnification.
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The graphs between applied load and stroke for Al and AI-CNT are shown in the figure 2 and
figure 3 respectively. The microstructure of Al and AlI-CNT specimen at 500x magnification are shown
in the figure 4 and figure 5 respectively.

4. Conclusion:

To summarize, aluminium powders reinforced with CNT were fabricated in this study by using
powder metallurgy technique and mechanical and chemical tests were carried out. The results were
compared with pure aluminium specimen fabricated by same technique. The results are as follows:

1. Both the samples had nearly the same hardness values concluding that addition of CNT did not
have any significant improvement in hardness value.

2. Compressive strength of the sample was found to be improved on addition of CNT. The
compressive strength of unreinforced sample was 317.64 MPa and that of AI-CNT sample was
461.22 MPa.

3. Both the samples contained fine grains of aluminium particles along with some Al-Si eutectic
particles throughout the matrix.
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Abstract. In this study, semi-solid Al-Mg-Si alloy (AC4C) was produced by using the Gas Induced
Semi-Solid (GISS) die casting process. The tensile strength and ductility of the semi-solid die cast Al
alloy (GISS-DC) after T6 heat treatment were investigated and compared with those of the
conventional liquid die casting (CLDC). The microstructures of GISS-DC and CLDC observed by an
optical microscopy were presented. The ultimate tensile strength (UTS) and yield strength (0.2% YS)
of GISS-DC are compatible with those of the CLDC. However, the GISS-DC has better ductility than
the CLDC, this may be due to the smaller and more globular primary o-Al phase and rounder
shaped-Si particle microstructures presented in the GISS-DC. Common shrinkage pores and defects
were also observed by SEM from the fracture surfaces of both alloys.

Introduction

Semi-solid metal (SSM) technology has been continuously developed to produce Al alloys with
uniform microstructures and better mechanical properties for the automotive industry. There are two
major processing types of SSM: thixocasting and rheocasting [1]. A lot of research works have been
focused on SSM processing as a way to cast near-net-shape products [2]. Gas Induced Semi-Solid
(GISS) technique which was invented by the Innovative Metal Technology (IMT) team at Prince of
Songkla University, Thailand is a novel, simple, economical and efficient rheocasting process which
has succeeded to produce globular structure in many alloys [3,4]. Although many previous research
works were focused on the properties of GISS squeeze cast alloys [5,6], only a few on the properties
of SSM alloy produced by using GISS die casting process. So, the purpose of this work was to
investigate the tensile property and microstructures of the SSM Al-Mg-Si alloy (AC4C) produced by
the GISS die casting.

Experiment

Materials. The chemical composition of AC4C aluminum alloy produced by the GISS die casting
(GISS-DC) and the conventional liquid die casting (CLDC) was shown in Table 1. During the
GISS-DC, the aluminum alloy was melted in a graphite crucible in an electric furnace at 680 °C
before casting. Approximately 200 g of the melt was taken out from the crucible using a ladle cup.
Then, the nitrogen gas was injected through a graphite diffuser into the ladle when the rheocasting
temperature (RCT) of the melt was about 616 °C, for about 10 seconds to create a semi-solid slurry
with a low solid fraction of about 10% [1]. The schematic diagram of the GISS process was shown in
Fig. 1. The SSM slurry was transferred to the die casting machine and then poured into the shot sleeve
for die casting. The temperature of shot sleep and die was kept at 200 °C. The schematic diagram of
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the GISS-DC process was illustrated in Fig. 2. For the CLDC process, the ingot of AC4C Al alloy was
melted at 680 °C, then the melt was poured into shot sleeve for die casting.

Table 1 Chemical composition of GISS-DC and CLDC aluminum alloys

Elements Si Fe Cu Mn Mg Zn Ti Cr Ni Pb Al
CLDC  7.543 0.456 0.063 0.063 0.381 0.088 0.016 0.014 0.010 0.004 Bal.
GISS-DC 7.996 0.488 0.063 0.039 0.364 0.089 0.014 0.014 0.009 0.003 Bal.

(jlr?f]zll;gf Inject Clamping system GISS system
inell:c gas
Molten
etal Slurry

nert Gas

|
¢ Bubble
Fig. 1 Schematic diagram of GISS technique [7]. Fig. 2 Schematic diagram of GISS die casting

process [8].

Tensile test. AC4C Al alloy produced by GISS-DC and CLDC were heat treated to T6
designation by a solution treatment at 540 °C for 4 h and artificially aged at 195 °C for 3 h after [3].
Tensile test was followed the ASTM ES8-08 standard. Tensile specimens were prepared from
GISS-DC and CLDC AC4C-T6 bars by machining. The dimensions of specimen were shown in Fig.
3. Tensile tests were performed in a universal testing machine, HOUNSFILELD Model H100KS,
Serial No. 0068, using a constant cross-head speed of 1.5 mm/min, corresponding to a strain rate of
1x107 57",
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Fig. 3 Dimensions of tensile test specimen.

Results and Discussion

Microstructures. The microstructures of CLDC AC4C-T6 aluminum alloy (Fig. 4b) were
composed of o-aluminum dendrites, eutectic silicon particles and Fe-bearing intermetallic
compounds. While the rosaceous and globular primary o-aluminum phase and rounder shaped
silicon particles were found in the GISS-DC AC4C-T6 (Fig. 4a).

Tensile test. The ultimate tensile strength (UTS), yield strength (0.2%YS) and eloangation of the
GISS-DC AC4C-T6 were compared with those of CLDC AC4C-T6 in Fig. 5, and listed in Table 2. At
room temperature, the GISS-DC gained the UTS and 0.2% YS of 294.4 MPa and 241.5 MPa while
the CLDC gained 298.2 MPa and 251.6 MPa, reperatively. The averaged UTS and 0.2% YS of CLDC
are slightly higher than those of GISS-DC. The elongation of GISS-DC and CLDC are 5.9% and
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4.8%, respectively. The result shows that GISS-DC is more ductile than CLDC. This may be resulted
from the fact that the GISS-DC microstructures are composed of smaller and more globular primary

a-Al phase and rounder shaped-silicon particles when compared with the CLDC.
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Fig. 4 Optical micrographs of (a) GISS-DC AC4C-T6 Al alloy and (
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Fig. 5 Comparison of ultimate tensile strength (UTS), yeild stress (0.2% YS) and
elongation of GISS-DC and CLDC AC4C-T6 aluminum alloys.

Table 2 Ultimate tensile strength (UTS), yield strength (0.2% YS) and
elongation of GISS-DC and CLDC AC4C-T6 aluminum alloys.

Materials UTS (MPa) 0.2%YS (MPa) Elongation (%)
GISS-DC AC4C-T6  294.4+6.1 241.5£2.9 5.9+4.9
CLDCAC4C-T6 298.24+10.8 251.6%1.1 4.842.2

Fig. 6 SEM micrographs of fractured surfaces of (a) GISS-DC AC4C-T6 and
(b) CLDC AC4C-T6 after tensile tests.
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Fractography. The fractured surfaces of specimens after tensile tests were shown in Fig 6. At
room temperaure, both GISS-DC and CLDC AC4C-T6 were fractured in the brittle mode of
quasi-cleavage form. The GISS-DC was more dimple structure. When the applied stress was
increased, the internal stress was developed at Si particle and approached to its fracture stress, crack
was initiated at the Si particle as observed on the fractured surface. Some common shrinkage pores
and defects were also found in the fractures in both types of specimens.

Summary

1. The semi-solid AC4C aluminum alloy can be produced by using the GISS die casting process.

2. The UTS and 0.2% YS of both GISS-DC and CLDC are almost the same.

3. The GISS-DC gains more ductility than the CLDC. This may be resulted from the microstructures
of GISS-DC, which are composed of smaller and more globular primary o-Al phase and rounder
shaped-silicon particles.

4. Both GISS-DC and CLDC are fractrued in the brittle mode of quasi- cleavage at room
temperature.
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Abstract. The deformation behaviors of as-cast Mg-11Gd-2Y-Zn-Zr magnesium alloy were
investigated by compression test with Gleeble-1500 thermal simulator at temperature of 623-753K
and strain rate of 0.01-0.5 s™. The flow stress behaviors of the magnesium alloy were carried out at
a strain of 0.7. The strain rate and deformation temperature had great influence on the flow stress
behaviors. The flow stress increases with increasing strain rate and decreasing temperature. The
flow stress has more than one peak stress at a strain rate of 0.5s™ showing continuous dynamic
recrystallization (DRX) mechanism, while other flow stresses exhibited only one peak stress
indicating discontinuous dynamic recrystallization (DDRX) mechanism. It was also found that the
flow stress behavior could be described by the hyperbolic sine constitutive equation, in which the
determined average activation energy is 273.426 kJ-mol™. The maximum error value between
calculated value and experimental value is 5.5%. The deformation map was also established, and
the best parameter for hot working was found to be 0.1s'/753k approximately.

Introduction

As a lightweight material with high specific strength and specific stiffness, Magnesium alloy has
a great potential to be used for those applications such as automotive, aerospace, aeronautical, and
electronic products[1-2]. It has been reported that rare earth elements could remarkably improve the
mechanical properties of magnesium at room and high temperatures[3], which made the
applications of magnesium alloy more attractive. In previous work, Rokhlin and Nikitina [4], and
Kamado[5] developed Mg-10Gd-5Y-0.5Mn and Mg-10Gd-3Y-0.4Zr alloy, respectively, which had
better performance and exhibited higher specific strength and creep resistance both at room and
elevated temperature compare with that of conventional Mg alloys. These studies demonstrated
brighter future applications of the magnesium alloy.

However, due to its low plasticity and formability owing to the hexagonal close-packed
structure, the wrought magnesium alloys has not been applied broadly so far. So, it is a great
challenge to explore the deformation characteristics and limits of magnesium alloys in order to
provide optimized hot working parameters for the metal-forming industry.

Constitutive equation is one of the most useful tools for predicting the behaviour of material
under given deformation conditions. The reliability of the output from constitutive equations
depends to a large extent on the trustworthiness of input data. The necessary material data to build
the equations in terms of relationships between flow temperature, stress, strain and strain rate could
be received from consistent behaviour of deformation at a range of temperatures and strain rates on
Gleeble-1500 thermal simulator.

The processing map based on the dynamic materials model (DMM) is considered to be an
important model for optimizing the hot working parameters. By using the processing map, the
plastic deformation mechanisms in various deformation conditions can be predicted, and the
instable deformation zones could also be avoided during hot deformation process. The processing
map based on DMM was established by Prasad and co-workers recently [6]. According to Prasad,
the hot deformation work could be considered as power dissipater, And the total power P consists of



16 Materials Science, Mechanical Structures and Engineering

two complementary parts: G represents the power dissipation through plastic deformation, most of
which are converted into heat, and J represents the power dissipation through microstructure
transition. In this model, the content G and J are correlated by the parameter m (the strain rate
sensitivity), which is defined as follows:

(an :[a(lna)} - (1)
G e Lo(ne) o 7

For an ideal linear dissipating body, m= 1 and J = Jmax =0¢&/2=P/2, and the power-dissipation
capacity of the material can be estimated by the efficiency of power dissipation #, which is given
by:

_J_ 2m. (2)
g Jmax m+1

The instability map was developed on the basis of the extremum principles of irreversible
thermodynamics applied for large plastic flow body. The onset of an instability criterion was
defined below on the basis of power dissipation principles:

é_,(é):aln(m/n?+1)+m<0' (3)
dlné

The dependence of the instability parameter f (£) on temperature and the strain rate can be

expressed by the instability map.

In recent years, many researchers focused on the rare earth magnesium alloys, such as
Mg-Gd-Y-Zr[7] and Mg—Zn—-Y—Zr[8]. But, the studies of Mg-Gd-Y-Zn-Zr magnesium alloys are
quite limited and unclear. In this paper, to study the hot deformation behaviors and build
constitutive equation and processing map, hot compression tests of Mg-11Gd-2Y-Zn-Zr alloy were
conducted under different conditions. The processing of Mg-11Gd-2Y-Zn-Zr magnesium alloys
could be guided from the constitutive equation and processing map in this experiment.

Experimental

The alloy has a composition of Mg-11Gd-2Y-Zn-Zr (wt%).The cast ingots were homogenized at
793K in a sulfur atmosphere for 4h followed by quenching into hot water. Cylindrical specimens for
the compression tests were machined to 8mm in diameter and 12 mm in height utilizing
electro-discharge machine. In order to decrease the friction and maintain uniform deformation, thin
graphite sheets were placed between the compression specimen and the die during the test.
Isothermal hot compression tests were performed on a Gleeble-1500D thermal mechanical
simulator in the temperature range of 623—753 K and at strain rates of 0.001, 0.01, 0.1 and 0.5s™"
respectively. The specimen was induction heated at deformation temperature for 1 min and held for
3 min in order to obtain a stable and uniformity temperature prior to deformation. All specimens
were compressed to a true strain of 0.7, and then water-quenched. Then, the specimens were cut
symmetrically into two parts parallel to the compression axis. Center parts of the specimens were
chosen as the investigation area of interest. Also, the regions vertical to the compression axis were
the objects to be studied. After adequate grinding and polishing, specimens for optical observation
were etched using solution of 4% HNO;3 with ethanol. An optical microscopy ZEISS Image Alm
was used for microstructure observations.
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Results and discussion

Microstructure of as-cast homogenized alloy. Fig.1 is the typical microstructures of the as-cast
alloy with pre-homogenization. It could be seen that alloy structure was composed of primarily
o-Mg matrix and eutectic S phase. The S phase formed by Mg-Gd-Y-Zn four elements precipitated
as discontinuous network primarily at grain boundaries.

200um
—

Fig.1 Microstructures of the pre-homogenized alloy

True stress—true strain curves. The typical true stress-true strain curves of homogenized
magnesium alloy at different deformation temperatures and strain rates are presented in Fig.2.
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Fig. 2 True stress—strain curves of Mg-Gd-Y-Zn-Zr at various strain rates and deformation
temperatures: (a) £ =0.5s™'; (b) £=0.1s™"; (c)£=0.01 s™"; (d) & =0.001 s™’

Fig. 2 exhibits that flow stress diminishes with rising temperature and decreasing strain rate,
especially at low temperature (573—623 K) and high strain rates (0.1-0.5s™"). At strain rate of 0.5s ',
more than one peak stresses were obtained on the flow stress. At other strain rates, the flow stress
increased to a maximum value at first and decreased to a stable state finally. The curves showed
different characteristics between two types of dynamic recrystallization mechanism: continuous
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dynamic recrystallization (DRX) mechanism and discontinuous dynamic recrystallization (DDRX)
mechanism[9]. One of the obvious differences between them was that the continuous DRX had only
one peak stress, but DDRX had more than one peak stress. At the point of peak stress, the work
hardening and softening reached balanced state and then the softening was more pronounced
causing the stress to decrease.

Constitutive equation. The Arrhenius equation is widely used to describe the relationship
among the strain rates, flow stress and temperature, especially at high temperature. Commonly, the
relationship between the strain rate and flow stress conforms to the following equations[10,11]:

£=A0" exp(— Q). a0 <0.5 4)
RT
- 0 j )
exp(poen] - 2
¢ = A[sinh (e )]" exp(— RQT) ac can take any value (6)

where o is the flow stress; € is the strain rate; Q is the average apparent activation energy of
deformation; R is the ideal gas constant (R=8.314 J-(mol-K)™); T'is the deformation temperature; k,
Ay, Ay, A, a and S are material constants and o=pf/k. Equation (4) and equation (5) are commonly
applied to low stress and high stress, respectively. Equation (6) is generally used to describe the
flow stress and deformation activation behavior over a wide range of temperature and strain rate. By
taking natural logarithm, equation (4) and equation (5) could be written respectively as:

Iné=klno +b,. (7)
Iné=po+b,. (8)
where b =In4, —Q/RT, b, =InA4, —Q/RT

Fig.3(a) is the linear regression of the relations of In& —Ino at different temperatures.

k=8.000 could be received as the average slopes of two low stress lines. In a similar way, § can be

determined as 0.07364 according to Fig.3(b) and the vaule of & is 0.009205MPa’".
- Or

0
(a)
At At
20 26
-3t __ -3
34 g 4
£ 5l " . 350 £ 5l
400
6} 450 6}
480
iy 4 7k
37 40 44 48 52 55 40
In(c-/MPa)
Or 15-
(c)
At
1.0t
26
. 3t < 05
- 3
8 4 £ 00
€ el | = 05
2 £ o 01
s 05} - 0.01
0.001
Tk
L 1 1 L ) _10 I L 1
10 -05 00 05 10 15 1.3 14 15 1.6
Insinh(ac) T'110°K™

Fig. 3 Relationships between strain rate( € ) and peak stress (o) and temperatures(7):
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Applied Mechanics and Materials Vol. 680 19

equation(6) could be written respectively as equation(9), O could be written as equation(10)

In € = nin[sinh(ao)]+ b;. 9)
O=Rn 9 In[sinh(ao)] (10)
a1/ T)

By average slopes of the four lines of Fig.3(c), n can be determined as 6.8336; Similarly, the
value of aln[sinh@G)]/ a(l/ T) is the average slopes of all lines in Fig.3(d), thus the

calculated value of Q is obtained to be about 273426 J-mol™.
Substituting the values of &, f, a, n, Q in equation(6), the values of 4 is 3.1788><1018, thus,
equation(11) can be described as following

£ =3.1788x10'®[sinh(0.0092055)]°33¢ exp(— 32?”] : (11)

Fig.4 is the data comparison of model data and actual test data, in which error value is less than
0.055. The model obtained in this experiment can be applied in the temperature range of 623—753 K
and strain rates range of 0.001- 0.5s .

250

—=— Experimental
200l N — =~ Calculated
E .bs!
h N
NN
r A

350 460 450 560
TIC
Fig. 4 Comparisons of model data and actual test data

Typical microstructures of the magnesium alloy with pre-homogenization treatment at a strain of
0.7 and at a strain rate of 0.1s™' at different temperatures are shown in Fig.5.

At all deformation temperatures, almost all of the grains were obviously elongated in the
perpendicular direction to the compression axis. The boundaries of elongated grains were nearly
straight and no apparent recrystallization grains were observed. At 623 K, the specimen had narrow
grains. The grains became wider with increasing temperature. Deformation was the process of
competition between work hardening and dynamic softening that happened at the same time.
Dynamic softening might be led by deformation heating and also by microstructure instabilities,
such as dynamic recovery (DRV), dynamic recrystallization, and texture formation. In this
experiment, the important softening mechanisms were eutectic melting and DDRX. From the
microstructure of the alloy, we found a lot of eutectic fragments along the grain boundaries and a
little DDRX in perpendicular direction to compression axis (Fig.5). This was the reason why grains
became thick at elevated temperature. At low temperature, eutectic structure and grain boundaries
coalesced well. So the grains were elongated greatly during deformation. At elevated temperature,
the eutectic structure became weak and it could be destroyed easily, leaving eutectic fragments. The
fragments along the boundaries could turn round so as to take effect of the slippage between grains
and the grain structure looked thicker a little[12].



