el 4

Asslles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“s.¢ ScienceDirect

Trans. Nonferrous Met. Soc. China 35(2025) 3662—3676

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Effect of TIG surface remelting on microstructure and
mechanical properties of ZL109G Al alloy

Si-zhe NIU!, Ze-long WANG!, Zi-xuan CHEN?3, Ran ZONG!,
Bao-tao CHI', Jun WANG?*, Shi-ying LIU*, Yun-wu MA??, Shan-qing HU?

1. School of Mechanical Engineering, Shandong University of Technology, Zibo 255000, China;

2. State Key Laboratory of Mechanical System and Vibration, Shanghai Jiao Tong University, Shanghai 200240, China;

3. Shanghai Key Laboratory of Digital Manufacture for Thin-walled Structures,

School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
4. Binzhou Bohai Piston Co., Ltd., Binzhou 256602, China;
5. Institute of Materials, China Academy of Engineering Physics, Mianyang 621907, China

Received 23 February 2024; accepted 19 November 2024

Abstract: TIG surface remelting was performed to strengthen the surface of ZL109G alloy piston. The macrostructure
indicates that surface remelting leads to the production of a remelted zone (RZ). The diameter of the primary Si
decreases from 65.8 pm in the base metal (BM) to 7.1 pm in RZ. The grain size of the RZ is refined to be approximately
one-seventh that of the BM. The cellular microstructure in the RZ is characterised by the a(Al) in the centre and
intermetallics preferentially located at the cellular boundaries. The results of the mechanical properties demonstrate that
the average hardness value of RZ increases by 39% compared to that of BM. For the transverse samples, the ultimate
tensile strength increases by ~24.5%, which can be attributed to the solution strengthening of Si in a(Al). The average
fracture toughness values are 15.0 and 12.7 MPa-m'? for a(Al) in BM and RZ, respectively.
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1 Introduction

Al-Si alloys are widely wused for the
manufacture of engine pistons because of their
excellent casting performance, low density, and
properties [1-3].
Pistons operate under service conditions of severe
thermal and mechanical loads with improvements
in engine performance [4]. Therefore, optimizing
the properties of the Al-Si alloy is necessary to
improve piston performance.

For the Al-Si alloys, factors affecting the
mechanical properties include the Si content and the
morphology and size of the primary Si particles,

high-temperature mechanical

o(Al), and eutectic Si particles [5,6]. RAZIN
et al [7] found that the tensile strength of Al—-Si
alloys increased, whereas the elongation and impact
energy decreased with increasing Si content. The
reinforcement effect of eutectic Si particles in Al-Si
alloys was thoroughly studied by ZHANG et al [8],
and they found that refined and uniformly
distributed eutectic Si particles enhanced the
ductility of the Al—Si alloy. The effect of primary Si
particles and Si-containing precipitates of Al-Si
alloys on the mechanical properties was studied in
detail [9,10]. The number density of nanoscale Si
particles improves the mechanical properties by
facilitating grain refinement and increasing
dislocation density [10]. The addition of extra
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elements and rapid solidification aid in optimizing
the microstructure of Al-Si alloys and achieve
microstructural refinement [11,12]. WU et al [13]
refined a(Al) dendrites and modified Si by adding a
refiner (e.g., AI-Ti—B) and modifier (e.g., Al—Sr).
In addition to the modification of the AI-Si alloy
matrix, various surface remelting technologies such
as laser surface remelting [13—16], arc surface
remelting [17], and electron beam surface remelting
[18] have been applied to the Al-Si alloys. LIEN
et al [19] studied the microstructure of an AI-Si
alloy by laser surface remelting and found an
ultrafine-scale Al—Si eutectic in the remelting zone.
The sizes of the Si fibres were refined to 1.3—65 nm,
and high-density nanoscale twins were formed in
the Si fibres. GONG et al [20] reported that the size
of the primary Si particles was reduced to 3 um
compared to the 20—30 um of the AI-Si alloy
matrix. The secondary dendrite arm spacing was
3 um after TIG surface remelting. The surface
hardness was significantly improved for the
electron beam surface-remelted Al—Si alloy because
of grain refinement, oversaturation of the
aluminum solid solution, and enhancement of wear
resistance [21].

Among the abovementioned three surface
remelting technologies, the TIG surface remelting
has advantages of being inexpensive, flexible, and
easy to control for surface modification compared
to the vacuum required for electron beam surface
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remelting and the high cost of laser surface
remelting [22]. ORLOWICZ and MROZ [23]
developed a stepwise regression method for Al-Si
alloys to establish the relationships between the
TIG surface remelting parameters and energy
transfer efficiency, as well as the geometry,
structure, and hardness of the fusion zone (FZ).
DORNENBURG et al [24] applied TIG surface
remelting technology to refine the primary Si in the
Al-Si alloy from 50 pm in the as-cast condition to
~5um for the remelting condition. The fatigue
lifetime increases by four times. The TIG surface
remelting was conducted to strengthen the surface
of the ZL109G AI-Si alloy to further analyse
the microstructure evolution, fracture toughness,
and strengthening mechanism after the remelting
process. The microstructural characteristics,
room-temperature mechanical properties, and
fracture toughness were investigated in detail.

2 Experimental

2.1 Materials

The raw materials of ZL109G were cut
directly from the piston parts manufactured by
Shandong Binzhou Bohai Piston Co., Ltd. with
thickness and diameter of 7mm and 93 mm,
respectively (Fig. 1(a)). The standard and actual
chemical compositions of ZL109G are listed in
Table 1.
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Fig. 1 Sampling area and TIG surface remelting process: (a) Sampling area; (b) Schematic of TIG surface remelting on

ZL109G alloy; (c) Samples after surface remelting

Table 1 Standard and actual chemical compositions of ZL109G (wt.%)

Composition Si Cu Mg Ni Mn Zn Fe Others Al
Standard 11-13  0.8-13 0.8-1.3 0.8-13 <0.15 <0.15 <0.6 <0.15 Bal.
Actual 12.8 1.2 0.8 1.2 0.14 0.13 0.52 - Bal.
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2.2 TIG surface remelting process

A pulsed argon arc welding machine
manufactured by Shandong Aotai Electrical Ltd.
(China) was used to perform TIG remelting. A
schematic of the TIG surface remelting process is
shown in Fig. 1(b). The TIG torch could move in a
linear manner at a precise preset speed, and a
3.0 mm diameter tungsten electrode was used. The
distance between the electrode and ZL109G surface
was maintained at 3 mm, and the flow rate of the
Ar shielding gas was 10 L/min. In the alternating
current mode, the TIG surface remelting process
was conducted with a current setting ranging
50—125 A at intervals of 25 A. The moving speed
of the TIG torch was set from 2.5 to 6.25 mm/s at
an interval of 1.25 mm/s. Figure 1(c) shows the
samples remelted at 100 A.

2.3 Methods for microstructure analysis and

mechanical properties testing

Metallographic samples were prepared using
standard procedures. The microstructure of the
cross-section of the remelted sample was observed
without corrosion. Subsequently, the optical
microstructure was obtained using an Olympus
optical microscope (OM), and a Rigaku SmartLab
SE X-ray diffraction (XRD) was used for
characterising the phase compositions of the base
metal (BM) and fusion zone (FZ) of the Al-Si alloy.
The microstructure was characterised using an FEI
Sirion 200 scanning electron microscope (SEM)
equipped with an energy-dispersive spectrometer
(EDS). The hardness mapping image was obtained
using a Buehler Wilson VH1102 hardness tester
with a force of 10 N and a dwell time of 10 s. Nano-
indentation tests were performed using an MTS
nanoindenter machine equipped with a Berkovich
indenter, and the room-temperature tensile performance
was examined using a Zwick tensile testing
machine at a strain rate of 1x1073s™!. The digital
image correlation (DIC) technique was used to
record the strain distribution. Figure 2(a) shows the
sample preparation for the transverse and longitudinal
tensile tests using a wire-cutting machine, and
Fig. 2(b) shows the size of the tensile samples.

3 Results and discussion
3.1 Macrostructure

The heat input has a significant effect on the
macromorphology of the remelting pool. As shown

(@)

10
Fig. 2 Schematic of tensile test: (a) Sample preparation

of transverse and longitudinal tensile tests; (b) Size of
tensile samples

in Fig. 3, the section of the remelting pool has a
semi-elliptical shape, and the remelted zone (RZ)
decreases with reduced heat input. Further,
microporosity can be clearly observed on the
surface of RZ with a size of less than 300 um.
Overall, the number and size of the micropores
decrease with increasing the remelting speed.
Microporosity can be divided into shrinkage and
gas porosity. LI et al [25] reported that shrinkage
porosity caused by the solidification and shrinkage
of the Al metal liquid during welding was
characterised by an irregular shape, while the gas
porosity caused by air trapping and undissolved
hydrogen had a very round outline. Thus, micro-
porosity is related to gas porosity. During TIG
surface remelting, the solid-dissolved hydrogen
in the BM and the hydrogen generated by H>O
decomposition at high temperatures are fused into
the remelting pool. During the solidification process,
the temperature drops and hydrogen precipitates to
form gas pores [26]. The higher the line energy of
remelting, the longer the molten pool, and the easier
it is to produce gas porosity. For example, HAN
et al [27] found that gas porosity appears in the
laser-MIG hybrid welding of 6082-T6 Al alloy
when the arc current exceeds 140 A. Consequently,
improving the remelting speed can reduce the line
energy and thus reduce gas porosity.

Figure 4 shows the variation in the width and
height of the RZ. Both the width and height of the
RZ increase with increasing current and decrease
with increasing remelting speed, which can be
attributed to the variations in the line energy of the
remelting. The remelting samples under 100 A
current were subjected to in-depth research on the
microstructure and mechanical properties after
comprehensive consideration of the size and defects
of the RZ, as well as the convenience of follow-up
research.
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Fig. 3 Macromorphologies of remelting pool at 100 A and different remelting speeds: (a) 2.5 mm/s; (b) 3.75 mm/s;
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3.2 Microstructure
3.2.1 Phase composition

The micro-XRD patterns of ZL109G BM and
RZ are shown in Fig. 5. The phase composition of
ZL109G BM is a(Al), Si, AlsNi,, and Mg>CusAls in
Fig. 5(a), and the same constituent phases can be
found in RZ (Fig. 5(b)). The peak intensity of the
BM is considerably higher than that of the RZ,
which indicates the refined microstructure of the
RZ.
3.2.2 Evolution of microstructure

Figure 6 shows the OM images of ZL109G
BM and RZ. The macro morphology of the
TIG-remelted samples is shown in Fig. 6(a). The
microstructures are refined by comparing Figs. 6(b)
and (c). For example, the diameter of the primary Si
is 65.8 pm in the BM, whereas it is 7.1 um in RZ.

a
@ x *a(Al)
e Si
a Al;Ni,
o Mg,CugAls
<
L] A
A A l A Jlo SASS : A @,
20 40 60 80 100
20/(°)
(b)
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A
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Fig. 5 Micro-XRD patterns of ZL109G BM (a) and
RZ (b)

The amount of primary Si in RZ is considerably
lower than that in BM. The cooling rate of the RZ is
higher than that of the BM, which leads to a refined
microstructure. Further, considering the AI-Si
phase diagram, the eutectic point shifts to a higher
Si content at a faster cooling rate, and the eutectic
temperature is also depressed [28]. Consequently,
the amount of primary Si in the RZ decreases.
Figures 6(b1, c1), which depict the magnified
microstructure in BM and RZ, respectively, present
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Fig. 6 OM images of ZL109G BM and RZ: (a) Macro morphology of TIG-remelted samples; (b, b1) BM microstructure;

(c, ¢1) RZ microstructure

phase compositions of a(Al), primary Si, eutectic
Si, and Al3Ni, based on morphology and contrast.
The Mg>CusAls phase is not observed.

A typical SEM image of the TIG surface
remelting-treated ZL.109G alloy is shown in Fig. 7.
The a(Al), primary Si, eutectic Si, Al3Ni,, and
Mg,CusAls phases can be found in Figs. 7(a, b). The
results of the EDS point scan (Table 2) demonstrate
that the brightest intermetallic phase (Point 2 in
Fig. 7(b)) is Mg,CusAls, and the other is AlsNi»
(Point 1 in Fig. 7(b)). The EDS results in Fig. 7(c)
show that the distributions of Al, Si, Ni, and Cu are
relatively concentrated, and the distribution of Mg
is relatively uniform. For the SEM microstructure
of the RZ, primary Si cannot be found because of
its small quantity in Figs. 7(d, ). Further, cellular
structures are observed in the RZ. The micro-
structure image reveals that the typical cellular
microstructure of the TIG surface-remelted
ZL109G is composed of a(Al) and intermetallics,
where intermetallics are preferentially located at the

cellular boundaries and a(Al) is in the centre of the
cellular structure. Table 2 indicates that more Si is
dissolved into the a(Al) of RZ by comparing the
EDS results at Points 3 and 4 in Figs. 7(b, e). A
relatively uniform distribution of all elements can
be found in Fig. 7(f), which indicates that more Si
elements are dissolved into the Al matrix after TIG
surface remelting.

The microstructures of the interface and
cellular structure are presented in Fig.8 to
clearly describe the microstructure and elemental
distribution characteristics of the BM and RZ. The
microstructure of the interface between BM and RZ
is shown in Fig. 8(a). The results of the EDS line
scan in Figs. 8(c,d) confirm that Si is more
enriched in a(Al) of RZ, and Si is only enriched in
primary or eutectic Si phases in BM. Figure 8(b)
shows the cellular microstructure and EDS mapping
results are presented in Figs. 8(e, f). The element
Si tends to be distributed in a(Al), whereas the
elements Cu and Ni tend to be distributed around
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Fig. 7 Typical SEM images of ZL109G BM (a—c) and RZ (d—f): (a, d) SEM images; (b, e) Corresponding magnified

SEM image and EDS point; (c, f) EDS mappings

Table 2 Results of EDS point scan in Fig. 7 (wt.%)

Point No. Al Mg Si Cu Ni Fe Mn Zn
1 65.71 0.52 1.76 1.83 22.89 6.23 0.83 0.24
2 65.05 5.46 1.67 17.20 3.38 6.16 0.83 0.25
3 91.26 1.07 5.64 1.11 0.29 0.06 0.15 0.08
4 88.16 1.11 8.61 1.03 0.49 0.19 0.20 0.21

o(Al). The average size of the cellular structure is
17.7 um. According to the classical solidification
theory, the formation of a cellular microstructure
can be attributed to the minimum degree of
constitutional undercooling [29]. The solute atoms
are repelled to the front of the solidification
interface during solidification. Cu and Ni atoms are
more likely to be rejected because of the easy
diffusion of Cu, which results from the low melting
point and low solid solubility of Ni in Al [30].
However, the solubility of Si in Al is extended
owing to the high cooling rate in the RZ after

surface remelting [31], and the solute concentration
in front of the solidification interface is minimised,
thereby resulting in a decrease in the degree of
constitutional undercooling. These are in favour
of the cellular solidification kinetically, and
consequently, the a(Al) solidifies first in the cellular
morphology.

Variations in the grain size and morphology of
the ZL109G BM and RZ are shown in Fig. 9. As
shown in Fig. 9(a), the BM consists of equiaxed
grains with a size of ~428 um. After the surface
remelting, the bottom of the RZ exhibits columnar
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Fig. 8 Elements distribution at interface of BM and RZ, and cellular structure in RZ: (a) Microstructure
characteristics at interface; (b) Cellular structure; (c, d) EDS line scan results; (e, f) Elements distribution of cellular
structure
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Fig. 9 EBSD Euler images showing variation of grain size and morphology of ZL109G BM and RZ: (a) BM;

(b) Bottom of RZ; (c) Top of RZ

grains, as shown in Fig. 9(b), whereas the top of
the RZ consists of equiaxed grains, as shown in
Fig. 9(c). The average grain size of RZ is 62 pm,
which is about one-seventh that of BM. Meanwhile,
the columnar to equiaxed transition (CET) occurs
in the RZ. WU et al [13] observed the same
phenomenon for CET in the laser surface-remelted
A356 Al alloy. PINEDA and MARTORANO [32]
performed experiments on the solidification of
Al-7%Si alloys to transform an as-cast ingot
macrostructure with columnar and equiaxed grains
into a completely refined equiaxed structure and
concluded that a small temperature gradient and fast
cooling rate could favour the formation of equiaxed
grains. The phenomenon of CET in the TIG
surface-remelted Al-Si alloy can be attributed to
the small temperature gradient and fast cooling rate
at the top of the RZ.

3.3 Mechanical properties
3.3.1 Hardness and reduced modulus

As shown in Figs. 10(a, b), the variations
in hardness are similar for different remelting
parameters. The average hardness value of RZ is
HV 140, which is considerably higher than that of

Hardness (HV)

142
' 138
134
130
126
122
118

114
H 110
106
94
90
86
82

Fig. 10 Hardness distribution of TIG surface-remelted
(a) 100 A,

Al-Si alloy with different parameters:
3.75 mm/s; (b) 100 A, 5 mm/s

BM (HV 101), with a hardness increase of ~39%.
The hardness values in BM are relatively discrete,
which can be attributed to the hardness difference
between the Al matrix and Si (primary and eutectic
Si); the indentation did not fully cover the Al and Si
phases during the hardness test. A nanoindentation
test was performed to study the hardness and
modulus of the different phases, and the results are
presented in Figs. 11(a, b) and Table 3. The average
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Fig. 11 Nanoindentation curves of different regions in TIG surface-remelted Al—Si alloy at 100 A and 3.75 mm/s:

(a) a(Al) in BM; (b) Primary Si in BM; (¢) RZ

Table 3 Results of nanoindentation hardness and reduced modulus test

a(Al) in BM Primary Si in BM RZ

festNo. Hardness/GPa ~ Modulus/GPa Hardness/GPa  Modulus/GPa  Hardness/GPa  Modulus/GPa
1 1.09 72.8 7.64 99.8 1.52 75.2
2 1.07 68.1 7.78 107.4 1.44 73.2
3 0.99 71.7 7.88 107.3 1.54 73.9
Average 1.05 70.9 7.77 104.8 1.50 74.1

nanoindentation hardness of a(Al) in BM is
1.05 GPa (HV 107), which is considerably lower
than that of primary Si, which is 7.77 GPa
(HV 793). Meanwhile, the average reduced
modulus of primary Si (104.8 GPa) is significantly
higher than that of a(Al) (70.9 GPa). After
remelting, the average nanoindentation hardness of
the Al matrix in RZ is 1.50 GPa (HV 153), whereas
the average reduced modulus is 74.1 GPa. The
nanoindentation hardness is almost consistent with
the Vickers hardness. Combined with the results of
the previous microstructural analysis, it can be
concluded that the hardening of the RZ results
from refinement of grains and solid solution
strengthening.
3.3.2 Tensile properties

Figure 12 shows the stress—strain curves and
DIC strain distribution of the tensile test at room
temperature under surface remelting parameters of
100 A and 3.75 mm/s. The average ultimate tensile
strength for the longitudinal samples is 200 MPa in
Fig. 12(a), whereas it is 249 MPa in Fig. 12(b) for
the transverse samples. Further, the tensile strength
increases by ~24.5% after TIG remelting of the
surface. Meanwhile, DIC results indicate that the
distribution of strain is uniform at a strain of 0,
whereas the strain in the longitudinal samples is
concentrated in the BM at a strain of ~1.7%.

Subsequently, the longitudinal samples are fractured
in the BM. In contrast, the transverse samples
fracture at strain of ~3.8%. Although the strain is
not accurate because of the absence of an
extensometer, the increased fracture strain for the
transverse samples implies an enhancement in
plasticity. Thus, it can be concluded that both the
strength and plasticity are improved after TIG
surface remelting of ZL109G. The evolution of the
microstructure indicates that the phase composition
remains the same, whereas a significant refinement
of the grain size and primary Si occurs and a
cellular microstructure is formed. During the
surface remelting process, the primary Si is refined,
transforms into eutectic Si and dissolves in the a(Al)
phase. Accordingly, refined grain, solid solution,
and Orowan precipitation strengthening can be used
to analyse the strengthening effect of the RZ. Both
grain boundaries and cellular microstructures can
act as obstacles for the dislocation movement. The
strengthening increment is estimated using the
Hall-Patch equation [33]:

A ng/cell :k\[ dgb/cell ( 1 )

where k represents the Hall-Patch coefficient for Al
(k=40 MPa-um'?). The grain sizes of BM and RZ
are obtained from Fig. 9, and the size of the cellular
microstructure is shown in Fig. 8(b). Incremental
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Fig. 12 Stress—strain curves and DIC strain distribution of tensile test at room temperature with surface remelting

parameters of 100 A and 3.75 mm/s: (a) Longitudinal samples; (b) Transverse samples

strength of grain boundary strengthening is
calculated to be 3.2 MPa, whereas that of the
cellular microstructure strengthening is 9.5 MPa.

The solid solution strengthening effect of
Si atoms in the a(Al) (Afs) can be calculated
using [33]

AO-ss :kSi(jSzi/3 (2)

where ksi denotes the strengthening constant
(39.7 MPa/wt.%*?) and Cs; represents the
concentration of Si in the a(Al) matrix obtained
from Table 2. The increase in solution strengthening
is ~40.9 MPa.

The Orowan precipitation strengthening from
the free Si (Aooy) is calculated using

1/3
A%r:f/’_%(%j 3)
dg; \ n
where ¢ (=0.4) is a material constant [34],

G (=26.5 GPa) is the shear modulus of Al, and
b (=0.286 nm) is the magnitude of Burgers vector of

Al. Further, ds; and Vs; are the size and volume
fraction of the free Si counted from Fig. 6,
respectively. The calculation results indicate that
the reinforcement increment is ~0 MPa, and
therefore, the total strengthening increment is
~53.6 MPa. Considering the low plasticity, the
increase in the tensile strength can be attributed
to the yield strength. The results of the total
strengthening increment indicate that experimental
results are in good agreement with the theoretical
results.

Figure 13 shows the typical fracture surface
morphologies of the longitudinal and transverse
samples. A large cleavage plane and tearing edge
exist on the fracture surface, as indicated in
Figs. 13(a—c), which demonstrate that a cleavage
fracture occurs in the longitudinal samples. The
fracture surface of the transverse samples shown
in Figs. 13(d—f) consists of small cleavages,
short tearing edges, and tiny dimples, thereby
suggesting that the fracture mode is a quasi-
cleavage fracture.
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Fig. 13 Typical fracture surface morphologies: (a—c) Longitudinal samples; (d—f) Transverse samples

3.3.3 Fracture toughness

Cracks can develop in the piston because of
the action of the cycle load during operation.
Therefore, evaluating the fracture toughness, which
indicates the resistance to crack propagation, is
important. Indentation fracture mechanics is one
of the most widely used methods for estimating
fracture toughness [35]. In this study, the fracture
toughness (Kc) of the surface-remelted ZL109G
alloy is calculated using Eq.(4) and the nano-
indentation method [35—37]. Only the fracture
toughness of a(Al) in the BM is estimated
considering the large size of free Si.

H
1_1(14_’)})7 1eg¥\n—1

2 n+l1
E(tan a)z— l—lﬂ tan a
2 E

T

where E represents the Young’s modulus, 1=4.52,
y=0.27, H represents the nanoindentation hardness,
E: represents the reduced Young’s modulus,
tan a=2.17, k' represents the loading curve constant,
n represents the loading exponent, and /" represents
the critical indentation depth.

E can be calculated using

1 (=) (1) )
E E E;

T 1

where Ei(=1141 GPa) and v,(=0.07) are Young’s
modulus and Poisson’s ratio of the indenter,
respectively, and v (=0.33) is the Poisson’s ratio of
the specimen. Further, k£ and #n are derived by fitting

the power—law relationship between the load (P)
and displacement (%) of the loading curves, i.e.,
P=kh", as shown in Fig. 14.

The nanoindentation method could not directly
determine A", and therefore, continuous damage
mechanics (CDM) was used to estimate /°, which
can predict metal failure [38]. KACHANOV and
KRAJCINOVIC [39] applied the damage variable
(D) to characterise the reduction in the material
mechanical properties caused by material damage.
D can be estimated using

p-1-Ho (6)

0
where Hp and Hp represent the measured and
average hardness values, respectively. The
relationship  between  hardness (Hp) and
displacement (k) is Hp=A+Bh+Ch?, and the Hp—h
curves are shown in Fig. 15.

The critical indentation depth (A°) can be
determined from the critical hardness (Hp) if
critical hardness (Hp) is obtained. The damage
variable (D) becomes the critical damage variable
(D"). During the nanoindentation tests, voids are
generated in the material beneath the indenter under
localised shear stresses. If the distribution of the
voids is uniform, the critical damage variable (D")
can be determined as

* T *2/3
D =———xf (7)
(4n/3)""°
Based on the CDM, a constant critical void
volume fraction (f"=0.25) [36] was used in this
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study. The critical hardness (Hp) and critical
indentation depth (4") were subsequently calculated.

The relative parameters of the calculations are
listed in Table4. The average Kc values are

3673
15.0 MPa-m'? for a(Al) in BM and 12.7 MPa-m!?
for the RZ, respectively. The chemical and phase
compositions of the materials largely determine
the fracture toughness [35]. Indeed, the fracture
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Fig. 14 Nanoindentation curves at different loads: (a) a(Al) in BM; (b) RZ
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Fig. 15 Hp—h curves: (a) a(Al) in BM; (b) RZ
Table 4 Relative parameters used in process of calculation
a(Al) in BM RZ
Parameter
P=5N P=10N P=15N P=5N P=10N P=15N
H/GPa 3.5 2.2 1.3 3.43691 2.5 1.52729
E,/GPa 146.4 115.1 72.8 104.9 92.9 82.0
h/nm 192.5 481.4 858.2 208.8 421.85 682.75
E/GPa 146.7 112. 4 68.7 101.6 89.16 77.96
y 0.27 0.27 0.27 0.27 0.27 0.27
tan a 2.17 2.17 2.17 2.17 2.17 2.17
A 4.52 4.52 4.52 4.52 4.52 4.52
k 0.0273 0.0496 0.0008 0.0167 0.0011 0.0002
n 0.9927 0.9212 1.4905 1.0661 1.5127 1.7479
Hy/GPa 2.4 2.4 2.4 2.5 2.5 2.5
Hp/GPa 1.3 1.3 1.3 1.3 1.3 1.3
h*mnm 881 881 881 755 755 755
Kc/(MPa-m'?) 17.7 16.9 10.5 14.0 13.5 10.6
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toughness of a(Al) in BM with low Si solid
solubility is higher than that of RZ with high Si
solid solubility. The improved solid solubility and
reduced grain size enhance the tensile strength of
RZ in the ZL109G alloy. However, strength and
plasticity are contradictory properties, and therefore,
the improved solid solubility of Si inevitably
reduces the plasticity of the RZ and the fracture
toughness. A reduction in grain size improves both
strength and plasticity; however, a smaller grain
size provides less resistance to crack extension by
reducing the potency of grain bridging, which
lowers toughness [40].

4 Conclusions

(1) The number and size of micropores in the
RZ decrease with increasing remelting speed. Both
the width and height of the RZ increase with
increasing current and decrease with increasing
remelting speeds.

(2) The diameter of primary Si decreases
from 65.8 um in BM to 7.1 um in RZ, and the
amount of primary Si in RZ is considerably lower
than that in BM. The grains size is refined from
~428 um in BM to ~62 um in RZ, which is about
one-seventh that of BM.

(3) The EDS results show that the element
Si tends to be distributed in a(Al), whereas the
elements Cu and Ni tend to be distributed around
a(Al).

(4) The average ultimate tensile strength for
the longitudinal samples is 200 MPa, whereas it is
249 MPa for the transverse samples. The tensile
strength increases by ~24.5%, which can be
attributed to the solution strengthening of Si in the
a(Al).

(5) The average Kc values are 15.0 MPa-m'?
for a(Al) in BM and 12.7MPa-m'? in RZ,
indicating that the fracture toughness of a(Al) in
BM with low Si solid solubility is higher than that
of RZ with high Si solid solubility.
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