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초 록

Al-Si-Cu 합금은 구리 첨가에 따른 석출경화로 경도와 강도가 현저하게 강한 합금을 생성하는 장점이 있습니다. 그러나 구리를

첨가하면 Al-Si-Cu 합금의 응고 범위가 확장되고 합금은 응고 중에 발생하는 가장 흔하고 심각한 파단 현상 중 하나 열간 균열

이 발생하기 쉽습니다. 합금의 열간 균열 특성에 대한 기존의 평가 방법은 이 특성에 대한 정량적 데이터를 제공하지 않는 상대

적이고 정성적인 분석 방법입니다. 이 연구에서 Al-Si-Cu 주조 합금의 열간 균열 특성에 대한 더 신뢰할 수있는 정량 데이터를

얻기 위해 Instone et. al 이 개발 한 장치를 부분적으로 수정되었습니다. Cu 원소의 영향을 평가하기 위해 Al-Si-Cu 계 합금에

서 4 가지 수준의 Cu 함량을 (0.5, 1.0, 3.0, 5.0) wt. %로 설정하고 각 합금에 대해 열간 균열 특성을 평가했습니다. Cu 함량

이 증가함에 따라 열간 균열 강도는 (2.26, 1.53, 1.18, 1.04) MPa)로 감소했습니다. 열간 균열이 발생하는 시점, Cu 함량이 증

가함에 따라 고액 공존 범위가 증가하여 동일 온도에서 해당 고상율 및 응고 속도가 감소하였다. 파단면의 형태는 수상 돌기에서

잔류 액상으로 덮인 수상 돌기로 바뀌었고, 열간 균열 발생 인근에서 CuAl2 상이 관찰되었다.

핵심용어; 열간 균열 경향, 열간 균열의 정량적 평가, Al-Si-Cu계 주조 합금, 구리의 영향.

Abstract 

Al-Si-Cu alloys benefit from the addition of copper for better hardness and strength through precipitation hardening, which
results in remarkably strong alloys. However, the addition of copper expands the solidification range of Al-Si-Cu alloys, and due to
this, these alloys become more prone to hot tearing, which is one of the most common and serious fracture phenomena encountered
during solidification. The conventional evaluation method of the hot tearing properties of an alloy is a relative and qualitative anal-
ysis approach that does not provide quantitative data about this phenomenon. In the present study, the mold itself part of a device
developed in Instone et al. was partially modified to obtain more reliable quantitative data pertaining to the hot tearing properties of
an Al-Si-Cu casting alloy. To assess the influence of Cu element, four levels of Cu contents were tested (0.5, 1.0, 3.0, and 5.0
wt.%) in the Al-Si-Cu system alloy and the hot tearing properties were evaluated in each case. As the Cu content was increased, the
hot tearing strength decreased to 2.26, 1.53, 1.18, and 1.04 MPa, respectively. At the moment hot tearing occurred, the corre-
sponding solid fraction and solidification rate decreased at the same temperature due to the increase in the solid-liquid coexistence
range as the Cu content increased. The morphology of the fracture surfaces was changed from dendrites to dendrites covered with
residual liquid, and CuAl2 phases were observed in the vicinity of hot tearing.

Key words; Hot tearing tendency, Quantitative evaluation of Hot tearing strength, Al-Si-Cu casting alloy and Effect of copper.
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1. Introduction

Aluminum casting is used to manufacture parts with

complex shapes in a variety of industries and is good for

rapid production and cost reduction. The Al-Si-Cu alloy is

a typical aluminum casting alloy that used for numerous

applications where high strength and heat resistance

properties are required. The manufacture of the cylinder

block and head with the use of Al-Si-Cu alloy is a

representative example of the replacement of cast iron [1].

The Al-Si-Cu alloy certainly benefits from the addition of

copper in yield stress, hardness, microhardness [2-4], and

strength through precipitation hardening, resulting in

remarkably strong alloys. However, the addition of copper

also expands the solidification range of the Al-Si-Cu alloy

to about 40oC, altering the skin type solidification into a

mushy type where the solid and liquid coexist [5]. Generally,

the larger the solidification range, the more alloy is prone

to a hot tearing. Accordingly, it is necessary to study the

hot tearing property of the widely used Al-Si-Cu system

alloy.

Hot tearing is one of the most common and serious

fracture phenomenon encountered during solidification,

which is preferably inhibited or must be controlled well to

produce sound castings. The driving force of the hot tearing

is related to a deficient melt feeding to a region where

solidification shrinkage occurs and thermal stress produced

by solidification contraction [6-8]. Many works have been

devoted to establishing the fundamentals of hot tearing. As

a result, several theories have been proposed and can be

mainly summarized into the metallurgical factors and the

mechanical factors. Kang et al. [9] evaluated the fluidity

according to Cu content variation in the Al-Si-Cu alloy and

reported that the fluidity decreased as the Cu content

increased, thereby increasing the hot tearing susceptibility.

Cheng et al. reported that the increase of Cu content in

hyper-eutectic Al-Si-Cu alloys increases the process

reaction time and increases the residual liquid phase at α-Al

grain boundaries [10]. Chen et al reported that Cu element

plays an important role to enhance the mechanical property

in a high-strength aluminum alloy that affects the change in

microstructure and precipitate formation behavior on hot

tearing [11]. Meanwhile, Li et al. studied the effect of

major alloying elements on the hot tearing susceptibility of

7xxx series aluminum alloy alloys, and emphasizes that Cu

was the element that increases the solid-liquid coexistence

range of the alloy [12]. The duration of mushy stage during

solidification increases and correspondingly, solid fraction

decreases which is the major factor influencing the hot

tearing phenomenon [13].

Various experimental methods have been developed to

evaluate hot tearing tendency. Among these test methods,

dog bone type [14], ring mold test [15] widely used.

However, these tests have certain limitations that it provides

only qualitative data. Many researchers were desired to

develop a test device that can obtain a quantitative data,

and numerous attempts have been carried out [16, 17] to

provide the quantitative data and to measure contraction

force and displacement during solidification. 

Instone et al. developed the hot tearing testing apparatus

to provide constraints during solidification and collect data

about the load, strain, and hot cracking behavior of the

mushy zone [18]. This device supported the quantitative

evaluation of the hot tearing properties. The purpose of the

present work is to investigate the effect of Cu on the hot

tearing strength in Al-Si-Cu system alloy. Four levels of Cu

content were set between (0.5 and 5.0) wt.% and the hot

tearing strengths in Al-Si-Cu casting alloy were determined

quantitatively at each level through the mold-modified

evaluation device [19].

2. Materials and Methods

2.1. Specimen preparation

Test alloys were prepared based on the A319 alloy

composition and each testing alloy was prepared separately

according to a variation of Cu composition. The Cu

composition was varied to (0.5, 1.0, 3.0, 5.0 wt.%) verify

the effect of Cu element on hot tearing property of the

testing alloys. On each testing alloy, melting process was

started by charging 50 kg Al-Si base alloy (see Table 1)

ingot into a 75kg graphite crucible inside an electric

furnace, and the pouring temperature was set at 710oC on

each testing alloy. After melting of the ingot was

completed, Al–75wt.%Cu master alloy (0.3, 0.6, 2.0, 3.3

kg) was charged into the melt to adjust the target Cu

content, then 0.2kg of Al–5wt.%Ti–1wt.%B master alloy

and 0.1 kg of Al–10wt.%Sr master alloy were added into

the melt in each testing alloy as a refiner and eutectic Si

modification agent. Gas bubbling filtration (G.B.F)
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treatment is a widely used degassing method to remove

residual hydrogen and inclusions from the molten metal

[20, 21]. The G.B.F treatment was performed by injecting

N2 gas for 30 minutes of degassing through graphite rotary

impeller and allowed it to settle for 20 min to let H2 gas

and inclusions to float. 10 times of hot tearing and 3 times

of natural shrinkage experiment were conducted on each

testing alloy, and at least 5 successful trials were achieved

in hot tearing test examination in every test condition to

verify the results.

Table 1 shows the chemical composition of the used

alloys analyzed through the Spark emission method in this

study, while Table 2 shows the casting conditions and the

molten metal treatment condition for experiments.

2.2. Microstructure observation and Thermal analysis

The microstructure observation on alloys with different

Cu contents was observed by optical microscope, while the

basic constituents of Al-Si-Cu casting alloy were observed

by SEM/EDS and X-ray diffraction (XRD). 

In order to observe the solidification characteristics of the

test alloys, the cooling curves were measured using a CA–

type thermocouple (T/C) connected to a data logger. The

temperature of the metal cup mold was set to 150oC to

measure the cooling curve, and the experiment was terminated

when the temperature measured by the T/C reduced below

400oC. The experiment was conducted under the same

casting condition as the hot tearing test. Differential

scanning calorimetric analysis (DSC) was performed using

Rigaku DSC 8270 to investigate the formation temperature

of the constituent phase during the cooling period. The

mass of the specimen used for DSC analysis was 20 mg,

and heating and cooling rate were set at 10oC /min on each

testing alloy. In addition, the thermodynamic calculation of

the alloy used in this study was performed under Scheil-

Gulliver conditions through Factsage v7.2 S/W. The

thermodynamic calculation S/W offers all probability of

constituent phases, there is the difference with a real

observed in OM and SEM/EDS

2.3. Evaluation of hot tearing strength through mold

modified device

In order to quantitatively evaluate the hot tearing

characteristics during the solidification of the test alloys,

the mold part of the tensile type device developed by

Instone et al. was modified to provide more reliable

quantitative data. Particularly, the shape of the former mold

sprue base was improved considering the flow of molten

metal during pouring. The former rectangular-shaped mold

was modified into a rod-shape in this study. Fig. 1 shows

the schematic diagram of the evaluation device.

A bolt was pre-inserted into an end of the H-shape

specimen to measure the hot tearing strength that was

defined as a maximum stress level measured in the stress-

strain curve at the moment when hot tearing occurs during

solidification. After pouring the molten metal into the hot

tearing test mold, a tensile force that was induced by the

electric motor with a capacity of 0.75 kW was applied to

the bolt at the moment of the desired solid fraction of an

alloy (Fig. 2). The real-time stress and strain that were

applied at the bolt were measured by load-cell and LVDT

Table 1. Chemical composition of alloys measured by spark emission method. (wt.%)

No. Alloy Cu Si Fe Mn Mg Ti Sr Al

– Standard 2.0–4.0 5.0–7.0 Max 1.0 Max 0.5 Max 0.5 Max 0.2 - bal.

1 Base alloy - 6.64 0.11 0.05 0.40 - - bal.

2 0.5% Cu 0.50 6.25 0.10 0.05 0.39 0.02 0.02 bal.

3 1.0% Cu 0.98 6.01 0.10 0.04 0.31 0.02 0.02 bal.

4 3.0% Cu 3.07 5.92 0.09 0.03 0.28 0.02 0.02 bal.

5 5.0% Cu 4.98 5.88 0.08 0.03 0.26 0.02 0.02 bal.

Table 2. Experimental condition of the Al-Si-Cu casting alloys

Parameter Value

Casting
Pouring temperature 710 oC

Mold Temp. 150 oC

G.B.F

Running Time 30 min

Settling time 20 min

Gas type N2 (99.9%)

Gas pressure 0.2 MPa

Gas flow rate 35 L/min

R.P.M 450
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and the raw data was collected by a data-logger. The real-

time collected data was used to plot the stress-strain curves

and evaluate the hot tearing property of the aluminum alloy

during solidification.

The acquired cooling curves can evaluate the solidification

characteristics of the used alloys, and define α-Al nucleation

temperature and eutectic growth temperature, as well. In

the experiment of measuring the hot tearing strength, the

solid fraction is important, that it directly affects the hot

tearing strength. In order to calculate the solid fraction of

the crack-initiated section, the temperature of the section

must be acquired. The temperature at the crack-initiated

section was predicted using Anycasting® S/W. Then the

solid fraction el was calculated using the Scheil conditions..

Test condition of the hot tearing strength and solidification

simulation condition were summarized in Table 3. 

Fig. 1. Schematic diagram of the hot tearing test device.

Fig. 2. Hot tearing specimen (a) actual hot tearing specimen, and (b) cross-sectional view of analysis region.
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3. Results and Discussion

3.1. Microstructure observation

The microstructure of the cross-sections was observed

through scanning electron microscopy (SEM), and observed

phases according to variation of Cu content are shown in

Fig. 3. The formation of phases is a result of non–equilibrium

reactions that occur in the interdendritic liquid according to

the cooling rate and to the addition of alloying elements to

the molten metal. A comprehensive study by Bäckerud et

al. suggested that the following reaction happens in

interdendritic liquid during the solidification of Al-Si-Cu

casting alloy [22]:

Liq. → Al + Al15Mn3Si2

Liq. → Al + Al5FeSi + Al15Mn3Si2

Liq. → Al + Si + Al5FeSi

Liq. → Al + CuAl2 + Si + Al5FeSi

Liq. → Al + CuAl2 + Si + Al5Mg8Cu2Si6

There are α–Al, modified eutectic Si, blocky CuAl2,

eutectic Al–CuAl2, AlFeMgSi, and AlMgCuSi that were

found in this study. This result is similar to the result of

Bäckerud et al.

Fig. 4 shows the result of the X-ray diffraction of the test

alloys. In the case of 0.5~1.0wt.%Cu addition condition, α-

Al and eutectic Si phases were detected [23], and in the case

of 3.0~5.0wt.%Cu addition condition, α-Al, eutectic Si, and

CuAl2 phase were detected [24]. Fig. 5 shows the cooling

curve, while Table 4 presents the results obtained by the

cooling curve. Bäckerud et al. [22] found α–Al nucleation

temperature to be 610oC, and in the present study, as Cu

content increased to (0.5, 1.0 3.0 and 5.0%), α–Al nucleation

temperature decreased to (620.0, 619.7, 614.1, and 610.0oC),

respectively. The decrease in α–Al nucleation temperature

with increasing Cu content is congruent with the results of

Djurdjevic et al. [25]. Furthermore, in [22], the eutectic Si

growth temperature was 560oC, and the experimental results

were (554.8, 552.9, 544.3, and 540.0oC), respectively.

Moustafa et al. reported that increase of Cu content leads to

a decrease in the eutectic temperature [26]. It is believed

that the addition of Al–10wt.%Sr additives lowered the

eutectic Si growth temperature. Besides, Djurdjevic et al.

suggested that during solidification, as Cu content increases,

the generated latent heat increases [27]. Since latent heat is

generated during solidification, this is the reason that eutectic

Si growth temperature decreases, and more supercooling is

required to form eutectic Si.

In addition, as Cu content increased, the solid-liquid co-

existence range increased to (65.2, 66.8, 69.8, and 70.0).

The expanded solidification range results in an increase in

shrinkage and gas pore, and affects the mechanical properties

of the material due to the decrease in cooling rate.

Fig. 6 shows the microstructural indicators such as

SDAS, and grain size, and Table 5 summarizes the results

obtained by observing the microstructure. As Cu content

increased, the average SDAS increased to (18.5, 20.6, 24.4,

and 31.2 μm), and the average grain size also increased to

(223, 273, 336, and 354 μm), respectively. SDAS and grain

size increased due to the low cooling rates (7.9, 6.9, 6.3,

and 5.1oC/sec) [28]. Grain size increase leads the alloy

more prone to hot tearing [29]. In Al-Si–Cu alloy, CuAl2

phase appears in two phases which are the crystallized

block-type CuAl2 phase and lamellar eutectic phase of Al

and CuAl2 phase.

Results of DSC analysis during the cooling section of a

sample are shown in Fig. 7. Peak 1 represents α-Al, Peak 2

represents eutectic Si, and Peak 3 represents a CuAl2 phase.

As Cu content increased, Peak depth of the CuAl2 phase

increased which indicates an increase in the volume

fraction of CuAl2 phase. Also, the formation temperature of

α-Al phase decreases (619.1, 617.6, 612.0, and 608.0oC) with

the increase in Cu content [11]. The formation temperature

of eutectic Si either decreased (555.9, 553.6, 545.6, and

541.0oC) as the Cu content increases. In the case of test alloy

Table 3. Simulation and experiment condition for hot tearing test

Parameter Value

Simulation 
settings

Mesh 5,023,180(EA)

Casting

Alloy Al-Si-Cu

Process Gravity-Die casting

Pouring Time 4 s

Mold
Material SKD 61

Mold temp. 150 oC 

Experimental 
conditions

Casting

Pouring time 4 s

Elapsed time1 5 s

Mold material SKD 61

Mold Temp. 150oC

1Delay time between pouring completed time and load applied time.
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with 3.0 wt.% and 5.0 wt.% of Cu addition, low melting

compound CuAl2 phase was detected at around 510oC

which means CuAl2 compound existed as liquid phase until

the temperature reaches 510oC. It can be confirmed through

DSC analysis that CuAl2 phases observed in the cross-

section of the hot tearing specimen exist as a residual liquid

Fig. 3. Secondary phases of Al-Si-Cu casting alloy observed by SEM/EDS.
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Fig. 4. XRD pattern of Al-Si-xCu alloy: (a) 0.5 wt.%, (b) 1.0 wt.%

(c) 3.0 wt.% and (d) 5.0 wt.%Cu.

Table 4. Parameters obtained by measuring the cooling curve

Specimen
Cu content (wt.%)

α-Al nucleation 
temperature (oC)

Eutectic Si growth 
temperature (oC)

Solidification range

(△T)

Solidification rate
(oC/s)

0.5 620.0 554.8 65.2 7.9

1.0 619.7 552.9 66.8 6.9

3.0 614.1 544.3 69.8 6.3

5.0 610.0 540.0 70.0 5.1

※The mold temperature was 150oC.

Fig. 5. A cooling curve with a change of Cu contents in Al-Si-Cu

casting alloy.

Fig. 6. Optical and etched microstructure with the change of Cu content.
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phase among α-Al dendrites at the moment when hot

tearing occurs.

3.2. Evaluation of hot tearing strength

The solidification process of an alloy is the transformation

of the liquid phase into the solid phase within a specific

temperature range called the solidification range. Below the

liquidus temperature, the solid nuclei form and grow to

grains until their boundaries contact with each other, at a

temperature called the dendrite coherency point. The dendrite

coherency forms the network as an interconnected skeleton

morphology, which has a specific strength. After the

formation of dendrite coherency, the restriction on liquid

flow and the development of the contraction stresses in the

continuous solid network can result in common casting

defects such as shrinkage, gas pore, and hot tearing [30].

3.2.1. Thermodynamic analysis on the test alloys

through a simulation S/W

Hot tearing occurs due to the effect of several factors,

such as cooling rate, solid fraction, grain size, the molten

metal feeding and casting defects [6,15,29]. Therefore, to

Fig. 6. Continued.

Table 5. Microstructural indicators obtained by observing a micro-
structure

Specimen 
Cu content (wt.%)

SDAS 
(μm)

Grain size 
(μm)

0.5 18.5 223

1.0 20.6 273

3.0 24.4 336

5.0 31.2 354

※The mold temperature was 150oC

Fig. 7. Differential scanning calorimetric (DSC) analysis of Al-Si-

xCu alloy during the cooling period.
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clearly distinguish the occurrence point of hot tearing, the

casting conditions and solid fraction must be defined.

However, during the actual evaluation, it is difficult to

collect data on the temperature, solid fraction, and melt

flow for the entire test specimen. Therefore, Anycasting® S/

W was utilized to overcome these limitations.

Preliminary experiment was conducted using T/C to measure

the temperature distribution of the hot tearing specimen. At

the same position, temperature distribution was also predicted

by Anycasting® S/W, and results were compared with each

other. Fig. 8(a) shows positions of virtual T/C in the 3D

modeling and T/C in the hot tearing test specimen and Fig.

8(b) shows 3D modeling for the simulation of the 3 wt.%

Cu test alloy. Based on the temperature distribution of the

specimen cross-section near the hot tearing occurrence by

the computer solidification simulation, the temperature at

the hot tearing initiation site was predicted. Fig. 8(b) shows

the calculation result of the temperature distribution with

time of the cross-section near the hot tearing occurrence by

Anycasting® S/W. Table 6 summarizes result of both the

temperature predicted by the Anycasting® S/W and the

real-time measured temperature by each T/C at the same

location when the hot tearing occurred. As a result, the

measured temperature and the predicted temperature were

differed within Max. 2oC. Therefore, the values by the S/W

were considered to be reliable and substituted with the

values of cross section near the hot tearing occurrence.

The solid fraction at the moment of hot tearing occurrence

was defined from the solid fraction change under Scheil

condition of solidification according to the temperature

change at the hot tearing initiation site. The occurrence of

hot tearing was determined by the critical stress theory [31-

33] that hot tearing occurs at maximum stress in this study.

Fig. 9 shows the change of solid fraction during solidification

according to the Cu content change. Thermodynamic

calculation program Factsage S/W is employed to calculate

the solid fraction change during solidification as the actual

calculation is difficult to conduct. It can be seen that solid

fraction decreases considerably as the Cu content increased.

With the further use of the Fig. 9, solid fraction at the

moment of hot tearing can be obtained.

For example, Fig. 10 explains the process of how the

solid fraction value was acquired at the moment that

reaches the maximum stress in the test specimen. The

cooling curve was obtained by the virtual T/C. The load

was given after about 9 seconds, including 4 seconds of

Fig. 8. Simulation analysis for 3wt.% Cu test alloy by Anycasting® (a) Position of the installed T/C in virtual model, and the specimen used in

the preliminary experiment for temperature measurement and (b) prediction of temperature distribution at the moment of hot tearing

occurrence by computer solidification simulation.

Table 6. Comparison of the predicted temperature by Anycasting®

and the real-time measured temperature by T/C

T/C

Methods

Prediction by Anycasting® Real-time measurement

Temperature (oC) Temperature (oC)

1 532.4 531.6

2 534.7 533.2

3 539.5 541.5

4 542.3 544.1
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pouring and 5 seconds to allow the formation of dendrite

coherency which can carry a load [34]. As shown in Fig.

11, the maximum stress was reached after (2.2, 1.6, 1.3,

and 1.1) seconds of load application to the specimen and

the temperature at that time was (552.0, 542.0, 537.7, and

531.1oC), corresponding to (96.6, 94.2, 90.6, and 87.3%) of

Fig. 10. Relationship between temperature, solid fraction, and hot tearing strength graph (a) 0.5 wt.%, (b) 1.0 wt.% (c) 3.0 wt.% and (d) 5.0

wt.% Cu.

Fig. 9. Change of solid fraction as the Cu content varies. Fig. 11. Hot tearing strength-time graph with Cu contents.
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a solid fraction under the Scheil conditions. In this

experiment, either the measured solid fraction at the

maximum stress and corresponding temperature were

decreased, due to the increase of the solidification range as

Cu content increased.

3.2.2. Effect of Cu content on hot tearing strength

In the Al-Si-Cu system alloy, the increase of Cu concen-

tration leads to the expansion of the solid-liquid coexistence

region [34-36], which lets the liquid phase exist as a slurry

state for a relatively long period. Therefore, melt feeding

ability is diminished, which results in the internal shrinkage

and gas pore increase among dendrites [37,38]. The increase

of Cu content results in the increase of grain size as shown

in Fig. 6, and volume fraction of secondary phases. Due to

the decreased solidification rate as Cu content increased,

grain boundary area was lessened by increase in α–Al grain

size. In general, as grain boundary area decreases, material

strength decreases. Thus, α–Al grain size is considered as

one of the factors influencing hot tearing due to increase of

the evenly distributed residual liquid along to grain boundary

area during solidification [39]. 

The natural shrinkage of 95 mm length specimen was

assessed via the mold-modified evaluation device with

LVDT sensor, and the result is shown in Fig. 12. According

to the increase of Cu content, the amount of natural shrinkage

decreased to (0.61, 0.58, 0.53, and 0.48 mm), respectively.

It is assumed that the resultant more shrinkage pores during

the application of the load contribute to the reduction of hot

tearing strength as Cu content increased.

As mentioned above, the shape and distribution of solidi-

fication shrinkage, and thermal stress caused by the solid

fraction change affected the hot tearing strength. Due to

this, the hot tearing strengths shown in Fig. 11 decreased to

(2.26, 1.53, 1.18, and 1.04 MPa), respectively, as Cu content

increased.

The fracture surface of the test specimens was observed

by a scanning electron microscope and shown in Fig. 13.

Shape of the dendrite can be observed clearly when Cu

content was 0.5 wt.%. However, as Cu content increased,

dendrite was assumed to be covered by a residual liquid

and followed by the formation of shrinkage pores around

the dendrites as shown in the case of 5.0 wt.% Cu content.

Hot tearing initiated at the shrinkage pores among dendrites,

and shrinkage and gas pore was observed in the vicinity of

dendrites.

3.2.3. Effect of residual liquid on hot tearing strength

The main factor of hot tearing occurrence is considered

due to the distributed residual liquid among dendrites. The

residual liquid acts as a lubricant in grain boundaries and

results in a decrease of hot tearing strength [41]. Pellini et

al. suggested that the total strain on the residual liquid is

the most important factor of hot tearing occurrence [40,

41], while Dodd, Metz, and Flemings explained the hot

tearing occurrence caused by a low-melting compound [42,

43]. Therefore, it can be considered that as the Cu content

increases, the residual liquid between the dendrites acts as

the initiation of hot tearing.

To confirm the existence of a residual liquid, the fracture

surface of the hot tearing specimen with 0.5 and 5.0% of

Cu content was observed through SEM and shown in Fig

14(a, b). In Fig. 14(a), the eutectic Si phase was observed

in the dendritic region in the case of a 0.5% Cu specimen.

While in 5.0 wt.% Cu specimen as shown in Fig. 14(b), the

network shape of the CuAl2, which is a low melting compound

[44], was observed on the surface of α–Al dendrite due to

the high concentration of Cu. When the stress is applied to

this residual liquid that exists among dendrites, it easily

deforms and liquid bridge is formed in the direction in

which the stress is applied. It can be seen from Fig. 15 that

a liquid bridge was observed in 5.0 wt.% Cu specimen.

Additionally, a cross-section of the fracture surface was

observed on each alloy and shown in Fig. 16. The intermetallic
Fig. 12. Amount of natural shrinkage with a change of Cu contents

in Al-Si-Cu casting alloy.
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Fig. 13. Fractography of hot tearing specimens with Cu contents. (a) 0.5; (b)1.0; (c)3.0; and (d)5.0 wt.% Cu.

Fig. 14. Analysis of fracture surface of hot tearing specimens with Cu contents. (a) EDS analysis of an α–Al dendrite region and the eutectic

phase of hot tearing specimen with 0.5 wt.% Cu. (b) EDS analysis of the eutectic phase of hot tearing specimen with 5.0 wt.% Cu.
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compounds that contribute to hot tearing occurrence were

identified. In the case of 0.5 and 1.0 wt.% Cu, the eutectic

Si, and acicular AlFeMgSi phases were mostly observed in

the vicinity of the crack propagation path as shown in Fig.

16. The acicular AlFeMgSi phase acts as a stress concentration

site, which makes hot tearing easily occur. Accordingly, in

0.5 and 1.0 wt.% Cu specimen, it is assumed that the hot

tearing occurrence was caused by acicular intermetallic

compounds (AlFeMgSi). In the case of 3.0 and 5.0% Cu,

CuAl2 which is a low melting compound was mostly

observed in the cross-section. As shown in Fig. 16, CuAl2

phases were observed near the crack propagation path.

Fig. 16. Observation of phases in the vicinity of hot tearing crack initiation.

Fig. 15. Observation of liquid bridges of hot tearing specimen with

the 5.0 wt.% Cu alloy.
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When Cu content increased from 3.0wt.% to 5.0wt.%, size

of the CuAl2 phase was also increased. Due to the increase

of the residual liquid as Cu content increased, it is assumed

that hot tearing has occurred in the residual liquid phase.

It is interesting at this point to discuss the effect on the

size and distribution of constituent phases including residual

liquid. However, the detailed discussion of these factors is

out of this research scope and will not be covered here.

4. Conclusions

The following results were drawn by evaluating the

microstructure and hot tearing susceptibility of Al-Si-Cu

casting alloy with different addition of Cu element (0.5,

1.0, 3.0, and 5.0) wt.%.

As the Cu content increased, α–Al nucleation temperature

were decreased, and relatively significant drops of the

eutectic Si growth temperature were observed. Correspondingly,

the solidification range increased which resulted in an

increase of shrinkage pore and grain size.

The solid fraction at the moment of hot tearing occurrence

was defined under the Scheil condition by the temperature

change at the hot tearing initiation site. As a result, the

solid fraction was predicted to decrease as the Cu content

increased.

Certainly, the residual liquid phase at the moment of hot

tearing occurrence was increased as the solid fraction

decreased. According to phase analysis in the vicinity of

the hot tearing crack initiation site, the increased residual

liquid with high alloy content among the dendrites acted as

an initiation of hot tearing.

Hot tearing strength decreased as Cu content increased,

mainly due to the decrease in solid fraction at the moment

of hot tearing occurrence.
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