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A B S T R A C T   

The paper aims to evaluate the effect of chemical composition on the Hot Cracking Susceptibility 
(HCS) using mechanical and non-mechanical hot cracking criteria during solidification. The 
criteria were SKK as a mechanical criterion. Feurer, Clyne Davis, and Katgerman as non- 
mechanical criteria. The criteria were implemented at various parameters to evaluate their 
abilities in the hot cracking susceptibility (HCS) prediction at varied chemical composition. In this 
study, The Mg content was varied in Al9Zn (1, 1.5, 2, 2.5 %wt.) Mg2Cu alloys and Cu content in 
Al9Zn2Mg (1, 1.5, 2, 2.5 %wt.) Cu alloys. The validation of the result is also conducted by 
comparing with the experimental data. Based on Feurer criterion, The hot cracking initiates at 
lower temperature and at higher critical rate of feeding and shrinkage with Cu content, and the 
hot cracking initiates at higher temperature with Mg content, and it initiates at higher critical rate 
of feeding and shrinkage from 1 up to 1.5 of Mg, and the critical rate of feeding and shrinkage 
remains constant from 1.5 up to 2.5 of Mg. Based on Clyne & Davies, the HCS decreases with Cu 
content from 1 up to 2 of Cu, and it increases from 2 up to 2.5 of Cu. The HCS decreases with Mg 
content from 1 up to 2 of Mg, and it remains constant from 2 up to 2.5 of Mg. Based on Katgerman 
criterion, the HCS decreases with Cu content from 1 up to 1.5 of Cu, it increases from 1.5 up to 2 
of Cu, and it decreases from 2 up to 2.5 of Cu. The HCS decreases sequentially with Mg content. 
Based on SKK criterion, the HCS curves shift to the right with Cu content which means that the 
hot cracking initiates at lower temperature, and the HCS curves shift to the left with Mg content 
which means that the hot cracking initiates at higher temperature with Mg content. The Feurer, 
Clyne & Davies, and some specific range for SKK criteria are in agreement for the effect of Cu 
content on HCS of alloys, and Katgerman and some specific range for Clyne&Davies criteria are in 
agreement for the effect of Mg content on HCS of alloys.   
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1. Introduction 

Hot cracking, also known as hot tearing, hot brittleness, or solidification cracking [1–2], has been considered to be a severe trouble 
that often initiated during the solidification of metal such as in casting [1–4], and in welding [5–9]. It is a type of fracture that is 
initiated by the contraction of the molten metal when it solidifies, and it generates the high-tension stresses that exceed the strength of 
solidified metal, thus the crack will form. It might occur in the center, beneath of the surface, or in the surface of the metal [2]. 
Commonly, the hot cracking starts to initiate at the interdendritic separation stage during solidification where the liquid feeding occurs 
[1]. Nowadays, there are a lot of theories or criteria of the hot cracking that explain the hot cracking prediction as well as the initiation 
and the propagation during the solidification [10]. Currently, the hot cracking criteria are classified into mechanical, non-mechanical, 
and combined both mechanical and non-mechanical criteria. The mechanical criteria are based on the stress generated during so-
lidification e.g., Novikov Criterion, Dickhaus Criterion, Lahaie & Bounchard Criterion, Langlais & Gruzleski Criterion, and William & 
Singer Criterion [11–15], based on strain e.g., Novikov Criterion, Magnin Criterion [11,15,16–18], and based on strain rate e.g., 
Prokhorov Criterion, RDG Criterion, Braccini Criterion, Stangeland Criterion, and Hamdi Criterion, [19–24]. The non-mechanicals are 
Feurer criterion, Clyne & Davies criterion, Modified Clyne & Davies Criterion, and Katgerman Criterion [2,25–26]. The combined 
mechanical and non-mechanical are SKK (Suyitno Kool Katgerman) and modified SKK criterion [27–28]. The criteria that well widely 
recognized due to their fitness and accuracy to some experimental parameters are Feurer, Clyne Davies, Katgerman [25–26], and SKK 
criterion [27–28]. Currently, the evaluations to get the proper model that can predict the initiation and the propagation of hot cracking 
during the solidification alloys, and the model that can fit to the experimental data at varied casting parameter e.g., chemical 
composition, strain rate, casting speed, pouring temperature, melting temperature, etc. are still counseled. 

One of the crucial parameters that affect the hot cracking of metal alloys is the chemical composition. Several experimental studies 
have been conducted on evaluating of chemical composition on the Hot Cracking Susceptibility (HCS), whether for binary alloys 
[3,16], ternary alloys [29], and quaternary alloys [30]. The well-known result from experimental of hot cracking evaluation is the 
lambda curve. It is the satisfactory tool for evaluating and predicting the effect of chemical composition on the HCS based on the 
experimental studies. In contrast, theoretically, based on the hot cracking criteria, the research has not been conducted to evaluate the 
chemical composition effect on HCS using well-recognized hot cracking criteria. It is important to benchmarking the existing of hot 
cracking criteria to evaluate various hot cracking of alloys at varied composition. It would be useful for further research in the 
development of the hot cracking criteria as a function of chemical composition. For an industrial prospective, it would be applicable to 
know which of the criteria is close to the experimental data. It can be used for evaluating the susceptibility of alloys to hot cracking as a 
function of chemical composition, thus the failure of products can be avoided. 

Based on the descriptions, this study aims to compare and to evaluate the chemical composition effect on Hot Cracking Suscep-
tibility (HCS) of Al9Zn(1, 1.5, 2, 2.5)Mg2Cu alloys (wt%.) and Al9Zn2Mg(1, 1.5, 2, 2.5)Cu alloys (wt%.) using Feurer, Clyne & Davies, 
Katgerman, and SKK criteria. The validation of the data is conducted by comparing it to the experimental data. Some of the parameters 
that have been evaluated other than chemical composition by Clyne & Davies and Feurer are casting speed, by Katgerman are ingot 
diameter and casting speed, by SKK are casting speed, strain rate, cooling rate, packing parameter, grain diameter, and ramping 
procedure. 

2. Mathematical model 

2.1. Feurer criterion 

Feurer criterion considers the feeding and shrinkage during solidification of metal alloys. The hot cracking is assumed due to the 
lack of feeding during solidification. It correlates to the difficulties of molten flow through the mush as a permeable medium in 
competition with the solidification shrinkage. Feurer considers SPV and SRG where the SPV is the maximum volumetric flow rate 
(feeding term) through a dendritic network as explained in Eqs. 1–3, and SRG is the volumetric solidification shrinkage as explained in 
Eqs. 4–5. As per Feurer’s criterion, the hot cracking forms if SPV < SRG. 

SPV =
f 2
l λ2

2Ps

24πc3ηL2 (1)  

PS = PO +PM − PC (2)  

PC =
4γSL

λ2
(3) 

The fl is volume fraction liquid, λ2 is secondary dendrite arm spacing, Ps is effective feeding pressure, L is length of porous network, c 
is tortuosity constant of the dendritic network, η is viscosity of the liquid phase, γSL is solid liquid interfacial energy and PO, PM and PC 
are atmospheric, metallostatic, and capillary pressure respectively. 

SRG =

(
∂lnV

∂t

)

= −
1
ρ

∂ρ
∂t

(4)  

ρ = ρlfl + ρsfs (5) 
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The V is a volume element of the solidifying mush with constant mass, t is time,ρ is average density of the mush, ρl and ρs are 
densities of liquid and solid, respectively, and fl and fs are volume fractions liquid and solid in the dendritic network, respectively. 
Fig. 1 shows the critical point taken from the intersection curve between SPV and SRG during solidification. It indicates the boundary 
of sufficient and insufficient feeding conditions. 

The critical temperature based on Feurer’s criterion is expressed in terms of liquid fraction fL where the SPV is equal to SRG (SPV =
SRG). It means that the insufficient feeding process during solidification is developed. When the solidification passes the critical 
temperature, the hot cracking initiates (SPV < SRG). 

2.2. Clyne & Davies criterion 

Clyne & Davies state that the HCS is the ratio of vulnerable time (tv) and the time where the mass feeding and the liquid feeding 
occur (tR). The tv is the subtraction of the time when the fraction of solid is 0.99 (t0.99) with the time when the fraction of solid is 0.9 
(t0.9), and the tR is the subtraction of the time when the fraction of solid is 0.9 (t0.9) with the time when the fraction of solid is 0.4 (t0.4).. 
The HCS as per Clyne & Davies criterion is explained by Eq.6 [25]. 

HCS =
tv

tR
=

t0.99 − t0.9

t0.9 − t0.4
(6)  

2.3. Katgerman criterion 

The Katgerman criterion considers the time when the feeding process is inadequate (tcr) and the time when the coherency points 
during the solidification (tcoh). The tcr is determined from the intersection point of the curve between volumetric flow rate per unit 
volume (SPV) and shrinkage rate (SRG) as shown in Fig. 1. The value of tcr is determined using Feurer’s criterion, and is the time for 
which SPV = SRG, thus the SPV and SRG indicated by the intersection point as in Fig. 1. The HCS as per Katgemen criterion math-
ematically is stated in Eq.7 [26]. 

HCS =
t0.99 − tcr

tcr − tcoh
(7)  

2.4. SKK criterion 

The SKK consists of three aspects namely the formation of cavities, the formation of thermal stresses in the mushy zone, and the hot 
cracking initiation and propagation. Those main parameters are explained below. 

Fig. 1. Comparison of maximum volumetric flow rate (SPV) through the dendritic network and rate of solidification shrinkage (SRG) [33].  
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a. Solidification Model 
The liquid fraction as a function of temperature is expressed in Eq. (8). 

fl =
1

1 − 2α*
s k

⎡

⎣

(
Tm − T
Tm − Tl

)1− 2α*
s k

k− 1

⎤

⎦andα*
s = αs

[

1 − exp
(

−
1
αs

)]

−
1
2

exp
(

−
1

2αs

)

(8)  

where Tm is the melting temperature of pure metal, Tl is the liquidus temperature, T is the temperature, k is the partition coefficient, αs 

is the back-diffusion coefficient, and α*
s is the modified dimensionless solid-state back diffusion parameter. 

b. Evolution of cavity. 
Mathematical equations to model the cavity formation based on the SKK criterion are expressed in Eqs. 9–10. 

d = (
3

2πfvVchar)
1/3 (9)  

Vchar = cd3
g (10)  

where d is the cavity size, Vchar is the characteristic volume of the local geometry (cavity and grains), and dg is the diameter of the grain. 
c is a packing parameter of the grains, and it is equal to 2

̅̅̅
2

√
for FCC-like and 8

3
̅̅
3

√ for BCC-like, and fv is the cavity volumetric fraction. 
The fv in Eq. (8) is obtained using Eq. (11). 

fv =

∫ T

Tcrit

∂fv

∂T
dT (11) 

c. Thermal stress in the mushy zone 
The stress developed in the mush based on the SKK criterion is calculated using a constitutive model as expressed in Eq. (12). 

σ = σoexp(βfs)exp
(

mQ
RT

)

(ε̇)m (12)  

where Q is the activation energy, m is the strain rate sensitivity coefficient, R is the gas constant, σo and β are material constants, and ε̇ is 
the strain rate. 

d. Hot cracking evaluation 
SKK criterion used a Griffith’s approach [31–32] to correlate the critical cavity length (acrit) and the stress in the mush. The cavity 

propagates as a crack, and it is expressed in Eq. (13). 

acrit = 4γs
E

πσ2 (13)  

where γs is the surface tension of the liquid metal, E is the young’s modulus of the mush, and σ is the stress of the mush. Due to the 
irregularity of cavity shape, it needs to be considered its irregularity using Eq. (14) where the C1 is the constant as shown in Table. 1. 

a = C1d (14) 

Table 1 
Parameter used in the calculations.  

Parameter Value Unit Ref. 

Аs 0.01  [21] 
k 0.14  [36] 
Tm 933 K [37] 
σo 4.5 Pa [22] 
m 0.26  [22] 
А 10.2  [22] 
Q 160 kJ/mol [22] 
E 40 GPa [27] 
γsl 0.84 J/m2 [38] 
ρS 2790 kg/m3 [38] 
ρl 2480 kg/m3 [38] 
λ 8.10-5 m [27] 
η 0.0013 Pa s [38] 
dg 5.10-4 m [27] 
C1 1  [27] 
C2 2√2  [27] 
Ṫ 5 K/s 

[38] 
ε̇ 0.001  

[38]  
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From Eqs. (13)–(14), both a crit and a are compared. If a ≥ a crit, a crack will develop. The hot cracking susceptibility (HCS) as per 
SKK criterion is defined by Eq. (8). 

HCS =
a

acrit
(15) 

Qualitatively, the HCS will increase by increasing its value, and quantitatively, the hot cracking develops if the HCS is higher than 
1. 

2.5. Method of model implementation 

The implementation of Feurer, Clyne & Davies, Katgerman, and SKK criteria were carried out by applying those criteria on the 
similar parameter process as shown in Table 1, and on some varied parameter such as the Cu composition on Al9Zn2Mg(1, 1.5, 2, 2.5% 
wt.)Cu alloys, and the Mg composition on Al9Zn(1, 1.5, 1, 2.5%wt.)Mg2Cu alloys. 

The HCS values based on the Feurer, Clyne & Davies, Katgerman, and SKK criteria are compared and evaluated by normalized the 
HCS value. The normalized HCS values are classed to be extreme, high, moderate, and low HCS, and each class equal to 4, 3, 2, and 1, 
respectively. Finally, the results of the model implementation are validated by comparing to the experiment data as explained in 
Ref. [19,34–35]. 

3. Results and discussions 

Fig. 2a-b show the cooling curve of alloys from 0.8 up to 1 of solid fraction. Fig. 2a for Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu alloys, and 
Fig. 2b for Al9Zn(1, 1.5, 2, 2.5%wt.)Mg2Cu. In Fig. 2a, it shows that the transformation point of 1, 1.5, 2, and 2.5 of Cu (%wt.) in 
Al9Zn2Mg(x)Cu occurs at fs = 0.89, T = 460.43 ◦C, at fs = 0.87, T = 455.85 ◦C, at fs = 0.85, T = 451.24 ◦C, and at fs = 0.83, T =
445.76 ◦C, respectively. It can be observed that the fs and T at transformation point decreases with Cu content, and it states that the 
cooling curve and the transformation point shift to left and drop down a bit regularly with Cu content. In contrast as in Fig. 2b, it shows 
that the transformation point of 1, 1.5, 2, and 2.5 of Mg (%wt.) in Al9Zn(x)Mg2Cu occurs at fs = 0.89, T = 447 ◦C, at fs = 0.87, T =

Fig. 2. Cooling curve of (a) Al9Zn2Mg(1, 1.5, 2, 2.5)Cu, and (b) Al9Zn(1, 1.5, 2, 2.5)Mg2Cu.  
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440 ◦C, at fs = 0.85, T = 450 ◦C, and at fs = 0.83, T = 460 ◦C, respectively. It can be observed that the fs at transformation point 
decreases regularly with Mg content, and the T at transformation point decreases from 1 up to 1.5 of Mg (%wt.), and it increases from 
1.5 up to 2.5 of Mg (%wt.). The cooling curve and the transformation point relate to the nucleation and phase growth during the 
solidification process. 

Fig. 3a-b show the SPV and SRG curve. SPV is the volumetric flow rate per unit volume, and SRG is the shrinkage rate. In other 
terms, the SPV is the feeding process, and the SRG is the deformation process. 

Fig. 3a-b show the intersection point of SPV and SRG. Fig. 3a for Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu alloys, and Fig. 3b for Al9Zn(1, 
1.5, 2, 2.5%wt.)Mg2Cu alloys. The intersection points between SPV and SRG curve as shown in Fig. 3a-b indicate the critical tem-
perature and the critical rate of feeding and shrinkage of each alloy during solidification. It occurs when the SPV is equal to SRG (SPV 
= SRG). It means that the insufficient feeding process during solidification is developed. According to the Feurer criterion, the hot 
cracking occurs when the SPV < SRG. Fig. 3a shows that the intersection points between SPV and SRG curve shift to the right and go up 
a bit with Cu content, thus it states that the Cu content causes the hot cracking initiates at lower temperature and at higher critical rate 
of feeding and shrinkage. In Fig. 3b, the intersection points between SPV and SRG curve shift to the left with Mg content. The critical 
rate of feeding and shrinkage increases with Mg content in Al9ZnxMg2Cu from 1 up to 1.5 of Mg (%wt.), and the critical rate of feeding 
and shrinkage remains constant from 1.5 up to 2.5 of Mg (%wt.). It is concluded that the hot cracking initiate at higher temperature 
with Mg content, and the hot cracking initiates at higher critical rate of feeding and shrinkage from 1 up to 1.5 of Mg (%wt.), and the 
critical rate of feeding and shrinkage remains constant from 1.5 up to 2.5 of Mg (%wt.). 

Fig. 3 shows an instability curve when experiencing the intersection point between the SPV and SRG, specifically near the critical 
temperature, or also known as rigidity temperature range [39]. Based on Ref. [39], it can be explained based on microscopic and 
mesomicroscopics phenomenon. Microscopically, it occurs due to the coherency phenomenon, and mesomicroscopically, it might 
happen due to lack of feeding, or stress, strain, or strain rate imposed on the structure [39]. During the rigidity temperature range, the 
permeability of the mush decreases jointly with shrinkage phenomenon, then the inadequate feeding be present that will cause the 
generation of nonuniform thermal stress which could be or could not be supported by the solid bridges. The limited access of the liquid 

Fig. 3. Intersection point of SPV and SRG curve of (a) Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu, and (b) Al9Zn(1, 1.5, 2, 2.5%wt.)Mg2Cu.  
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to the solid bridge causes the brittle fracture. The mechanism is known as liquid–metal embrittlement [39]. Additionally, some 
Ref. [26] states that the stress resulting from inadequate feeding might be considered as the causes of hot tearing. In the other point of 
view, based on Ref. [40], the curve instability might be caused by the rate of dendrite growth to any direction before dendrite co-
herency point [40–42]. The multi direction of dendrite growth causes of solid fraction to increase at the dendrite coherency point 
range, so the interdendritic feeding would be intermitted [43]. 

Based on Feurer criterion, the critical temperature during solidification is when the SPV = SRG. Fig. 3 shows that the range of 
critical temperatures or rigidity temperatures for Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu are 399–402 ◦C (Fig. 3a), and for Al9Zn(1, 1.5, 2, 
2.5%wt.)Mg2Cu are 427–443 ◦C (Fig. 3b). From Fig. 3, the critical or rigidity temperature can be plotted to get the value of fs. It shows 
that the critical temperature for Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu occurs at fs 0.96–0.98, and for Al9Zn(1, 1.5, 2, 2.5%wt.)Mg2Cu 
occurs at fs 0.90–0.93. Based on Ref. [39], The temperature range or the solid fraction that the hot cracking might be initiated and 
propagated are classified into three assumptions [39]. Firstly, It is between coherency and rigidity temperature (50 up to 80 of solid 
fraction), or it is below the rigidity temperature (80 up to 99 of solid fraction), or it might be closed to the solidus (98 up to 100 of solid 
fraction). Based on the assumption above, the hot cracking based on the Feurer criterion correlates to the second statement that the hot 
cracking formed below the rigidity temperature (80 up to 99 of solid fraction). 

Fig. 4a-b show the HCS curve based on Clyne & Davies criterion. Fig. 4a for Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu alloys, and Fig. 4b for 
Al9Zn(1, 1.5, 2, 2.5 %wt.)Mg2Cu alloys. Based on Fig. 4a, the HCS decreases with Cu content from 1 up to 2 of Cu (%wt.), and it 
increases from 2 up to 2.5 of Cu (%wt.). The results are in accordance with the experimental data as in Ref. [35] where the HCS 
decreases from 0 up to 2 of Cu (%wt.), and it increases from 2 up to 3 of Cu (%wt.) [35]. Based on Ref [35], the increase of Cu (%wt.) in 
Al-Zn-Mg-Cu alloys decreases the grain size, and it increases the eutectic phase in the boundary. When the grain size is smaller, the 
stress generated during solidification shrinkage at the dendrite skeleton becomes more dispersed, thus the tendency of grain boundary 
cracking or the HCS is also lower [35,4]. Nonetheless, the HCS increases with Cu content from 2 of Cu (%wt.). It occurs due to the 
divorced eutectic structure on the grain boundary [35]. Fig. 4b shows the effect of Mg content on HCS based on Clyne & Davies 
criterion. It states that the HCS decreases with Mg content from 1 up to 2 of Mg (%wt.), and it remains constant from 2 up to 2.5 of Mg 
(%wt.). 

Fig. 4. The HCS curve based on Clyne & Davies criterion, (a) Al9Zn2Mg(1, 1.5, 2, 2.5 %wt.)Cu, and (b) Al9Zn(1, 1.5, 2, 2.5 %wt.)Mg2Cu.  

E. Pujiyulianto et al.                                                                                                                                                                                                  



Engineering Failure Analysis 152 (2023) 107501

8

Fig. 5a-b show the HCS curve based on the Katgerman criterion. Fig. 5a for Al9Zn2Mg(1, 1.5, 2, 2.5 %wt.)Cu alloys, and Fig. 5b for 
Al9Zn(1, 1.5, 2, 2.5 %wt.)Mg2Cu alloys. Based on the Katgerman criterion, as shown in Fig. 4a, the HCS decreases with Cu content 
from 1 up to 1.5 of Cu (%wt.), it increases from 1.5 up to 2 of Cu (%wt.), and it decreases from 2 up to 2.5 of Cu (%wt.). Based on 
Katgerman criterion, the effect of Cu is fluctuated. It is not in agreement with experimental data as in ref. [35]. Fig. 4b shows that the 
HCS decreases sequentially with Mg content. Based on Ref. [41], the time range of Clyne & Davies criterion is correspondingly with 
HCS zone where the solid fraction interval varied between 0.90 and 0.99. At the same time, the Katgerman criterion uses the Tcr as the 
main parameter which is affected by the eutectic distribution, dendrite coherency, and solid fraction of pre-eutectic and near-eutectic 
compounds [41]. 

Fig. 6a-b show the HCS curve based on the SKK criterion. Fig. 6a for Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu alloys, and Fig. 6b for Al9Zn 
(1, 1.5, 2, 2.5%wt.)Mg2Cu alloys. Based on SKK criterion, the hot cracking initiates when the HCS is higher than 1 (HCS > 1). 
Generally, Fig. 6a shows that the HCS curves shift to the right with Cu content which means that the hot cracking initiates at lower 
temperature. However, for 2 and 2.5 of Cu (%wt.), the curve is almost coincided. The results are in agreement with the experimental 
data as explained in Ref. [35] where the temperature of hot cracking initiation decreases from 0 up to 2 of Cu (%wt.), and it is almost 
constant from 2 up to 2.5 of Cu (%wt.). Fig. 6b shows that the HCS curve shifts to the left with Mg content which means that the hot 
cracking initiates at higher temperature with Mg content. Based on SKK, the effect of Cu and Mg content on Al-Zn-Mg-Cu has a 
contradiction effect. 

Based on the discussion above, to ease for comparing and evaluating the HCS for each criteria as a function of chemical compo-
sition, The normalized of HCS values are implemented. It is shown in Fig. 7a-b. 

Fig. 7a-b show the normalized of HCS value based on Feurer, Clyne and Davies, Katgerman, and SKK criteria. Fig. 7a for Al9Zn2Mg 
(1, 1.5, 2, 2.5%wt.)Cu alloys, and Fig. 7b for Al9Zn(1, 1.5, 2, 2.5%wt.)Mg2Cu alloys. In Fig. 7a, based on Feurer and SKK criteria, it 
shows that the normalized HCS value decreases with Cu content (%wt.), based on Clyne & Davies criterion, the normalized HCS value 
decreases from 1 up to 2 of Cu (%wt.), and it increases from 2 up to 2.5 of Cu (%wt.), and based on Katgerman criterion, the normalized 
HCS value decreases from 1 up to 1,5 of Cu (%wt.), it increases from 1,5 up to 2 of Cu (%wt.), and it decreases from 2 up to 2.5 of Cu. In 
Fig. 7b, based on Feurer and SKK criteria, it shows that the normalized HCS value increases with Mg content (%wt.), based on Clyne & 

Fig. 5. The HCS curve based on Katgerman criterion, (a) Al9Zn2Mg(1, 1.5, 2, 2.5 %wt.)Cu, and (b) Al9Zn(1, 1.5, 2, 2.5 %wt.)Mg2Cu.  
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Davies criterion, the normalized HCS value decreases with Mg content from 1 up to 2 of Mg (%wt.), and it remains constant from 2 up 
to 2.5 of Mg (%wt.). Based on Katgerman criterion, the normalized HCS value decreases sequentially with Mg content. 

Based on Fig. 7a-b, the HCS of some criteria are matched each other, and the HCS of some criteria are mismatched each other. 
Fig. 7a shows that the HCS of SKK is matched with the HCS of Feurer criterion for all varied Cu content, and the HCS of SKK and Feurer 
is matched with HCS of Clyne & Davies for some specific range of Cu content. HCS of Katgerman is mismatched with HCS of SKK, 
Katgerman, and Clyne & Davies for all varied of Cu content in Al9Zn2MgxCu alloys. Based on Fig. 7b, it shows that the HCS of SKK is 
matched with the HCS of Feurer criterion for all varied Mg content, and the HCS of Clyne & Davies is matched with the HCS of 
Katgerman for some specific range of Mg content in Al9ZnxMg2Cu alloys. It shows that the HCS of SKK and Feurer is mismatched with 
the HCS of Clyne & Davies and Katgerman. The reasons for matched and mismatched of the HCS of criteria are due to the considered 
parameters in the equation. SKK and Faurer have the same considered parameters for evaluating the HCS such as feeding, shrinkage, 
and deformation during solidification, thus SKK and Feurer is matched for all varied Mg and Cu content in in Al9Zn(x)Mg2Cu and 
Al9Zn2Mg(x)Cu alloys, respectively. Clyne & Davie considers the vulnerable time (tv) and the time where the mass feeding and the 
liquid feeding occur (tR). The tv considers the time when the fraction of solid is 0.99 (t0.99) and time when the fraction of solid is 0.9 
(t0.9), and the tR considers the time when the fraction of solid is 0.9 (t0.9) and when the fraction of solid is 0.4 (t0.4). The Katgerman 
criterion considers the time when the feeding process is inadequate (tcr) and the time when the coherency points during the solidi-
fication (tcoh). The tcr is evaluated from the volumetric flow rate per unit volume (SPV) and shrinkage rate (SRG). 

Fig. 8a shows the crack length evaluated from the superheating effect and Cu content (%wt.) on the HCS of Al Alloys, and Fig. 8b 
shows the crack length evaluated from the superheating effect and Mg content (%wt.) on the HCS of Al alloys. The curves are generated 
from the experimental result. Generally, Fig. 8a shows that HCS increases with Cu content from 0 up to 0.5 of Cu (%wt.), it decreases 
from 0.5 up to 2 of Cu (%wt.), and it increases with Cu content from 2 up to 3 of Cu (%wt.) that is superheated at 100 ◦C (○), and it 
remains constant from 2 up to 3 of Cu (%wt.) that is superheated 20 ◦C (□). The results that are superheated at 100 ◦C (○) correlate to 
the Feurer and Clyne & Davies criteria, and the results that are superheated at 20 ◦C (□) correlate to SKK criterion. Fig. 8b shows that 
the HCS value increases from 0 up to 1 of Mg (%Mg.), and it decreases when the Mg content is more than 1 of Mg (%wt..). Generally, 

Fig. 6. The HCS curve based on SKK criterion (a) Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu, and (b) Al9Zn(1, 1.5, 2, 2.5%wt.)Mg2Cu.  
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the results are in agreement with the Katgerman criterion, and it is in agreement with Clyne & Davies for 2 up to 2.5 of Mg (%wt.). 
Figs. 9-10 show the other experimental result. Fig. 9 has a similar phenomenon to experimental data as in Fig. 8a where the HCS 

decreases with Cu content from 0 up to 2 of Cu (%wt.), and it increases from 2 up to 3 of Cu (%wt.). Fig. 9 uses the Cracking Sus-
ceptibility Coefficient* (CSC*) term to define the HCS value. Fig. 10 also has similar phenomenon to experimental data as in Fig. 8b 
where the HCS decreases from 1.5 up to 2.5 of Mg (%wt.). It can be stated that the Feurer, Clyne & Davies, and some specific range for 
SKK criteria are in agreement for the effect of Cu content (%wt.), and Katgerman and some specific range for Clyne&Davies criteria are 
in agreement for the effect of Mg content (%wt.). 

Based on the results of the evaluation, it can be stated that more development of the model to predict the hot cracking as a function 
of chemical composition is still needed to be done as well as in the casting [44,45] and welding process [6,46,47]. 

4. Conclusions 

Evaluation of the chemical composition on hot cracking susceptibility (HCS) using Feurer criterion, Clyne & Davies criterion, and 
Katgerman as non-mechanical criteria, and using SKK criterion as combined mechanical and non mechanical hot cracking criteria were 
studied. Based on Feurer criterion, The hot cracking initiates at lower temperature and at higher critical rate of feeding and shrinkage 
with Cu content, and the hot cracking initiates at higher temperature with Mg content, and it initiates at higher critical rate of feeding 
and shrinkage from 1 up to 1.5 of Mg, and the critical rate of feeding and shrinkage remains constant from 1.5 up to 2.5 of Mg. Based on 
Clyne & Davies, the HCS decreases with Cu content from 1 up to 2 of Cu, and it increases from 2 up to 2.5 of Cu. The HCS decreases with 
Mg content from 1 up to 2 of Mg, and it remains constant from 2 up to 2.5 of Mg. Based on Katgerman criterion, the HCS decreases with 

Fig. 7. The normalized of HCS value based on Feurer, Clyne and Davies, Katgerman, and SKK criteria (a) Al9Zn2Mg(1, 1.5, 2, 2.5%wt.)Cu, and (b) 
Al9Zn(1, 1.5, 2, 2.5%wt.)Mg2Cu. 

E. Pujiyulianto et al.                                                                                                                                                                                                  



Engineering Failure Analysis 152 (2023) 107501

11

Fig. 8. The crack length evaluated from: a) the effect of superheating 100 ◦C (○) 20 ◦C (□) and Cu content (%wt.), and b) the effect of superheating 
100 ◦C (○) 60 ◦C (Δ) 20 ◦C (□) and Mg content (%wt.) [19]. 

Fig. 9. The effect of Cu content on the HCS values on Al6Zn1.5 Mg(0, 1, 2, and 3 %wt.)Cu alloys [35].  

Fig. 10. The effect of Mg content on HCS value for Al9Zn(1.5, 2, 2.5 %wt.)Mg2Cu. [36].  
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Cu content from 1 up to 1.5 of Cu, it increases from 1.5 up to 2 of Cu, and it decreases from 2 up to 2.5 of Cu. The HCS decreases 
sequentially with Mg content. Based on SKK criterion, the HCS curves shift to the right with Cu content which means that the hot 
cracking initiates at lower temperature, and the HCS curves shift to the left with Mg content which means that the hot cracking initiates 
at higher temperature with Mg content. The Feurer, Clyne & Davies, and some specific range for SKK criteria are in agreement for the 
effect of Cu content on HCS of alloys, and Katgerman and some specific range for Clyne & Davies criteria are in agreement for the effect 
of Mg content on HCS of alloys. The intersection points between SPV and SRG curve indicate the critical temperature of each alloy 
during solidification. It occurs when the SPV is equal to SRG, and it implies the insufficient feeding process during solidification. 
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