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INTRODUCTION   

The current technology needs advanced materials that can be applied for many purposes; for example, high strength 

to weight ratio materials is one of the requirements in material selection in the aircraft industry and marine applications 

[1]. The pure metal is not sufficient to meet the criteria; therefore, alloying becomes an option to improve material 

properties. The additions of copper in aluminum improves tensile strength and hardness in the cast and heat-treated 

products at room and elevated temperature [2,3]. Alloys containing 4 to 5.5wt.%Cu respond most strongly to thermal 

treatment and display relatively improved casting properties [4]. These improvements had brought a widespread usage of 

Al-Cu alloys in industry. 

Improvements in material properties are also conducted by controlling the solidification parameters during the 

solidification. The preliminary stage is characterizing the solidification with the solidification parameters, e.g., cooling 

rate (TR), local solidification time (tSL), growth rate (VL), and temperature gradient (G). Numbers of researchers 

investigated and analyzed the dependency of those parameters on the microstructure parameters (primary dendrite arm 

spacings (λ1) and secondary arm spacings (λ2)) and micro-hardness of Al-Cu alloys. A few numbers of compositions were 

investigated, such as 3, 5, 6, 8, 10, 15, and 24 wt.% [5–9] and commonly used mold material was stainless steel [5,8,9]. 

The samples were cooled at the bottom without any heat supply from the furnace. However, in practice, the mold materials 

are varied, and it affects the solidification parameters as well as microstructure parameters [10,11]. Explorations regarding 

composition, mold materials, and treatment during the cooling are still needed to provide extensive information in 

understanding the relation between solidification parameters, microstructure parameters, and micro-hardness. 

Hardness is commonly related to the microstructure formation; therefore, the investigations of their relationship have 

been carried out intensively. Hall-Petch (HP) had formulated the correlation in the form of experimental and the simplified 

one as follows accordingly [6]: 

𝐻𝑉 = 𝐻0 + 𝑘𝜆(1,2)
−0.5  (1) 

𝐻𝑉 = 𝑘𝜆(1,2)
−𝑛  (2) 

where, H0 and k are experimental constant, and n is the exponent value for λ1 and λ2. The proposed HP equations of Al-

Cu alloys from previous works are generally conducted under a vertical upward method and graphite mold. The studied 

compositions of Cu were 3, 6, 15, and 24 wt.%.  The exponent values of λ2 of the HP expression are reported in the range 

of -0.15 to -0.21. Providing HP expression for different compositions and mold material would help in a comprehensive 

understanding of microstructure and micro-hardness relationship.  

ABSTRACT – Improvement of material properties is achieved by controlling parameters involved 
in the solidification process; therefore, understanding them and their implication are essential. This 
work investigated the dependency of solidification parameters (cooling rate (TR), growth rate (VL), 
local solidification time (tSL), temperature gradient (G)), microstructure parameters (primary (λ1) and 
secondary (λ2) dendrite arm spacing), and micro-hardness values (HV) of Al-4.5wt.%Cu in the clay 
mold. The samples were directionally solidified in Bridgman vertical apparatus and the temperature 
is recorded during the cooling. The solidification parameters were obtained from the cooling curve. 
The microstructures and micro-hardness were characterized using an optical microscope and 
micro-hardness tester. The microstructure parameters were measured and plotted as functions of 
solidification parameters using linear regression. The relation between HV and microstructure 
parameters are analyzed. The results show the λ1 and λ2 change inversely with solidification 
parameters except for tSL. Comparison to other works shows the exponent values of solidification 
parameters of the clay mold are lower than that of the carbon and stainless-steel mold. The 
exponent value of λ2 in the clay mold is -0.183, close to the value in the graphite mold. The clay 
has the potential as mold material since it characteristic close to the graphite.   
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This work investigates experimentally the dependency of solidification parameters, microstructure parameters (λ1 and 

λ2) and micro-hardness of directionally solidified Al−4.5wt.% Cu in the clay mold. Also, micro-hardness dependency on 

the microstructural relation is proposed. 

 

METHODS AND MATERIALS 

AA1050 and Al–40 wt.% Cu were mixed by a weighed amount in an electrical furnace at 700°C to prepare Al–

4.58wt.%Cu samples. The melt was cast into a medium carbon steel mold with six cylindered shapes die cavities. The 

size of the holes was 6 mm diameter and 60 mm in length. The cylinder was inserted into a hollow cylinder clay mold. 

The size of the clay mold was 10 mm outside diameter, 6 mm inside diameter and 60 mm length. It was made with six 

holes with 0.75 mm diameter. The first hole located at 5 mm from the bottom and the next ones had a 10 mm distance 

and 60° angle between them, as illustrated in (Figure 1a). The clay thermal conductivity was 12.75 W/m.K (laboratory 

tested).     

An acquisition apparatus with a computer recorded the temperature data through the six embedded thermocouples in 

the six holes. The sample was positioned in a heating chamber, as illustrated in Figure 1(b). Electric heater raised the 

sample temperature to 700°C at 1.9°C/s constant rate, and the temperature was held for 10 minutes. Next, the sample was 

being moved downward 0.04 mm/s while it was cooled at the bottom by the cooling system. The furnace was still active 

during the cooling to maintain the solidification only in the vertical direction. The temperature recording was stopped 

when the sample was out of the heating chamber. An acquisition apparatus with PLX-DAQ and Arduino Uno system 

recorded the temperatures during the cooling. 

 

  

(a) (b) 

Figure 1. (a) Clay molds and holes position details and (b) scheme of equipment 

 

The cooling curve is created using temperatures to time data. The liquidus and solidus temperature at selected 

composition (4.5%Cu) was 648.7°C and 561.3°C [12,13]. The cooling rate, local solidification time, temperature gradient, 

and the growth rate are calculated on each curve between these temperatures. The cooling rate is the slope of the cooling 

curve between the liquidus temperature and the solidus temperature) [14,15]. The discrepancy of liquidus and solidus 

time is defined as the local solidification time [16]. The temperature gradient was the measured value of temperatures 

difference of two thermocouples dividing by their distance [17]. The growth rate was the division of the distance of two 

thermocouples by the time taken by the solid-liquid interface to reach the second thermocouple. The local solidification 

times was the transforming time from liquid to solid in each thermocouple [7]. 

The samples were sectioned parallel to its length, and then the metallography sample’s preparation procedures were 

applied. 1% HF aqueous solution was applied to the polished surface to reveal the microstructure [18]. Observation for 

microstructure was conducted by using an optical microscope. The primary dendrite arm spacing (λ1) was gained by 

measuring the distance between the center of the nearest two dendrites trunks on the longitudinal section [7,17]. The 

secondary dendrite arm spacing (λ2) were the average distance of the adjacent side branches of the longitudinal section 

of a primary dendrite. Both λ1 and λ2 reported here are taken from the average of five measurements. The obtained λ1 and 

λ2 values are plotted as functions of solidification parameters. Linear regression analysis was used to describe the 

mathematical relationship between those parameters, e.g., λ1 = k.Ga [7]. Micro-hardness values were measured with 

Boehler micro-hardness using 50g load and 10s dwelling time [7,19]. The micro-hardness values were taken in a 5 mm 

interval started from 5 mm and ended at 50 mm. Three indentations were made in each selected distance. The obtained 
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micro-hardness data was plotted to establish the Hall–Petch (HP) type relationship between distance from heat extraction 

point, λ1, and λ2 to micro-hardness (HV), respectively [6]. 

 

RESULTS AND DISCUSSION 

Microstructure Parameters 

Figure 2 depicts the mean values of λ1 and λ2 as the function of the cooling rate, the growth rate, the local solidification 

time, and the temperature gradient, respectively. The values of λ1 and λ2 change inversely to TR, VL, and G except for tSL. 

The λ1 and λ2 values are decreasing from 66.08 to 23.42 μm and 26.96 to 11.08 μm accordingly with the increasing of TR 

from 0.06 to 2.41°C/s. 

 

 
 

(a) (b) 

  

 
 

(c) (d) 

Figure 2. Plotting data of the average of λ1 and λ2 as the function of: (a) cooling rate (TR), (b) growth rate (VL), (c) local 

solidification time (tSL) and (d) temperature gradient (G) 

 

The exponent values of TR for λ1 and λ2 are -0.238 and -0.195. The λ1 and λ2 values also decreasing with the increasing 

growth rate from 0.6 to 1.26 mm/s. In contrast, the λ1 and λ2 values increase with the local solidification time from 33.85 

to 857.89s. The exponent values of TR, VL, tSL, and G for λ1 and λ2 are -0.238 and -0.195, -0.045 and -0.324, 0.279, and 

0.228, and -.045 and -0.324 accordingly. 

The high value of TR, VL, and G are obtained at the beginning of the cooling process. These values associated with a 

massive heat transfer, which transforms the liquid into the solid in a short time. The heat flow is mainly in the vertical 

direction, and the grain grows to the opposite. Fine grains with short secondary branches are formed (Figure 3a). These 

grains have a minimum spacing (λ1 and λ2). As the TR, VL, and G gradually decrease, the grains are thickening, and the 

secondary branches grow, contributing more space between the grains (Figure 3b). Some of the secondary branches block 

the primary dendrite path and stop the growth of the primary dendrite. Finally, at the minimum value of TR, VL, and G, 

λ1 = 37.497(TR)-0.238 - R² = 0.765

λ2 = 16.917(TR)-0.195 - R² = 0.747
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the selected primary dendrites fill the unoccupied space; they grow in size with long secondary branches, but their number 

is less (the λ1 and λ2 are at maximum) (Figure 3c). The increasing of λ1 and λ2 with the decreasing of G and VL also found 

by [7]. This phenomena also reported by [9,20] in the form of the thermal conductivity coefficient reduction. 

There is still no investigation on Al−4.5 wt.% Cu; hence, the comparison to previous works is made with other closest 

compositions in the same alloy system (Table 1 and Table 2). The value of cooling rate  exponent of λ1, -0.238 is 0.312 

lower than the one observed by [5,8] for Al−3 wt.% Cu and Al−6 wt.% Cu with stainless steel mold respectively. The 

cooling rate exponent value of λ2, -0.195 is lower than -1/3, the one reported by [6,8], for Al−3wt.% Cu and Al−6 wt.% 

Cu with the carbon steel and the stainless steel mold. The λ2 exponent values of growth rate, -0.324 is lower than the 

exponent values of Al−3 wt.% Cu in the carbon steel mold, -2/3 [6]. The λ2 exponent values related to the local 

solidification time, 0.228 is higher than the exponent of the previous works, 1/3 [5,6]. Moreover, the λ2 exponent values 

of the temperature gradient, -0.324 is below -0.39 and -0.62, the temperature gradient exponent value of Al−3wt.% Cu 

and Al−6 wt.% Cu, respectively [7]. 

The clay mold has lower thermal conductivity (12.75 W/m.K) than the thermal conductivity of carbon steel and 

stainless steel (56.7 and 16.6 W/m.K, respectively [21]). This discrepancy allows carbon and stainless steel mold to hold 

the melt temperature by transferring the heat from a disconnected furnace. There was a significant temperature difference 

between the closest and the farthest observation points in which contributing to the high exponent values of λ1 and λ2. In 

contrast, the clay resists the heat from the mold wall; therefore, a small exponent value is obtained.  This work has 

demonstrated that the λ1 and λ2 exponent values of cooling rate, growth rate, and temperature gradient except for local 

solidification time of directionally solidified Al−4.5 wt.% Cu in the clay mold is smaller than the ones in carbon and 

stainless steel mold. 

 

   
(a) (b) (c) 

Figure 3. Grain formation across the sample length at: (a) 2.4°C/s, (b) 1.12°C/s, and (c) 0.06°C/s of cooling rates 

 

Table 1. Comparison the exponential of λ1 as a function of cooling rate 

Cu 

(wt.%) 
Linear approach Growth direction Mold material 

Treatment on 

the cooling 
Ref. 

3 λ1 = 90 (TR)-0.55 downward vertical stainless steel Without heating [5] 

4.5 λ1 = 37.497(TR)-0.238 upward vertical clay With heating This work 

6 λ1 = 216 (TR)-0.55 horizontal stainless steel Without heating [8] 

 

Table 2. Comparison exponential of λ2 as a function of cooling rate, growth rate, and temperature gradient 

Cu 

(wt.%) 
Linear approach Growth direction Mold material 

Treatment on 

the cooling 
Ref. 

3 

λ1 = 90 (TR)-0.55 

λ2 = 35 (VL)2/3 

λ2 = 5 (tSL)1/3 

    

3 λ2 = 37 (TR)-1/3 horizontal carbon steel without heating [6] 

3 downward vertical stainless steel 
without 

heating 
[5] [7] 

4.5 

λ2 = 16.92(TR)-0.195 

λ2 = 15.96(VL)-0.324 

λ2 = 6.27(tSL)0.228 

λ2 = 15.96(G)-0.324 

upward vertical clay with heating This work 

5 λ2 = 31 (VL)-2/3 downward vertical stainless steel without heating [5] 

Fine grains Thick grains 

Thick grains 

Blocked grains SDA 
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λ2 = 11 (tSL)1/3 

6 
λ1 = 216 (TR)-0.55 

λ2 = 54.2 (TR)-1/3 
horizontal stainless steel without heating [8] 

6 λ2 = 1.6 (G)-0.62 upward vertical graphite quenching [7] 

8 λ2 = 24 (VL)-2/3 downward vertical stainless steel without heating [5] 

8 λ2 = 24 (VL)-2/3 upward vertical stainless steel without heating [9] 

10 λ2 = 22 (VL)-2/3 upward vertical stainless steel without heating [9] 

 

Micro-hardness 

The measured micro-hardness values (HV) as a function of the distance from the heat extraction point is presented in 

Figure 4. The highest micro-hardness value is 66.49 kg/mm2 at 5 mm; then, the value decreases slightly to 66.48 kg/mm2 

at 10 mm before gradually decreases and reaches the lowest value 53.42 kg/mm2 at 50 mm. The micro-hardness values 

are decreasing with distance. Power law and HP experimental equation 1 (Eq. 1) is applied to address the dependency of 

HV to the distance from the heat extraction point, and the expression HV = 71.603x-0.054 is obtained. The HV exponent 

value of the distance from the heat extraction point, -0.054 is 0.016 higher than the one obtained by [6] for a different 

mold material (Table 3). 

The decreasing micro-hardness values with the distance are associated with the heat transfer. As the distance increases, 

it reduces the allowable transferred heat [5]; therefore, the observation point shows a non-uniform temperature. The 

temperature forms an inclining profile with the distance, and each observed point has a typical cooling line. As for 

solidification parameters, it is indicated by the decreasing of the cooling rate, growth rate, temperature gradient, and the 

raised of local solidification time (Figure 2). In addition, the increasing fraction of solid during the cooling process reduces 

the value of solidification parameters. The solid, which has a lower temperature than the liquid, is more resistant than the 

liquid; therefore, the increasing fraction of solid reduces the heat transfer efficiency. The decreasing of the heat 

conductivity of aluminum on the falling of temperature is shown in [21]. These conditions are, on the one hand, promotes 

the increasing of λ1 and λ2; on the other hand, practically decreases the HV (Figure 5a). The similar result of the influence 

of the solidification parameters on improving the HV has reported by [7,22–26]. 

 
Figure 4. Micro-hardness of Al−4.5wt.%Cu across the length 

 

Table 3. HP experimental equation 

Cu 

(wt.%) 
HP expression HP simplified form 

Growth 

direction 

Mold 

material 
Ref. 

3 HV = 41 + 82(λ2)
−1/2 HV = 94(λ2)

−0.15 
vertical 

downward  

stainless 

steel 
[6] 

3  HV = 28.4(λ2)
−0.21 vertical upward  graphite [7] 

4.5 
HV = 94.8(λ2)-0.5 + 

38.6 
HV = 103.69(λ2)-0.183   vertical upward clay This work 

6  HV = 44.7(λ2)
−0.20 vertical upward  graphite [7] 

15  HV = 67.9(λ2)
−0.17 vertical upward  graphite [7] 

24  HV = 91.6(λ2)
−0.18 vertical upward  graphite [7] 
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HV, as the function of the λ1 and λ2 is depicted in Figure 5a, b. The λ1 and λ2 increases from 23.42 to 77.933 µm and 

11.08 to 32.923 µm accordingly. The increase of λ1 and λ2 lead to a decreasing in HV. The experimental relation of Hall-

Petch and power mathematical expression of Al−4.58wt.%Cu are as follows: 

𝐻𝑉 = 103.69(𝜆2)
−0.183  

𝐻𝑉 = 94.8(𝜆2)
−0.5 + 38.6  

High HV is at the minimum λ1 and λ2, and it gradually decreases as λ1 and λ2 increases. The high cooling rate at the 

contacted area induces constitutional supercooling, which leads to less grain growth and enhanced grain nucleation. This 

condition is translated to minimum inter-dendritic spaces. The segregation occurs, and the solute riched layer is created 

in the liquid front. This layer provides an inter-dendritic liquid denser than the liquid bulk volume of molten metal [27,28]. 

As the grain grows, the cooling rate, growth rate, and temperature gradient are decreased, providing longer solidification 

time. The grain growth is enhancing which the increasing of λ1 and λ2 indicates [10]. Further, the solute riched liquid in 

the inter-dendritic region flows toward the dendrite stalks because of gravity [6,29]. The solid becomes much denser near 

the bottom where λ1 and λ2 are at a minimum point, and the density decreases gradually with the distance. The decreasing 

profile of density is identical to the HV. 

The HV exponent value of λ2 is close to the values in Table 3 for 3, 6, 15, and 24 wt.% compositions of Cu. Some 

differences in the exponent values are possible because the alloy composition and mold material play an essential role in 

the solidification mechanism. 

 

  
(a) (b) 

Figure 5.  The relation of HV to (a) λ1 and λ2, (b) The inverse of the square root of the λ2 of Al−4.5wt.%Cu 

 

CONCLUSIONS 

The microstructure parameters (λ1 and λ2) change inversely with the solidification parameters except for tSL and the 

exponent values of λ1 and λ2 are lower than the one with carbon and stainless steel. The micro-hardness value of Al–

4.5wt.%Cu decreases with the distance, in contrast with primary dendrite arm spacing (λ1) and secondary dendrite arm 

spacing (λ2). The HV exponent value of λ2 in the clay mold, -0.183, is close to the one in the graphite mold. These results 

demonstrate that low thermal conductivity reduces the solidification parameters exponent value of λ1 and λ2. Hall-Petch 

approach was proven the HV exponent value of λ1 and λ2 are close for the same type of material. The identical 

characteristic of clay and graphite provides an option for a potential mold material for further study. Moreover, this study 

also proposed an HP equation for Al-4.5wt.%Cu, 𝐻𝑉 = 38.55 + 94.837(𝜆2)
−0.5. 
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