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Abstract: Design of experiments (DoE) based on a linear regression model was used to develop an Aluminum Copper-based casting 
alloy. The main objectives of the development were the achievement of (1) a high strength at elevated temperatures with (2) a low 
hot tearing tendency. Within the DoE, 17 different chemical compositions of the newly developed alloy AlCuMnCo(Ni) were cast, 
tested regarding hot tearing tendency and characterized in tensile tests up to 300 °C. Test results showed that the 
AlCuMnCo(Ni)-alloys from the DoE have high mechanical properties from ambient temperature up to 300 °C and thus feature a high 
thermal stability. It was found that the alloying elements Cu and Co increase the yield strength whereas Mn and Ni tend to increase 
the attainable elongation. Furthermore, some of the alloys showed no or a very low tendency to hot tearing—a remarkable feature for 
Al-Cu alloys which are otherwise highly susceptible to hot tearing. The regression model that was developed from the test results 
fulfils a set of quality criteria and is therefore expected to provide reliable predictions. The predictive ability of the model was 
validated by casting and testing a sweet spot alloy. Results show that the model is sufficient for predicting the mechanical properties 
from ambient temperature to 250 °C. Furthermore, the sweet spot alloy surpasses the reference alloy AlCuNiCoSbZr (RR30) in its 
mechanical properties up to 250 °C. It was shown that by applying design of experiments, time and effort for an alloy development 
can effectively be reduced and simultaneously a high degree of information density about the alloying system considered is 
generated. 
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1. Introduction 

Aluminum-Copper (Al-Cu) casting alloys are 

precipitation hardening alloys that are well-known for 

their extraordinarily high strength at both ambient 

temperature and elevated operating temperatures. 

Furthermore, aluminum alloys are characterized by a 

high electrical and thermal conductivity and a low 

density of around 2.7 g·cm-3. These properties make 

the alloy system predestined for an application in 

thermally and mechanically highly loaded parts, such 

as cylinder heads and pistons in combustion engines 

or pump and bearing housings. Also, due to their high 

specific strength, 2xxx alloys are, beside 7xxx alloys, 

widely used in aircrafts [1]. Especially regarding the 

alloying of rare earth metals (REM) or transition 
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metals, there is a high potential for Al-Cu alloys for 

further improvement of their mechanical properties 

and their processability. A lot of the current research 

with Al-Cu focuses on alloying with rather rare and 

expensive elements, such as lithium (Li) or REM to 

push the alloy system towards very high strength 

(yield strength > 450 MPa) [2-5]. On the other side, 

due to the alloys’ susceptibility to hot tearing and 

shrinkage, research is focusing on the processability 

by investigating the potential of grain refinement with 

elements such as zirconium (Zr), scandium (Sc), 

vanadium (V) or cerium (Ce), by processing the alloys 

in semi-solid state or by applying complex processes 

such as rotacast® or Hero® process [6-8]. All those 

developments have in common that they result in 

either high cost materials or cost-intensive processes.  

The goal of this research is to optimize an Al-Cu 

alloy using a maximum of four alloying elements to 
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both reduce the material cost and to maintain a high 

thermal conductivity. Furthermore, those elements are 

supposed to help improve the castability in gravity die 

casting, as one of the most inexpensive casting 

processes for near-net-shaped part production. 

Altogether, the Al-Cu alloy is supposed to feature 

high mechanical properties at both ambient and 

elevated temperatures. 

2. Literature Review 

2.1 Hot Tearing Tendency in Aluminum Alloys 

Hot tears occur as solid-liquid failures during the 

solidification of metal alloys. Especially alloys with a 

large solidification range, such as commercially 

applied aluminum-zinc (Al-Zn) or aluminum-copper 

(Al-Cu) casting alloys, are susceptible to hot tearing 

whereas pure metals or eutectic alloys have no hot 

tearing tendency. 

In principle, a lack of feeding caused by an 

increasingly entangled dendritic structure provokes 

the occurrence of casting defects like shrinkage 

cavities. The denser the dendritic network, the more 

difficult interdendritic feeding becomes and the risk of 

microporosity and, therefore, of hot tears increases. In 

addition to poor feeding characteristics, mechanical 

stress must be present for hot tears to form. 

Contraction arising during solidification of the melt 

might lead to stresses building up when the shrinking 

of the casting is restricted, as it is especially the case 

in permanent mold castings. Once the occurring 

stresses exceed the strength of the solidifying material, 

tears are initiated at the solid-liquid interface and may 

lead to a complete fracture of a cross section. 

Alloys with a wide solidification range are 

particularly susceptible to poor feeding and hot tearing, 

because the fraction of solid phase increases over a 

long period of time and feeding gradually becomes 

more difficult [9]. In consequence, the chemical 

composition of an alloy is an important parameter to 

influence hot tearing, since it has an immediate 

influence on the width of the solidification range and 

thus on the duration that the solidifying melt remains 

in the critical range for hot tears [10]. Furthermore, 

the composition mainly determines the eutectic 

fraction, which may decrease the hot tearing tendency 

with increasing fraction [11], due to its low viscosity 

and ability to feed a dendritic network. Also the 

fraction of liquid film at the end of freezing and its 

surface tension and wetting ability of grains is 

influenced by the chemical composition [12]. Besides 

the chemical composition, grain size and grain 

morphology play an important role. Several authors 

provided evidence that a small grain size and fine 

equiaxed grains improve the hot tearing resistance, 

due to an improved feeding capability and a more 

even distribution of local strains [11, 13].  

Examination of the hot tearing tendency of an alloy 

can be done in different ways, e.g. with simple test 

setups like the ring test or the star mold, but also more 

complex in-situ methods, where a test mold is 

instrumented with displacement transducers and load 

cells. For this research, the star mold was used where 

the cast parts are optically examined for tears after 

casting. 

2.2 Influence of Alloying Elements on Al-Cu Alloys 

The technically relevant range of the Cu content in 

Al-Cu casting alloys is between 4.5 and 7.0 weight 

percent (wt%) Cu [1]. A Cu content above the 

maximum solubility of 5.65 wt% in aluminum leads to 

an improvement of high-temperature strength and to 

an increase in the fraction of eutectic phase Al2Cu [14, 

15]. This phase is responsible for the high attainable 

mechanical properties of Al-Cu alloys, especially 

when it precipitates from supersaturated solid solution. 

Up to the solubility limit, solution annealing and a 

subsequent quenching lead to an increase in both 

supersaturated solid solution with Cu and an increase 

in nucleation sites for Al2Cu precipitates [16]. Above 

the solubility limit, excess Cu enriches the liquid 

phase and leads to a formation of interdendritic Al2Cu 

eutectic or other Cu-containing phases [17]. Due to 
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the higher brittleness of interdendritic Al2Cu 

compared to primary Al2Cu precipitated from solid 

solution, elongation is reduced. Besides the increase in 

ultimate tensile strength and yield strength, an 

increasing Cu content causes a decrease in the 

solidification interval. When combined with a higher 

fraction of Al2Cu eutectic, it may lead to a reduction 

in the hot tearing tendency of an alloy.  

Literature research showed that Mn has a 

precipitation-hardening effect on aluminum. In the 

form of an intermetallic phase, Mn does not reduce the 

electrical conductivity as much as it does when 

dissolved in the α solid solution [1]. In addition, Mn 

shifts the formation of needle- or plate-shaped β-AlFe 

phases to a Chinese-script α-Al(Fe,Mn) phase when 

the Fe:Mn ratio is at least 5:1, better 2.5:1 [14]. In 

aluminum alloys Ni additions lead to an increase in 

strength and hardness [1, 18] and preferably form 

thermally stable intermetallics, e.g. the phase 

Al7Cu4Ni that only starts dissolving at temperatures 

above 535 °C. Moreover, the formation of such 

intermetallics causes a reduction of Cu available for 

solid solution and might in consequence restrict the 

attainable strength [19]. Co increases both hardness 

and high-temperature strength [14], the latter due to a 

high phase precipitation temperature.  

2.3 Fundamentals of Statistical Design of Experiments 

Simple experimental designs are usually set up in 

such a way that one input variable is varied while all 

other input variables are kept constant in order to 

investigate their influence on a given output variable. 

Once the best result for this input variable is found, a 

second input variable is being varied in the same way 

(Fig. 1b). This procedure is called 

“one-factor-at-a-time” (OFAT), requires a high 

experimental effort, provides little information and is 

very inefficient. With the OFAT approach, sweet 

spots can only be found by chance and interactions 

between the input variables can not be revealed. Thus, 

even with a large number of experiments, the results 

and correlations are only known selectively for 

specific variable settings. 

An alternative approach is design of experiments. 

Design of experiments describes a methodical 

approach that allows to systematically uncover 

information and correlations within the experimental 

space by running only a relatively small number of 

experiments [20-22]. In Fig. 1a, a full factorial design 

is shown for three input variables, each varied on two 

levels. If several input variables are changed at the 

same time, an evaluation of the results by applying a 

multiple linear regression allows the isolated analysis 

of individual input variables as well as their 

interactions. By establishing a linear regression model, 

results are thus obtained not only at the individual 

variable settings but also at every point within the 

entire experimental space. In order to validate the 

model, a center point (shown in gray in Fig. 1a) is 

examined in two or more replicates. Thus, the 

variance occurring in the experiments can be assessed 

and an evaluation can be made regarding the quality 

of the model and the reproducibility of the results. 

Depending on the amount of factors, the amount of 

experiments and the design chosen, a certain 

resolution of the model can be attained (s. Table 1). 

Depending on the resolution (III, IV or V or higher), 

certain effects and interactions can be explained by the 

model. Resolution III merely explains linear effects 

whereas resolution IV already allows a limited 

analysis of two-factor interactions, but both can not 

explain curvatures if they occur. Resolution V or 

higher allows an analysis of both linear effects and 

two-factor interactions, but still only in linear 

relationships [23]. In order to explain nonlinear 

behavior, designs of the response surface 

methodology are necessary. 

A nonlinear  experimental  design  allows  the 

inclusion of quadratic terms. As such, e.g. Box-Behnken, 

Central-Composite or multiple-level full factorial 

designs come into consideration. In the Box-Behnken 

design  experiments  are  set  to  the  cube  edges 
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objective was to identify three alloying elements that 

increase both mechanical properties and heat 

resistance and that reduce the hot tearing tendency in 

Al-Cu casting alloys. Therefore, benchmark tests were 

performed with the two commercial alloys 

AlCu4Ti(Mg) and AlCuNiCoSbZr in order to 

determine the influence of alloying elements on 

mechanical and hot tearing properties. The first alloy 

is a widely used, low-cost alloy whereas the latter 

alloy is an expensive alloy once developed for aircraft 

engines and nowadays mainly used for specific 

applications. In the benchmark tests, by varying the 

amounts of Mg, Zr, Mn and Ni in AlCu4Ti(Mg) and 

AlCuNiCoSbZr it is shown that in particular the 

elements Ni and Mn increase the high-temperature 

strength of the alloys. In addition, Ni leads to a slight 

improvement in casting properties, such as hot tearing 

resistance as well as flow and mold filling properties. 

The influence of Co was not separately tested in the 

benchmark tests, but there are positive results reported 

in literature. Therefore, as input variables the alloying 

elements copper (Cu), nickel (Ni), manganese (Mn) 

and cobalt (Co) were selected. 

For this research, a two-level full factorial design 

with four input variables was set up, for which the 

four alloying elements (Cu, Ni, Mn, Co) were varied 

at a low and a high stage. An overview of the test 

parameters can be found in Table 2. The individual 

experiments are allocated in the corners of the design 

space, which is restricted by the input variables and 

their levels. In order to validate the model, three 

experiments were carried out in the center point of the 

design space at a nominal composition of 

AlCu5.75Ni0.65Mn0.5Co0.3. 

4. Experimental Work 

For setting up and analyzing the design of 

experiments, the software MODDE (UMETRICS, 

Sartorius Stedim Biotech SA) was used. For the 

analysis of each output variable response plots are 

generated in order to analyze the influence of the input 

variables (amounts of Cu, Ni, Mn, Co) and their 

interactions. Thermodynamic calculations were 

performed with Thermo-Calc, database TCAL4. A 

total of 19 alloys (16 corner points and 3 center points; 

12 kg each) from the DoE were melted in a 

medium-frequency induction furnace using Al99.8, 

pure Cu, AlMn26, AlCo10, AlNi20, AlTi10 and 

AlFe10 as raw material. The chemical composition 

was adjusted using optical emission spectroscopy. Fe 

was set to 0.1 wt% to reproduce industrial conditions. 

Melt treatment with a porous plug and argon gas as 

well as grain refinement (0.1 wt% AlTi5B1, 10 min 

holding time) were carried out in batches of 3.5 kg in 

a resistance furnace. The nominal density index to be 

achieved was lower than 2%. A preheated mold 

(300 °C) with a rod-shaped inner contour and a feeder 

along the entire length of the rod was used to cast the 

base material for the tensile test. The base material 

was then T7 heat-treated (see Table 3), overaged for 
 

Table 2  Input variables, levels and output variables of the design of experiments. 

Input variable 
alloying element 

Input variable level 
amount in wt% 

- + 

Cu 4.5 7.0 

Ni 0.0 1.3 

Mn 0.1 0.9 

Co 0.1 0.5 

Output variable 

UTS, YS and elongation at 23 °C, 200 °C, 250 °C and 300 °C 

Hot tearing number 

Fraction of intermetallic phases 
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Table 3  Heat treatment parameters of specimens for ultimate tensile test with temperature exposure. 

 Solution annealing Quenching Aging Overaging 

Duration in h 2 2 8 - 10 100 

Temperature in °C 495 505 530 60 200 Test temp. 

Medium Air Water Air Air 
 

100 h at test temperature and then turned to B6 × 30 

round tensile specimens according to DIN 501251. An 

Instron universal tensile testing machine equipped 

with a resistance-heated chamber furnace was used to 

heat up the specimens to test temperature (maximum 

300 °C) for high-temperature tensile tests.  

A star-shaped mold (Fig. 2), also preheated to 

300 °C, was used to examine the hot tearing tendency. 

Each appearing crack is classified according to the 

crack type, evaluated accordingly (crack evaluation 

scheme in Fig. 2) and all crack coefficients are then 

summed up to a hot tearing number (HTN) which can 

reach a maximum of 6. The hot tearing tendency is 

accordingly categorized as “none” (HTN ≤ 0.5), “low” 

(0.5 < HTN ≤ 1.25), “medium” (1.25 < HTN ≤ 2.25), 

“high” (2.25 < HTN ≤ 3.5) or “very high” (HTN ≥ 3.5). 

Both alloy production and casting tests of the DoE 

were carried out in a randomized order. 

Besides the 19 DoE-alloys, the two conventional 

alloys AlCu4Ti(Mg) and AlCuNiCoSbZr (RR350) in 

three compositional variations (within specification 

limits, composition listed in Table 3 4) were cast and 

tested in the same manner as described above. Merely 

the heat treatment of specimens tested at ambient 

temperature differs in an additional overaging at 

200 °C for 100 h. 

5. Results 

5.1 Model Adjustment and Analysis of the Test Results 

For the experimental evaluation, all test results were 

added to the experimental design. Then, a model was 

parameterized using multiple linear regressions. To 

ensure a good predictability of the model, the model 

                                                           
1 Test length: min. 30 mm; test diameter: 10 mm; average 
surface roughness: 6.3; specimen length incl. thread: min. 60 
mm; height of thread: min. 8 mm; type of thread: M10. 
 

terms are adjusted in order to achieve high values of 

the model test parameters R2, Q2, model validity and 

reproducibility. R2 as the coefficient of determination 

is a measure for the variance of the response that can 

be explained and should be higher than 0.5. Q2 is a 

mathematically adapted predicted residual sum of 

squares (PRESS) that is converted to fit the R2-scale in 

order to make the two values comparable [25]. Q2 

stands for the predictability of the output variable and 

should be close to R2, but at least be higher than 0.5 

for a good predictability. The model validity is an 

important value that can indicate outliers or missing 

model terms and should be higher than 0.25. If the 

model validity is lower than 0.25, the model error is 

higher than the pure error and there are problems with 

the model. The parameter reproducibility compares 

the deviation of the replicates with the total variation 

and should be higher than 0.5 [26].  

The summary of fit of the model that only considers 

the mechanical properties is quite reliable, with R2 

ranging from 0.52 to 0.97, Q2 from 0.32 to 0.87, 

model validity from 0.08 to 0.96 and reproducibility 

from 0.31 to 0.997. Responsible for the lowest values 

of R2 and Q2 are UTS and YS at 300 °C. Without 

considering the test results at 300 °C, R2 ranges from 

0.72 to 0.97, Q2 from 0.47 to 0.87 and reproducibility 

from 0.57 to 0.997. The analysis of the model for the 

hot tearing tendency shows a low Q2-value of 0.016. 

Here, the model is probably insufficient and it is 

therefore expected that the predicted values will not be 

conform with measurements. 

5.2 Analysis of Influence of Alloying Elements on 
Mechanical Properties and Hot Tearing Tendency of 
DoE Alloys 

After completion of the model adjustment, an 

analysis of the influence of the input variables on the  
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Fig. 2  Schematic representation of star-shaped mold for testing of hot tearing (left: downsprue in center; “bone-shaped” 
arms in horizontal position) and crack evaluation scheme (right). 
 

Table 4  Chemical composition of two conventional alloys. 

 
Alloying elements in wt% 

Cu Mn Ti Ni Co Zr Sb Fe Si 

AlCuNiCoSbZr 4.90-5.18 0.23 0.14-0.25 1.26-1.67 0.15 0.16-0.34 0.14 0.08 0.05-0.06 

AlCu4Ti(Mg) 4.88-5.02 0.00-0.49 0.24-0.27 0.01-0.02 -- -- -- 0.09-0.10 0.06-0.07 
 

output variables can be carried out with the aid of 

so-called contour diagrams (comparable with contour 

lines in geographical maps). Contour plots can be 

created from the experimental results and allow a 

visual analysis of the influence of the input variables 

(here: alloying elements Cu, Ni, Mn and Co). A contour 

diagram represents the entire investigated experimental 

space for a selected output variable with the experiments 

being located on the corners of the plots. The contour 

lines are derived from the model and predict a value 

for the output variable at any point in the plot. Two 

such contour plots for YS and elongation at ambient 

temperature are shown in Figs. 3 and 4. 

The analysis of the tensile tests with help of the 

contour diagrams makes clear that Cu causes the 

strongest increase in yield strength of all alloying 

elements. From 4.5 to 7.0 wt% Cu the yield strength 

rises from 120 MPa at 4.5 wt% Cu to 340 MPa at 7.0 

wt% Cu, when Ni and Co are set to 1.3 wt% and 0.5 

wt%, respectively, and Mn content is gradually 

decreased. However, an increase in Cu content leads 

to a reduction in the overall attainable elongation, 

since eutectic Al2Cu and other Cu-containing phases 

precipitate from the Cu-enriched remaining melt. 

Elongation is also reduced with increasing Co 

content from 0.1 to 0.5 wt%. At the same time, an 

increase in the Co content leads to a significant 

increase in yield strength as can be seen in Fig. 4, the 

contour plot for yield strength at ambient temperature. 

The phase that is responsible for the increase in yield 

strength is probably Al9Co2, since, as thermodynamic 

calculations indicate (Table 5), its fraction increases 

with increasing Co content. 

An EDX analysis of the as-cast material (Fig. 5 and 

Table 6; nominal composition AlCu4.5Mn0.1Co0.5) 

shows that a phase with relatively high Co content 

precipitated (p1 and p2) which can not be detected in 

the reference material with the similar composition 

containing 0.1 wt% Co. The morphology of the phase 

is textured and beaded, which is in accordance with 

the observations in [27], and therefore indicates that it 

is the phase Al9Co2. This phase Al9Co2 has similar 

lattice parameters as Al3Fe (monoclinic lattice with 

lattice constant b = 0.627 nm) [27] and Fe and Cu 

seem to have a certain solubility in the Al9Co2 crystal 

which can be deduced from the EDX result in point p1 

shown in Fig. 5 and Table 6. The phase at point p2 

also has a high Co content, but seems to be a different 

phase than Al9Co2. It features a different morphology 

than the Al9Co2 phase and has a higher solubility for 
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Cu. Furthermore, it is embedded in a phase similar to 

Al2Cu (p3 and p4 in Table 6). Possibly, it is a 

derivative of an AlCuFe phase in which Fe atoms can 

be replaced by Co atoms [28]. The increase in yield 

strength and decrease in elongation might therefore be 

a consequence of higher fractions of brittle phases like 

the Al9Co2-phase (in accordance with Ref. [29]) that 

can not be dissolved in a subsequent heat treatment. 
 

 
Fig. 3  Contour plot of the elongation (in %) at 23 °C test temperature with Co and Ni contents (in wt%) on the x-axis and 
Co and Mn contents (in wt%) on the y-axis (R2 = 0.85, Q2 = 0.55), MODDE 12. 
 

 
Fig. 4  Contour plot of yield strength (in MPa) at 23 °C test temperature with Co and Ni contents (in wt%) on the x-axis and 
Co and Mn contents (in wt%) on the y-axis (R2 = 0.95, Q2 = 0.78), MODDE 12. 
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Fig. 6  Micrograph of the alloy Al4.5Cu0.1Mn0.1Co in as-cast state with high fractions of needle-shaped phases—HTN 1.0. 
 

 
Fig. 7  Micrograph of the alloy Al4.5Cu0.9Mn0.1Co in as-cast state containing plate-like phases—HTN 1.92.  
 

 
Fig. 8  Micrograph of the alloy Al4.5Cu0.1Mn0.5Co in as-cast state with high fractions of Al9Co2-phase—HTN 1.4.  

Al9Co2-phase 

plate-like phases 

needle-like phases 
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Fig. 9  Micrograph of the alloy Al4.5Cu0.9Mn0.5Co in as-cast state with high fractions of blocky phases—HTN 2.5. 
 

The addition of Ni leads to a significant increase in 

elongation (Fig. 3), especially in combination with 

higher Co contents, but it has hardly any effect on the 

yield strength (Fig. 4).  

5.3 Analysis and Comparison of Commercially 

Available Al-Cu-Alloys and DoE-Alloys 

In Figs. 10 and 11 the two mechanical properties 

elongation and yield strength are shown. The 

relationship between elongation and yield strength is 

reciprocally proportional. With increasing test 

temperature the elongation increases while the yield 

strength decreases. Test results that belong to the 

commercially available alloy AlCu4Ti(Mg) are shown 

in green in Fig. 10 and results that belong to 

AlCuNiCoSbZr are marked in orange-yellow in Fig. 

11 while in both diagrams the DoE-alloys are held in 

grey. To simplify reading the diagram, the test results 

are classified according to the test temperatures, which 

range from ambient temperature to 300 °C, by areas 

marked in grey and in color in the background.  

In Fig. 10 can be seen that the AlCu4Ti(Mg) alloy 

has a higher strength and higher elongation at ambient 

temperature than the DoE-alloys that were 

investigated in this research. These effects can be 

explained by the influence of Mg-additions to the 

Al-Cu system, which allow the precipitation of 

hardening phases, such as Al2CuMg and Mg2Si. 

Furthermore, the copper added is predominantly 

available for solid solution hardening since no or 

merely small amounts of other elements are added that 

might deplete the solid solution from Cu. Even though 

Mg has a positive effect on the mechanical properties 

at ambient temperature, the element was not 

considered as a variable for the design of experiments 

in this research. Mg reduces the high temperature 

stability of an Al-Cu alloy due to the lower 

precipitation temperature of Mg-containing phases. At 

300 °C test temperature, the AlCu4Ti(Mg) alloy 

shows a strong decline in the yield strength with a 

disproportionate increase in elongation, where the 

DoE-alloys show much better results with an 

attainable yield strength of up to 105 MPa, depending 

on the chemical composition. 

For the commercially available alloy 

AlCuNiCoSbZr plotting of elongation over yield 

strength shows that some of the DoE-alloys feature a 

more favorable combination of mechanical properties. 

Especially at room temperature, some of the 

DoE-alloys achieve higher yield strength values than 

the alloy AlCuNiCoSbZr. Overall, it can be seen that 

AlCuNiCoSbZr is significantly less ductile, mainly 

due to high amounts of alloying elements, which lead 

to an increase in brittle, intermetallic phase fractions. 
 

blocky phases 
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Fig. 10  Experimental results elongation and yield strength from 23 °C up to 300 °C of DoE-alloys (grey points and areas) 
and AlCu4Ti(Mg) alloys (green points and areas).  
 

 
Fig. 11  Experimental results elongation and yield strength from 23 °C up to 300 °C of DoE-alloys (grey points and areas) 
and AlCuNiCoSbZr alloys (orange-yellow points and areas).  
 

Besides tensile tests, all alloys were tested 

regarding their hot tearing tendency. All relevant 

experimental conditions, such as pouring and mold 

temperatures and the melt treatment with grain refiner 

additions, holding times and degassing, were kept 

constant. In Fig. 12 elongation is plotted once more 

against yield strength, this time with the mechanical 

properties at ambient temperature of the DoE-alloys 

and AlCu4Ti(Mg), categorized according to their hot 

tearing tendency from “none” to “high”. 

Even though the alloy AlCu4Ti(Mg) features 

favorable mechanical properties at ambient 

temperature, the hot tearing tendency of the alloy is 

classified as “high”. In comparison, the DoE alloys are 

mostly classified as alloys with “none” to “medium” 

hot tearing tendency and merely one composition 

(AlCu4.5Mn0.9Co0.5) has a high hot tearing 

tendency. 
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Fig. 12  Diagram of elongation over yield strength at ambient temperature with a categorization of DoE-alloys and 
AlCu4Ti(Mg) alloys regarding hot tearing tendency.  
 

 
Fig. 13  Hot tearing number as a function of the grain size and linear fit without red points. 
 

The average grain size of the DoE-alloys, 

determined by linear intercept method, varies between 

70 and 125 µm, the grains are primarily of fine 

dendritic equiaxed structure and there seems to be no 

significant influence on the hot tearing tendency, 

according to the present results (Fig. 13).  

An analysis of the micrographs shows that the 

alloys with no hot tearing tendency (HTN < 0.5, Figs. 

14 and 15) have in common that most of them have a 

fine eutectic on the grain boundary. Furthermore, 

other intermetallic phases on the grain boundaries are 

continuously connected in most cases and have a 

smooth and even interface. Coarse intermetallic 

phases barely appear.  

In comparison, the alloy with high hot tearing 

tendency (2.25 < HTN ≤ 3.5, Fig. 9) has highly 

fragmented intermetallic phases on its grain 

boundaries that are unevenly spread. In some areas, 
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there are hardly any intermetallic phases whereas in 

other areas they are accumulated and coarse. There are 

no well-connected phases on the grain boundaries like 

in the alloys with no hot tearing tendency. In case 

films exist on the grain boundaries, they are extremely 

thin and rather fragmented.  

The alloys with low hot tearing tendency feature 

smooth and even films on the grain boundaries and 

medium fractions of eutectic whereas the alloys with 

medium hot tearing tendency feature microstructural 

characteristics similar to the alloy with high hot 

tearing tendency. Intermetallic phases along the grain 

boundaries are fragmented and have ragged interfaces.  

In summary, coarse eutectic phases seem to be 

disadvantageous as well as high fractions of coarse 

intermetallic phases permeating eutectic since they 

increase an alloys’ tendency to hot tearing during 

freezing. In contrast, smooth interfaces of phases on 

grain boundaries as well as high amounts of fine 

eutectic are favorable for a low hot tearing tendency. 

5.4 Investigation of an Optimum 

The application of DoE allows finding one or more 

sweet spots within the limits of the experimental 

design space that fulfill certain required properties. A 

useful tool for such a visual analysis is so-called sweet 

spot plots. For a sweet spot plot creation, (a) the desired 

output variables must be selected, (b) the corresponding 

target values must be defined and (c) the optimization 

direction (minimization or maximization) must be 
 

 
Fig. 14  Micrograph of the alloy Al7.0Cu0.1Mn0.5Co in as-cast state—HTN 0.25. 
 

 
Fig. 15  Micrograph of the alloy Al5.75Cu0.5Mn0.65Ni0.3Co in as-cast state—HTN 0.22. 
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Fig. 16  Sweet spot plot of five criteria (UTS, YS and elongation at 250 °C, hot tearing tendency and phase fraction) 
exceeding the reference alloy AlCuNiCoSbZr.  
 

specified. In this research an optimal chemical 

composition shall be found with which (a) the 

mechanical properties at 250 °C are (c) maximized, (a) 

the hot tearing tendency is (c) minimized and (a) the 

phase fraction is (c) minimized in order to achieve 

high thermal conductivity. The alloy AlCuNiCoSbZr 

serves as a reference, since it has high temperature 

properties and a comparatively low hot tearing 

tendency. Therefore, the best test results (mean values) 

of the alloys variations were used as target values for 

the optimization (b). By accumulation of all this 

information, the sweet spot plot in Fig. 16 was 

created. 

The sweet spot plot analysis provides three 

chemical compositions where the requirements are 

fulfilled. Out of those three, the composition 

AlCu6.7Mn0.5Co0.1 was selected for a verfication of 

the model predictions by testing it in experiments 

(casting and tensile tests). In Fig. 17 the values 

predicted in the model for the mechanical properties 

are compared to the actual measurements. With the 

exception of elongation at 300 °C, the predicted 

values are exactly met and partially exceeded, i.e. the 

model predictions for the mechanical properties are 

correct. 

When comparing the results of the sweet spot 

composition AlCu6.7Mn0.5Co0.1 to the alloy 

AlCuNiCoSbZr, up to 250 °C the mechanical 

properties of the “new” alloy are higher than those of 

the alloy AlCuNiCoSbZr. Only at 200 °C the alloy 

AlCuNiCoSbZr slightly exceeds the “new” alloy in its 

yield strength by 13%. 

Regarding the hot tearing tendency, the model 

predicted an HTN of 0.94, which was exceeded in the 

experiment with an HTN of 1.58. That means that the 

current model does not work precisely to predict the 

hot tearing tendency. The aforementioned low Q2 

value already indicated such poor model quality for 

this output variable. 

For the AlCuMnCo(Ni) alloy system investigated in 

this research, it was shown by testing a chemical 

composition in a sweet spot (AlCu6.7Mn0.5Co0.1) 

that the model predictions for the mechanical 

properties were very good, but inaccurate for the hot 

tearing tendency. The inaccuracy of the hot tearing 

prediction may be due to the experimental design  
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The analysis of the tensile tests shows that an 

increase in copper content from 4.5 to 7.0 wt% leads 

to the strongest increase in yield strength compared to 

the other alloying elements. However, an increase in 

copper also leads to a reduction in elongation, since 

the fraction of brittle intermetallic phases in 

interdendritic regions increases. Cobalt also has a 

positive effect on the yield strength of the alloy 

system AlCuMnCo(Ni). At the same time, cobalt 

decreases the elongation if manganese contents are 

kept at low levels (0.1 wt%). When the manganese 

content is increased up to 0.9 wt%, this can lead to an 

improvement in elongation. However, with the 

increase in manganese contents, the overall attainable 

yield strength is reduced because of a possible 

depletion of (Al) of copper due to the secondary 

precipitation of copper- and manganese-containing 

phases. The addition of nickel leads, especially in 

combination with cobalt, to a significant increase in 

elongation, but has hardly any effect on the yield 

strength. When comparing the DoE alloys with the 

two commercial alloys AlCuNiCoSbZr and 

AlCu4Ti(Mg), it can be seen that the DoE alloys have 

a very good combination of yield strength and 

elongation from ambient to elevated temperatures and 

a very low hot tearing tendency, depending on the 

chemical composition. Whereas, though the alloy 

AlCu4Ti(Mg) has high mechanical properties at 

ambient temperature, they strongly decline up to 

300 °C. Additionally, the alloy has a high tendency to 

hot tearing during freezing, which impairs its 

processability for complex castings. The alloy 

AlCuNiCoSbZr on the other hand, is very brittle, has 

low elongation and lower yield strength than the DoE 

alloys while the hot tearing tendency is medium. The 

hot tearing tests and metallographical analyses showed 

that a smooth interface of intermetallic phases on 

grain boundaries and a fine eutetic are preferable 

microstructural characteristics for a low hot tearing 

tendency in Al-Cu alloys. In contrast, rugged 

intermetallic phases, coarse eutectic and high amounts 

of coarse intermetallic phases lead to medium to high 

hot tearing tendency. 
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