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Pressure assisted development and characterization of Al-Fe interface for 

bi-metallic composite castings: An experimental and statistical 

investigation for low pressure regime 
 

Tayyiba Rashid1,2, Muhammad Qaiser Saleem2, Nadeem Ahmad Mufti2, Noman Asif2, 

Kashif Ishfaq2, Maham Naqvi3* 

Abstract 

Review of the available literature indicates that development of metal reinforced castings 

present intriguing prospects but carry inherent challenges owing to differences in thermal 

coefficients, chemical affinities, diffusion issues and varying nature of intermetallic 

compounds. It is supported that pressure application during solidification may favorably 

influence the dynamics of the aforementioned issues, nevertheless, not only certain 

limitations have been cited but also some pressure and process regimes have not been found 

to be investigated and optimized. This work employs the pressure-assisted approach for bi-

metallic steel reinforced aluminum composite castings at low-pressure regime and thoroughly 

investigates the role of three process parameters namely pouring temperature (800°C-900°C), 

pressure (10-20 bars) and holding time (10-20 sec) for producing sound interfaces. Taguchi 

L9 orthogonal array has been employed as DOE while dominant factors have been 

determined via ANOVA and Grey relational analysis multi-objective optimization technique. 

Supplementary analysis through optical micrographs, SEM and EDS has been relied upon to 

quantify interfacial layer thicknesses and to study microstructural and compositional aspects 

of the interface. Nano-indentation tests under static and dynamic loading have also been 

performed for mechanical strength characterization. It has been found that uniform interfaces 

with verifiable diffusion are obtainable with pouring temperature being the most influential 

parameter (PCR 92.84%) in this pressure regime. Optimum parameters determined from the 

work, yield ~328% thicker interface layer, 19.42% better nano-hardness and 19.10% 

improved cooling rate when compared to the process conditions with least parametric levels. 
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1. Introduction: 

The continual strive for high strength cast components has garnered a renewed research 

interest in the development of metal reinforced castings (alternatively termed as dissimilar 

metal castings or metallic composite castings) with reportages of promising results [1–3]. In 

this context, a mix metal structure of steel and aluminum alloy poses itself to be a viable 

tradeoff between cost and strength. Interestingly, the studies on the so-called 'die soldering' 

phenomenon involving iron and aluminum alloys already indicate towards the affinity 

existing between these two materials [4, 5]. Aluminum's high affinity for Iron causes a strong 

reaction when Al melt comes into contact with ferrous material. This reaction produces iron-

aluminum-silicon intermetallic compounds, which cause cast metal to stick to it. Various 

studies in this regard have primarily focused on exploring the factors that are responsible for 

promoting interface development between the two materials. The soldering is found to be 

highly dependent on temperature, pre-heat temperature, die surface conditions 

(topography/coatings) [5] and the chemistry of alloys [6]. A review of some of the available 

studies in this regard justifies that a strong rationale exists for developing Iron reinforced 

aluminum composites via casting route. 

Han et al. [7] studied the soldering for both pure Aluminum as well as Aluminum alloy 380 

when fabricated inside a steel mold. In this work, a soldering critical temperature is suggested 

at which Iron (Fe) begins to react with Aluminum (Al) and results in the formation of an Al-

rich liquid phase and solid intermetallic compounds. When the temperature at the die surface 

is higher than this critical temperature, the aluminum-rich phase is liquid and joins the die 

with the casting during the subsequent solidification. They purported that the critical 

temperature for soldering is either the solidus temperature or the coherency temperature 

between the two metals. In another research, Han et al.[8] reported liquid fraction of the 

solidifying metal (Al) to be influencing soldering tendency and mentioned surface roughness 

and placement angle of the steel die to be important. A higher liquid fraction, rougher surface 

and placement at a certain anglewere reported to be favoring the soldering phenomenon. Kim 

et al. [4], in their study, reported on the effect of Si concentration (in Al alloy) on the 

formation of Al-Si-Fe intermetallic layer on different grades of steel (H13 and 1045 steel). 

They concluded a higher percentage of Si to be resulting in increased thickness of the 

intermetallic layer. They were able to achieve 28µm thick interface with 9% wt Si while 

keeping the dipping temperature constant at 680ºC. It is important to note that the 

aforementioned studies and most of the other available literature such as [9–12] have been 
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limited to hot dipping and aluminizing methodologies to produce the interfaces; these 

methods may not be representative of the state-of-the-art procedures employed for producing 

commercial castings. Work may also be found that employs contemporary methods (namely 

gravity die casting, high pressure die casting, diffusion-treatment and sand casting) to 

produce commercial castings for various material combinations including Al-Steel [13–17]. 

Incidentally, researchers have highlighted some issues in multi material castings such as 

lower diffusion of one element into the other and non-uniform thickness of the interface layer 

[15] thus necessitating a thorough investigation for Al-Steel interfaces produced through 

specific casting processes; this should enable the production of sound multi-material castings 

to meet industrial demands. Additionally, aspects like cooling rate of the casting and 

mechanical characterization of the developed interface are found to have received relatively 

less attention in reported studies. Correspondingly, the dynamics of interface development in 

a real life scenario with the role of process-specific parameters may need further attention.  

For the context, the few studies that have used mainstream casting routes while developing 

the interfaces may be cited not only to mention some positive aspects but to also highlight 

some process specific issues as reported. Viala et al. [16] used the gravity die molding 

method and reported on the interfacial chemistry of aluminum and steel. By achieving a 

continuous metallurgical bond between steel and aluminum, they successfully replaced a 

165g cogwheel shaped insert with a 105g simple one. This helped in significant weight 

reduction of the cast component. In another study, Bhagat et al. [17] employed squeeze 

casting process for producing aluminum alloy-stainless steel metal composites while 

experimenting with various fiber volume fractions when stainless steel was used as a mesh in 

aluminum alloy matrix. They demonstrated the potential effectiveness of squeeze casting 

process for producing such composites while mentioning 850°C metal pouring temperature, 

550°C die pre-heating temperature, and 110 MPa pressure to be suitable parameters. 

Nevertheless, their work highlighted some issues as encountered. Although 40% volume 

fraction was reported to be resulting in higher tensile strength of the composite in comparison 

to that reported for aluminum alloy (without reinforcement) but the composites were still 

reported to have lower strength (in general) to what had been predicted by the rule of 

mixtures. They attributed it to the generation of a weak interface as a result of 'more than 

desirable' reaction between fiber and matrix materials in the interface. They also cited 

limitations in generating uniform interface thickness and observance of large scatter in the 

values. The need for squeeze casting process parameters optimization was also cited to 

overcome the issues faced in interface development. Understandably, the higher-pressure 
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values employed in their work were those that are typical of a squeeze casting process and  

follow-up work of any sort that employed pressure assistance in lower value regime(s) for Al-

Fe interface hasn’t been found in the available literature as yet. The recent work of Kashif et 

al. [18] also made use of the squeeze pressure but for producing Al overcast joints; since their 

work targeted only one type of material (Al) therefore the differences in thermal coefficients 

and affinity issues were supposedly neither much concerning issues nor were they thoroughly 

studied. Nevertheless, their work indicates the renewed interest in light of the potential 

feasibility of pressure-assisted approach for the multi-material components. 

The potential of the pressure driven casting process and its specific issues as highlighted for 

previous work on aluminum steel interfaces requires that a lower pressure regime may be 

investigated to evaluate if the so-called 'more than desirable' reactions may be avoided and 

better interfaces are developed. Additionally, the limitations as stated for the previous studies 

on the Al-Fe interfaces, call for a structured parametric investigation for evaluating an 

extended range of interface properties while correlating the results with important process 

dynamics, such as thermal/cooling aspects and pressure ratings. Further useful insight and 

potential benefits could be revealed when study of this sort is supplemented with superior 

optimization algorithms such as Grey relational analysis (GRA) which is a multi-response 

optimization technique used to identify the best quality characteristics through the 

determination of the optimum conditions of input parameters [19]. 

This work employs pressure-assisted casting route for producing bi-metallic steel reinforced 

aluminum composite castings. A low-pressure regime has been employed and the role of 

three process parameters, namely pressure, pouring temperature and time for application of 

pressure (holding time) has been thoroughly investigated for producing sound interfaces. An 

Al-Si alloy has been used with mild steel reinforcement. Interfacial layer thicknesses have 

been quantified alongwith the study of its microstructural, compositional and nano-hardness 

aspects. The evaluation of nano-hardness is given consideration, realizing that in view of the 

intermetallics formed, interface may be better characterized by nano-scale hardness 

parameter than microhardness. Discussions are supplemented with analysis of cooling rates 

as calculated for the experiments to better understand and explain the ensuing process 

dynamics. Multi-objective parametric optimization (through GRA) has been done for the role 

of input factors for the targeted outputs. 
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2 Materials and methods 

2.1 Experimental details 

A cylindrical shaped Al-5% Si alloy specimen (Փ60 x L=70 mm) reinforced by three equally 

spaced vertical mild steel rods placed at 120° apart (when viewed in cross-section) was cast 

using an 80-ton vertical hydraulic press. Instead of using a mesh structure, rods were 

employed for reinforcement so as to focus on interface development at different experimental 

conditions while preventing any potential adversities arising from complicated flow patterns 

(had mesh been used). Six K-type thermocouples interfaced with the data acquisition system4 

were inserted into pre-defined locations to capture thermal profiles along radius and height. 

The thermocouples were connected to a Data Logger5 and ultimately linked to a computer 

system. Prior to placement in die (made of D2), the mild steel rods (Փ5 x L= 50 mm) were 

pickled with 90% hydrochloric acid solution followed by immersion in iso-propyle alcohol to 

clean rust (if present) on the surface as cleaning treatment used by others [20, 21]. For the 

pouring, melt was prepared in pit furnace. The die was pre-heated to 500°C using an external 

heating system; upon pouring, pressure was applied and maintained for a specified time 

(holding time). The bimetal casting was allowed to cool naturally at room temperature 

afterwards. Three settings of each input parameters, namely pouring temperature, applied 

pressure and holding time were used for experimentation. The values of input parameters 

were chosen on the basis of trial experiments conducted prior to actual experimentation. 

Taguchi L9 orthogonal array design was used as DOE. A total of nine experiments were 

performed. Fig. 1 provides the schematic of the specimen as placed in the die providing 

essential details such as locations of thermocouple placements and size of the specimen 

produced etc. The actual images for experimental setup & die are given in Fig. 2. Table 1 

presents the details of variables and constants. For post-experimentation analysis, samples for 

microstructure, SEM analysis and mechanical characterization were extracted from the 

castings. Fig. 3 shows the schematic (3a & 3b) and actual cast component (3c) with the 

locations marked from where specimens for post-experimental analysis were taken. 

Table 1 Design of experiment 

Variables Level 1 Level 2 Level 3 

Pouring temperature (°C) 800  850 900 

Applied pressure (Bar) 10 15 20 

Holding time (Sec) 10 15 20 

                                                           
4 DI-2108-P data acquisition system 
5 WinDaq DI-2008 
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Constants 
Reinforcement type 

( RoundMS rod)  
Melt Mass   

1.1kg 

Matrix 
Aluminum-5% Silicon 

Die Temperature 

(500°C) 

 

 

Fig.1 Schematic of the die 
 

 

Fig.2 Experimental setup   

 
Fig.3 a & b) Schematics of the part showing the length & location of the pins c) actual cast 

component 
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Fig.4 Research methodology 

Optical micrographs6 were taken at a magnification of 500X to examine the microstructure 

and to evaluate the thickness of the diffusion layer. Interface SEM7 images were taken at a 

magnification of 3000X for in-depth examination of compositional and microstructural 

details. Samples for microstructure and SEM were prepared using standard metallographic 

procedures. For mechanical characterization nanoindentation testing8 was done for the 

interface. The loading and unloading rate of 200mN/min and the acquisition rate of 10Hz 

were utilized. A record of penetration depth was made over a complete loading cycle with a 

maximum load of 100mN using depth sensing indentation. Three samples were tested in 

each testing condition to ensure repeatability and the average is reported herein. The 

complete research methodology is highlighted in Fig. 4. 

                                                           
6 Leica DMI 500 microscopic machine, Germany 
7 Inspect S-50 of Thermo Fisher Scientific USA 
8 NHTX S/N: 01-2569 nano-indentation machine, Austria 
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2.2 Statistical analysis 

Statistical analysis was carried out for the obtained results using statistical software Minitab 

19.1. The Analysis of Variance (ANOVA) was performed at a confidence level of 95% in 

order to find out the significant input parameters and their percentage contribution (PCR) for 

selected responses. Additionally, Grey Relational Analysis (GRA) was employed for multi-

objective optimization of casting parameters. This analysis is a suitable multi-step method 

[22] used to measure the degree of approximation (among sequences) through Grey 

Relational Grade (GRG).The main objectives takenfor this work were the maximization of 

Interface thickness (IT), nano-level hardness (H) and the cooling rate (Rc). Correspondingly, 

"larger-the-better" was taken as the criteria. 

2.2.1 Data pre-processing 

GRA begins with the grey relational generationthrough the normalization of data gathered 

through experimentation. For GRA, data pre-processing is needed as there may be a 

difference of range and units in different data sequences or the scatter range of the sequence 

is large. Therefore, in data pre-processing, the original sequence is transferred into a 

comparable sequence. The range for normalization is kept between 0.00 to 1.00. The best 

normalized results must be equal to 1.00 [23].  Equation 1 is used for this purpose. 

 𝑥𝑖(𝑘) = 𝑦𝑖(𝑘) − 𝑚𝑖𝑛𝑦𝑖(𝑘)𝑚𝑎𝑥𝑦𝑖(𝑘) − 𝑚𝑖𝑛𝑦𝑖(𝑘) (1) 

where 𝑥𝑖(𝑘) is the normalized value for kth observation after data pre-processing, 𝑦𝑖(𝑘) is the 

original sequence while 𝑚𝑖𝑛 𝑦𝑖(𝑘) and 𝑚𝑎𝑥 𝑦𝑖(𝑘) are the smallest and largest experimental 

values of particular responses from the design matrix, respectively. i is the data number 

(observations) which in our design matrix is from 1 to 9. 

2.2.2 Gray relational coefficient and gray relational grade 

After the data normalization, grey relational coefficients (GRC) are calculated using 

normalized values to highlight the relation between desired/ideal and actual normalized 

results. The GRC highlights the relationship between desirable and real experimental 

normalized results. The GRG is computed by averaging the GRC. This GRG value gives a 

single grade for response variables [24]. Equation 2 is used for GRC calculations. GRG 

values range from 0 to 1.  

 µ𝑖(k) =  δ𝑚𝑖𝑛 + mδ𝑚𝑎𝑥δ0𝑖(k) + 𝑚δ𝑚𝑎𝑥) (2) 
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 δ0𝑖(k) =  ‖𝑥0(𝑘) − 𝑥𝑖(𝑘)‖ (3) µ𝑖(k) is the grey relational coefficient, m is the identification/distinguishing coefficient that is 

usually set to 0.5 [25]. δ𝑚𝑖𝑛 and δ𝑚𝑎𝑥 are the minimum and maximum deviations of each 

response variable. δ0𝑖(k) is called deviation sequence which is calculated by using Equation 

3. This determines the deviation of normalized data from the ideal value of 1.00. On the other 

hand, Equation 4 is used for GRG calculation by taking the average of GRCs. 

 𝐺𝑅𝐺𝑖 =  1𝑛 ∑ 𝑤𝑖 𝑛
𝑘=1 µ𝑖 ∑ 𝑤𝑖=1𝑛

𝑘=1  (4) 

GRG values range from 0 to 1. The highest value of GRG infers the ultimate combination of 

eminent casting process characteristics.  

 

3 Results, analysis and discussions 

The experimentation results for the 9 experiment runs are provided in Table 2. The 

succeeding sections contain the detailed analysis and discussions. 

3.1 Interface characterization 

3.1.1 Microscopic and compositional analysis 

The thickness of the interface where materials diffuse into each other has been measured for 

all the experiments via micrographs. The representative micrographs for all the nine 

experiment conditions are presented in Fig. 5 for comparison purposes. As can be seen from 

the micrographs, interface thickness increases as the higher values of parameters (pressure 

and pouring temperature) are used. An average interface thickness of ~42microns achieved at 

higher values of above mentioned parameters is around 328% more than ~9.8microns 

obtained at the least values of process parameters employed herein. In essence, the improved 

interface thickness values are indicative of the increased diffusion as temperature and 

pressure values increase. 

Table 2 Experimentation results 

Exp. 

No 

Pouring 

Temperature 

(°C) 

Applied 

Pressure  

(bar) 

Holding 

Time 

(Sec) 

IT 

(µm) 

H 

(GPa) 

Rc 

(°C/sec) 

1 800 10 10 9.8 9.01 1.78 

2 800 15 15 11.0 9.25 1.94 

3 800 20 20 13.8 9.58 2.09 
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4 850 10 15 18.9 9.96 1.86 

5 850 15 20 28.5 10.03 1.98 

6 850 20 10 30.7 10.14 2.09 

7 900 10 20 38.0 10.27 1.93 

8 900 15 10 40.9 10.45 2.07 

9 900 20 15 42.0 10.76 2.12 

 

Fig.5 Microstructures of the interface region of bimetals made at different temperature and 

pressure 

These results wherein higher temperature has been seen to cause more interface thickness in 

general, are effectively supported by Fick’s law for diffusion [26] when reviewed in 

conjunction with the diffusivity relation. It can thus be shown that the diffusionis a function 

of temperature. At higher temperatures, atoms/molecules gain more mobility in liquids as 

well as solids. A higher initial concentration of a particular element may cause its diffusion 

into other solid. Fick’s first law has expressed this diffusional flow mathematically as shown 

in Equation 5. 
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 𝑱𝒙= −𝑫𝛅𝐂𝛅𝐗 (5) 

Where Jx is the flow rate of the diffusing species in the direction X based on the gradient (
𝛅𝐂𝛅𝐗). 

Here D is termed as the diffusion coefficient (also known as diffusivity). The following 

expression (Equation 6) is used to calculate diffusivity D. 

 𝐷 =  𝐷𝑜𝑒−𝑄 𝑅𝑇⁄  (6) 

Do, is the pre-exponential coefficient, Q is the activation energy per mole of diffusing 

species, and R is the universal gas constant. The T is the absolute temperature. This equation 

shows that the Diffusion coefficient is based on temperature and as the reciprocal of 

temperature (1/T) decreases, diffusion increases. The increase in temperature triggers 

diffusion to progress more swiftly, resulting in thicker diffusion layers at the interface. 

Correspondingly, a higher temperature is seen to result in better values.  

In terms of pressure, the results arein general conformance to the other available literature 

[27, 28], which shows the role of pressure to be favorable as well. Here too, for a pouring 

temperature of 900°C, the thickness at 20 bar is around 10% higher compared to the one 

obtained at 10 bar even when a relatively lesser holding time has been employed. An 

additional and visible advantage of the pressure-assisted process is the generation of a nearly 

uniform interface for each case as can be seen in Fig. 5. More specifically, when compared 

with other reported work such as by Chen et al. [29] who employed nearly 200 times higher 

pressure in compound forging process to fabricate Al-Steel bimetal, it is observed that the 

achieved interface here is much thicker than the already reported work. In their work the 

interface thickness of 7.9µm was achieved when the initial temperature of the steel ball was 

kept at 900°C & the applied pressure was 503MPa. Incidentally, the average interface 

thickness achieved in current study ranges from 9.8µm to 42.0µm which is much higher that 

of achieved by the compound forging. The possible reason for higher interface obtained 

herein is that, a higher pressure employed in the reported work would increase rate of heat 

transfer which would result in quicker heat loss from the components, thus not allowing 

much time for the constituents to diffuse; this is not the case herein where the lesser values of 

pressure would inevitably be resulting into relatively lesser rate of heat loss which is expected 

to give reasonable time for the constituents to diffuse up to a certain distance. Additionally, 

the forging process is a solid state process for which the rate of diffusion would be lesser than 

the current process where aluminum alloy has been poured in liquid state. 

Furthermore, when compared with reported work [30] on compound casting wherein the 

applied force is presumably much lesser than the pressure employed in the current work, 
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much lower interface thicknesses has been observed. The maximum interface thickness of 

around 30µm is reported for Al-steel bimetallic which is ~28.57% less than what has been 

achieved with the pressure assisted approach herein. 

Even for the case of other systems such as Al-Cu, it is deduced that very high pressure may 

not necessarily be resulting in the very thick interfaces. Liu et al. [31] while producing bi-

metal component (Al-Cu) through squeeze casting process, observed increase in the thickness 

of the reaction layer as the temperature was increased (due to the higher diffusion at elevated 

temperature) however, increase in squeeze pressure resulted in decreasing trend of the overall 

thickness. The highest value obtained for thickness was about 80µm at 30MPa pressure 

which further decreased when pressure was increased to 110MPa. As stated earlier, the 

higher rate of heat transfer during solidification associated with higher pressure values is the 

most likely reason. Above analysis indicates the importance of the lower pressure regime in 

producing an appropriate level of interface thickness enabled by the balance between pressure 

and available time for diffusion to occur. Fig. 6 gives the summary of results for interface 

thickness in graphical form. 

 
Fig.6 Interface thickness obtained for 9 experimental conditions 

To confirm the diffusion of materials at the interface and to compare the effects of input 

parameters on interface constituents, an EDS analysis was performed. Fig. 7 presents the 

elemental profile plots/line scan for all the parametric conditions. Here, the EDS scans of the 

interface validate the presence of primary constituents of the two metals involved in this 

composite. This line scan also highlights the percentage variation of Al, Si and Fe at the 

interface region. Within the interface, the concentration of primary element diminishes as we 

move to the opposite side of the base metal/alloy to which that constituent belongs. Another 

interesting observation is that more Al diffuses into the interface in comparison to steel that 

could be attributed to the smaller size of Al atoms as compared to the Fe atoms [26]. It is 
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pertinent to specify that the percentage of constituents is also influenced by the experimental 

conditions. Higher pressure and temperature values are seen to favor more aluminum 

diffusion into the interface than Fe. Correspondingly, at higher values of these parameters, 

(say experiment 9) the percentage of aluminum increases with the decrease in percentage of 

Fe. The possible reason for this is the larger dissemination of molten aluminum into steel at a 

higher temperature and pressure resulting in a rather compact and uniform interface 

thickness.  

3.1.2 Quantification for the role of parameters for interface thickness 

In order to understand the role of different parameters, the main effect plots for interface 

thickness are provided in Fig. 8. The results are supplemented by analysis of variance 

(ANOVA) (Table 3) for their percentage contribution (PCR) to the outputs. Here, the 

pouring temperature comes out to be the only significant parameter at 95% confidence level 

with a percentage contribution of 92.84%. As can be seen from the plots, both pressure and 

pouring temperature positively correlate with the thickness whereas holding time in the 

investigated regime does not seem to be much influential. 

3.1.3 Nano-hardness 

The nano-hardness values obtained for all 9 experiments have been shown in Fig. 9. It can be 

seen that maximum hardness (10.76 GPa) is obtained at the interface in experiment 9 which 

is in line with the results obtained for interface thickness. If compared to Experiment 1 

conditions, where we have least values of all processing parameters, an improvement of 

19.42% is highlighted. Another important aspect is that, the range of hardness achieved at 

interface is higher than the hardness of individual Al Alloy (1.50GPa) and steel (2.50GPa). It 

is not uncommon for the interface to develop higher nano-hardness than the base materials. 

The work by Jiang et al. [32] where magnesium/steel bimetal was developed, reported higher 

nano-hardness values (11.1GPa) of the interface layer as compared to the hardness of 

magnesium (1.1GPa) and steel matrixes (4.2GPa). It is important to mention that, Al melt has 

a capability to spread homogeneously over the iron insert thus initiating the diffusion of 

elements (Fe, Al & Si) at the interface. The higher values of hardness for the developed 

interface may be associated to the presence of intermetallics such as, Fe2Al5,τ10-Al9Fe4Si3 

FeAl3, Al12Mg17, Al12Mg17. It is obvious that the types of intermetallic layers produced, and 

their thicknesses play critical role in obtaining materials with desirable performances. In 

another work [27] an interaction of solid iron rod with molten Al was investigated. 
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Intermetallic such as FeAl3 and Fe2Al5 were identified through XRD analysis within the 

interface layer. Also the Fe2Al5 layer thickness was found to be larger than the FeAl3 layer. 

Additionally, Jian et al. [28] also observed intermetallic such as Fe2Al5, τ10-Al9Fe4Si3, FeAl3, 

τ5-Al8Fe2Si, τ6-Al4.5FeSi which could be the reason for the higher nano-hardness (10.49GPa) 

for the interface reported in their wok. Literature survey further reveals that the intermetallics 

such as Fe2Al5 & FeAl3 formed  in the interface layer are brittle [33]. The in general inverse 

relationship of brittle materials and hardness is already established which explains the higher 

nano-hardness values within the interface. Vendra and Rabiei [34] investigated the diffusion 

of iron and Aluminum, and observed the presence of brittle Fe2Al7Si phase. They also 

conducted nano-hardness test while citing it adequate approach in view of the small size of 

needle shaped light gray/dark phase which could render regular microhardness (MH) testing 

method as inadequate for the estimation of their hardness. 

A comprehensive load-displacement curve at the interface developed at all experimental 

conditions is shown in Fig. 10. It is evident from the graph that with the increase in hardness 

of the interface, the penetration of the indenter is reduced, indicating the increasing strength 

of the interface. It can be seen that at the same load conditions, the interface developed at 

more favorable conditions is able to resist deformation more indicating a harder interface. 

The least indenter penetration (0.95µm) has been achieved for interface produce at highest 

level of parameters which is 26.92% less when compared to the maximum penetration 

(1.3µm) achieved with least parametric levels. 

 

3.1.4 Quantification for the role of parameters for nano-hardness and cooling rate 

Fig. 11 shows the main effect plots for nano level hardness wherein an increasing trend for 

hardness values with an increased temperature. At higher temperatures, the diffusion of Al 

into steel is increased and improves the formation of intermetallic, resulting in increased 

hardness values. The increase in pressure and holding time has also shown a higher hardness 

value. The ANOVA (Table 4) shows that with a p-value of 0.009, the temperature is the most 

significant parameter and has the highest PCR value (88.28%).   
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Fig.7 SEM micrographs and EDS analysis of the interface of the aluminum/steel bi metallic 

composite (for all experiments) 

 

Fig.8 Main effect plots for interface thickness 
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Table 3 ANOVA for interface thickness 

Source DF Seq SS Adj SS Adj 

MS 

F-

Value 

P-

Value 

Contribution 

T(°C) 2 1241.31 1241.31 620.654 135.48 0.007 92.84% 

P(bar) 2 68.55 68.55 34.274 7.48 0.118 5.13% 

Ht(Sec) 2 18.00 18.00 9.001 1.96 0.337 1.35% 

Error 2 9.16 9.16 4.581     0.69% 

Total 8 1337.02         100.00% 

R-sq: 99.31%   R-sq(adj): 97.26% 
 

 

 

Fig.9 Hardness value obtained for all 9 experiments 

 

 

Fig.10 Load vs displacement graph 
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Fig.11 Main effects plot for nano-hardness 

Table 4 ANOVA for nano-hardness 

Source DF Seq SS Adj SS Adj 

MS 

F-

Value 

P-

Value 

Contribution 

T(°C) 2 2.25398 2.25398 1.12699 116.18 0.009 88.28% 

P(bar) 2 0.25579 0.25579 0.12789 13.18 0.071 10.02% 

Ht(Sec) 2 0.02400 0.02400 0.01200 1.24 0.447 0.94% 

Error 2 0.01940 0.01940 0.00970     0.76% 

Total 8 2.55317         100.00% 

R-sq: 99.24 %   R-sq(adj): 96.96 % 

 

The results for nano-hardness are best explained when supplemented by cooling rates 

calculated for the experiments. It was observed that experiment 9, wherein pressure and 

temperature were at their maximum values (of the investigated set), resulted into the highest 

cooling rate. Refer to Fig. 12 which shows values of different cooling rates calculated for all 

9 experiments. The cooling rate obtained for experiment 9 is around 20% higher than 

experiment 1 where pressure and temperature were at their least. In experiment 9, the higher 

available temperature gradient has been made possible by the higher pouring temperature 

along with the applied pressure, which in its own independent capacity has been reported to 

increase the interfacial heat transfer coefficient during solidification [35–37]. All this results 

into accelerated heat transfer from the casting. Correspondingly, the microstructure which is 

reported to be a function of cooling rate [38–40] would also be refined which in turn results 

in the betterment of mechanical properties. The interdependency of mechanical propertiesand 

microstructure onthe cooling rate has been found in literature [41]. The same could be 

inferred here wherein higher values of nano-indentation have been achieved at these 

conditions. Importantly, as can be seen from Fig. 12, the three highest cooling rates 

(Experiment 9, 6 and 3) are all obtained when the applied pressure was at the highest values 



18 

 

(20bar), not only supporting the given explanation but also hinting towards the role of 

pressure in developing accelerated cooling rates.If we compare this work with reported 

literature (where higher values of pressure have been used), with the application of pressure, 

increase in cooling rate has been reported [40].  

This is further confirmed when ANOVA is performed for the cooling rates (Table 5). Here, 

the pressure is the most contributing parameter with PCR value (81.98%) and is statistically 

significant at 95% confidence level. It is also important to note that the cooling rates pattern 

doesn't necessarily match entirely with the pattern obtained for nano-hardness results. For 

example, the two cooling rates (for experiments 3 and 6) that immediately lag the best 

cooling rate of experiment 9 do not result in the second and third highest nano-hardness 

values. This can also be explained; at higher cooling rates a possibly adverse effect could be 

that a very quick temperature drop may not allow enough time for diffusion to properly take 

place. Interestingly both of these experiment conditions (3 and 6) though having a higher-

pressure value (which is statistically significantparameter for cooling rate) but the 

corresponding pouring temperatures are lower (800 and850°C). The temperature has been 

determined to be a statistically significant parameter for interface thickness. Accordingly, at 

these lower pouring temperatures despite getting relatively higher cooling rates, relatively 

lesser interface thickness and nano-indentation hardness have been achieved. Experiment 9 

has both the parameters at their favorable values so not only that highest cooling rate has 

been the outcome but also interface thickness and nano-indentation are also at their best. 

 
Fig.12 Cooling rate at different experimental conditions 

Table 5 ANOVA for cooling rate 

Source DF Seq SS Adj SS Adj MS F-Value P-Value Contribution 

  T(°C) 2 0.015268 0.015268 0.007634 5.38 0.157 14.29% 

  P(bar) 2 0.087589 0.087589 0.043794 30.89 0.031 81.98% 
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  Ht(Sec) 2 0.001154 0.001154 0.000577 0.41 0.711 1.08% 

Error 2 0.002836 0.002836 0.001418     2.65% 

Total 8 0.106845         100.00% 

R-sq:97.35% R-sq(adj): 89.38% 

3.4 Multi-objective optimization using GRA 

The optimization has been carried out for development of sound interface. Table 6 contains 

the normalizing & deviation sequence, GRC and GRG. The highest grade shows the optimal 

parametric setting for the process. The highest GRG value is obtained for experiment number 

9, where temperature is 900ºC, pressure is 20bar, while holding time is 15sec.  

Table 6 Normalizing sequence & deviation sequence 

 Normalizing Sequence  Deviation Sequence  Grey Relational 

Coefficient 

GRG 

Exp. 

No 

IT H Rc  IT H Rc  IT H Rc - 

1 0.0000 0.0000 0.0000  1.0000 1.0000 1.0000  0.3333 0.3333 0.3333 0.3333 

2 0.0373 0.1342 0.4693  0.9627 0.8658 0.5307  0.3418 0.3661 0.4851 0.3977 

3 0.1242 0.3251 0.9102  0.8758 0.6749 0.0898  0.3634 0.4256 0.8477 0.5456 

4 0.2826 0.5432 0.2202  0.7174 0.4568 0.7798  0.4107 0.5226 0.3907 0.4413 

5 0.5807 0.5823 0.5873  0.4193 0.4177 0.4127  0.5439 0.5449 0.5478 0.5455 

6 0.6491 0.6438 0.9220  0.3509 0.3562 0.0780  0.5876 0.5840 0.8651 0.6789 

7 0.8758 0.7205 0.4372  0.1242 0.2795 0.5628  0.8010 0.6414 0.4704 0.6376 

8 0.9658 0.8253 0.8459  0.0342 0.1747 0.1541  0.9360 0.7411 0.7645 0.8139 

9 1.0000 1.0000 1.0000  0.0000 0.0000 0.0000  1.0000 1.0000 1.0000 1.0000 

 

3.4.1 ANOVA for GRA 

After ranking, an ANOVA is also performed for GRG values to find the most significant 

parameter(s). It can be seen from Table 7 that temperature and pressure, with a p-value less 

than 0.05, are significant for GRG. The percentage contribution for temperature is 88.57%, 

while for pressure it is 31.07%.  The main effect plot for GRG is provided in Fig. 14. The 

response table (Table 8) shows the levels resulting in the highest GRG values. Temperature 

and pressure at level 3 while holding time at level 2 shows the highest GRG. GRG for all the 

experimental conditions along with the rank are shown in Fig. 15. 
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Fig.13 Main effects plots for GRG 

Table 7 ANOVA for GRG 

Source DF Seq SS Adj SS Adj MS F-Value P-Value Contribution 

  T(°C) 2 0.238796 0.238796 0.119398 52.78 0.019 66.98% 

  P(bar) 2 0.110781 0.110781 0.055390 24.49 0.039 31.07% 

  Ht(Sec) 2 0.002422 0.002422 0.001211 0.54 0.651 0.68% 

Error 2 0.004524 0.004524 0.002262     1.27% 

Total 8 0.356523         100.00% 

R-sq: 98.73% R-sq(adj): 94.92% 

 

Table 8 Response table for GRG 

Level 1 2 3 Delta Rank 

T(°C) 0.4255 0.5552 0.8172 0.3916 1 

P(bar) 0.4708 0.5857 0.6130 0.2707 2 

Ht(Sec) 0.6087 0.6130 0.5762 0.0368 3 

 

 

Fig.14 Gray relational grade for all experiments 
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3.4.2 Confirmation tests 

A confirmatory experiment was performed for interface thickness, nano-hardness & cooling 

rate based on optimization done herein. The response table for means (Table 8), highlights 

levels at which all three parameters will give optimal results. From this table, the levels with 

highest mean value are selected thus the optimal parametric levels are a temperature of 

900ºC, the pressure of 20 bar, and a holding time of 15sec. Based on this suggested 

parametric setting, confirmatory experimentation was carried out. The results from the initial 

experimental matrix and the confirmatory experiment are highlighted in Table 9. The values 

obtained from the confirmatory experiments validated the optimized levels. The confirmatory 

run not only validated the reliability of the optimization step (results within 5% of the 

predicted value) but also repeatability was ensured. 

Table 9 Confirmation experiment 

Performance 

characteristics 

Optimal values 

from (design 

matrix) 

Predicted  

values 

Confirmatory 

experiment values 

%age error of 

confirmatory values  

IT (µm) 42.0 41.20 43.2 4.85 

H(GPa) 10.76 10.76 10.84 0.74 

Cooling Rate 2.12 2.14 2.14 - 

  

The samples from the optimum combination of input values were further tested for nano-

cyclic loading conditions with a maximum applied load of 200mN. The purpose of applying 

cyclic load at the interface was to evaluate the interface developed for deformation under 

dynamic loading conditions. When cyclic load is applied on the metallic materials in plastic 

range then the tendency to resist deformation is different as compared to continuous load 

[42]. It can be seen from Fig. 15 that the sample at the optimum condition restricted 

penetration much more than the other with the least experimental conditions. Due to the 

increase in pouring temperature and applied pressure, a uniform interface and associated 

properties resulted in higher hardness at the interface and correspondingly minimum 

penetration of the indenter.  
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Fig.15 Load vs displacement graph for cyclic loading 

4 Conclusions  

This study while focusing within the context of multi-material castings, developed steel 

reinforced Al, bi-metallic composite casting using pressure assisted approach and optimized 

the process parameters for interface thickness, nano-mechanical properties (nano-hardness) 

and cooling rate. Taguchi L9 orthogonal array was used for experimentation (with pressure, 

pouring temperature and holding time as input parameters) supplemented by statistical 

analysis of ANOVA and GRA. It has been found that  

 It is possible to generate interfaces of uniform thicknesses within the investigated 

pressure regime of 10-20 bars. Pouring temperature has come out to be the most 

significant factor in this regime in general. Micrographs and EDS analysis confirms 

generation of uniform interface along with diffusion of micro-constituents. 

 Highest interface thickness was achieved at the experiment conditions of temperature 

900ºC, pressure 20bar and holding time 15sec where the interface was ~328% higher 

than the conditions of 800ºC, 10bar, & 10sec. ANOVA reveals that temperature is the 

most significant factor with PCR of 92.84% for interface thickness. Pressure has a 

meager contribution of ~5% for interface thickness. 

 The nano-indentation tests revealed 19.42% increase in nano-hardness while load 

displacement graph showed 26.92% reduced indenter penetration at experimental 

conditions of 900 ºC, 20bar and 15sec when compared to the experimental conditions 
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with least levels (800ºC, 10bar, & 10sec). For this output, temperature was found to 

be the most significant parameter with PCR of 88.28%. 

 The results are well supplemented by cooling rate calculations for which pressure is 

the most significant factor. 

 The multi-objective optimization using GRA shows highest grey relational grade 

(GRG) for experimental condition 9 (temperature 900ºC, pressure 20bar and holding 

time 20sec). Further, the ANOVA for GRG shows the temperature to be the most 

significant parameter with a p-value of 0.023. The optimized parameters have been 

seen to exhibit higher nano-hardness also in dynamic loading regime. 

 An indirect comparison of the presented work with other published literature indicates 

generation of sound interfaces at considerably less harsh pressure conditions. Uniform 

interfaces are developed with comparable nano-hardness and thickness (which in 

certain cases are found to be even thicker).  
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Figure 1

Schematic of the die



Figure 2

Experimental setup

Figure 3

a & b) Schematics of the part showing the length & location of the pins c) actual cast component



Figure 4

Research methodology



Figure 5

Microstructures of the interface region of bimetals made at different temperature and pressure



Figure 6

Interface thickness obtained for 9 experimental conditions



Figure 7

SEM micrographs and EDS analysis of the interface of the aluminum/steel bi metallic composite (for all
experiments)



Figure 8

Main effect plots for interface thickness



Figure 9

Hardness value obtained for all 9 experiments

Figure 10



Load vs displacement graph

Figure 11

Main effects plot for nano-hardness



Figure 12

Cooling rate at different experimental conditions



Figure 13

Main effects plots for GRG



Figure 14

Gray relational grade for all experiments

Figure 15



Load vs displacement graph for cyclic loading


