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Abstract: 

The preparation of Cu-Al-Be SMAs is the focus of this experimental work. The goal was to 

economically prepare them using Gravity die casting and an induction furnace. Martensitic phase 

was obtained by subjecting the casts to suitable thermal procedure. Shape memory effect and 

Hardness were evaluated for verification using Bend test and Vickers hardness equipment 

respectively. It was observed that with an increase in small addition of Be increases the hardness 

of alloy. After confirmation of SME, the wear test of Cu-Al-Be SMA’s was performed using Pin 

on disc equipment. The three discrete parameters namely “sliding speed”, “applied load” and 

“sliding distance” were analyzed using Taguchi technique. The experiment plan is generated by 

Taguchi’s technique and based on “L27 orthogonal array” the experiments were conducted. The 

optimal wear properties under the impact of three discrete parameters were found using ANOVA 

and regression equations developed. This showed that with rising sliding distance and load, wear 

loss rises, while with rising sliding speed, it reduces. Based on the “smaller the best” principle, dry 

sliding wear resistance was evaluated and validation was performed to validate the experimental 

findings. SEM is used to study the morphology of worn surface and its wear mechanisms. 

Microstructural studies showed that adhesive, abrasive, brinelling and surface fatigue wear 

mechanisms are major contributors to this SMA alloy wear. 

 

Keywords: Shape Memory Alloys, Wear Mechanisms, Taguchi Approach, Signal to Noise Ratio, 

Surface Fatigue 

 

1 Introduction 

SMAs are a category of metallic materials exhibiting the potential to revert to any previously 

defined shape or scale when exposed to the required thermal procedure. Generally, these materials 

will be deformed plastically at any relatively low temperature, and before the deformation, they 

can revert to their shape following exposure to some higher temperature [1]. Materials that only 

show shape memory when heated are recognized as possessing a one-way shape memory. On re-

cooling, certain materials often experience a shift in shape. These materials provide a memory of 

the two-way form. While the shape memory effect is known to manifest a comparatively large 

range of alloys, only those that can regain significant quantities of strain or that produce significant 

force upon changing shape are of commercial concern. Nickel-titanium alloys and copper-base 

alloys such as Cu-Zn-Al and Cu-Al-Ni are some shape memory alloys. [2]. 

A shape memory alloy produces thermos-elastic martensite and undergoes a martensitic 

transformation that enables the alloy to deform below the transformation temperature through a 
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twinning process. When the twin configuration returns to the parent phase after heating, the 

deformation is then reversed. [3]. 

SMA's wear behavior is related to the martensitic thermo-elastic transformation. Until 

undergoing plastic deformation and subsequent cracks triggered through wear, these alloys can 

consume a significant amount of energy due to this transformation. In this study, the influence of 

"sliding speed" and "applied load" on the dry wear action of Cu-Zn-Al alloys was identified. For 

the various alloys, weight loss was studied as a result of the Ms transition temperature at various 

“sliding speeds” and “applied loads” [4]. As a function of load, the weight loss and friction 

coefficient of the alloys displayed linear and exponential relationships respectively. As a function 

of the sliding speed applied, the “weight loss” and “friction coefficient” of the alloys regardless on 

whatever stage was evident but an exponential relationship and no direct relationship was seen, 

respectively [5]. 

 

2 Taguchi Method 

The objective here is to select the optimal levels for the parameters of its controllable device in 

such a way that the product is functional and exhibits a high performance level under a wide range 

of conditions and is also resilient against variability causing noise factors [6]. Noise factors are 

those that are not controllable or too costly to control. The parameters that can be set and retained 

are control factors (design features). While designing the experiment, the choice of parameters and 

levels is an essential step. For a different teast, parameters and levels can differ to study the wear 

behavior of Cu-Al-Be SMA by using the pin on disc machine; these are factors that affect the 

performance response (wear). [7] 

Table 1: Control Factors and Levels 

Factor Unit Level1 Level2 Level3 

Sliding speed rpm 40 80 120 

Applied Load N 5 10 15 

Sliding distance m 500 1000 1500 

Material Wt.% CAB1 CAB2 CAB3 

The choice of a suitable Orthogonal Array (OA) depends on the overall degree of freedom of the 

parameters of the procedure. DOF are characterized as the number of process parameter 

comparisons that are made to decide which degree is better and how much better it is specifically. 

Therefore, in this case, each parameter has three levels to analyze the wear characteristic by using 

the pin on the disc machine; the overall DOF for the parameters is equal to 27. 

 

3 Experimental Setup 

As per ASTM G99-95 standards, a pin-on-disc mechanical assembly shown in Fig 1 is 

utilized to explore the dry sliding wear properties of selected material. The wear samples were cut 

from as-cast samples of Diameter-8mm and height-30mm and subjected to thermo-mechanical 

treatment, then metallographically machined and polished. In Figure 2, the Dry-sliding wear test 

flow chart is shown. A standard electronic measuring unit having an LC of 1/10000 gm was used 

to record the specimen weights. 



During the test, the pin was pressed against the counterpart that rotated against the EN31 

steel disk with a hardness of 60 HRc by applying the load, as per the Taguchi table. The specimens 

were taken out, rinsed with propanone, dried, measured after running over a set sliding distance to 

assess weight reduction by wearing. The weight variation determined pre and post-test shows dry 

sliding wear of the sample's selected as well as volume loss estimated. As a function of the “sliding 

speed”, “applied load”, and the “sliding distance”, the wear behaviour of the selected material was 

studied [8]. 

 

Figure 1: Pin-on-disc Mechanical Assembly [7]. 

 

Figure 2: Dry-sliding wear test flow chart 

 

4. RESULTS AND DISCUSSION 

4.1 Alloy Composition 

In an induction furnace, Cu-Al-Be SMAs with a nominal composition given in Table 2 were 

prepared. The production procedure and thermomechanical processing of the alloys to obtain strips 

with a final thickness of 1 mm and cylindrical specimen used for wear test having 8mmx 30mm 

(Diameter x Height) as per ASTM Standard. 

 

 



Table 2: Chemical composition of the Cu-Al-Be SMA’s 

 

 

4.2 Microstructural Studies  

Using a low-speed diamond saw, samples were cut. They were mechanically polished to 

achieve a very fine polished surface in emery sheets of 200-2000 grid scale, followed by cloth 

polishing with 0.1 mm alumina paste. Samples were etched into 2g K2 Cr2 O7 - 8ml H2SO4 - 2ml 

HCl - 100ml H2O etchant solution. These samples were studied at 50X magnification under an 

upright optical microscope (Olympus-Japan). 

 

Figure 3: Optical Microscope 

The crystallographic analysis showed that there are very definite crystal orientations of the 

martensite plates given the original structure. Martensitic transformation also leaves characteristic 

surface markings. The surface contrast due to a partial martensitic transformation in an alloy is 

seen from figure 4 to 6. The dark bands are remnants of martensite plates that have extended and 

collide with the surface that leads to a surface upheaval across the sample volume. Next, the long 

ones emerged, and shorter ones appeared between them, the creation of which was impeded by the 

long ones. 



 

Figure 4: Martensite observed for the composition CAB1 

 

Figure 5: Martensite observed for the composition CAB2 

 

Figure 6: Martensite observed for the composition CAB3 
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4.3 Taguchi Results 

Table 3: Orthogonal arrays (L27) Of Taguchi for wear test and S/N ratios of Cu-Al-Be SMA 

 

 



Table 4: Optimal process parameter level for wear in Cu-Al-Be SMA 

 

The model's aim is to reduce wear loss. S/N-ratio tests the exposure to non-controlled 

external influencing factors (noise factors) of the quality feature monitored in a standardized 

manner.  

The experiment attempts to determine S/N-ratio for the outcome (wear loss). It focuses on 

type of character being evaluated, encapsulating multiple data-points in a trial. It is possible to 

classify the Signal to Noise ratio features into 3 groups, viz. "nominal is the best", "larger the 

better" & "smaller the better". 

The "smaller the better" feature was opted in this study to examine Cu-Al-Be SMAs dry-

sliding wear behavior. S/N-ratio for 3 factors and 3 variables are calculated by smaller-is-better 

characteristics selected as we attempt to minimize wear loss. 

“Smaller the better” feature: 

Signal to Noise Ratio = -10log(1/n) (Σ𝑦2) 

 Where n = No. of trials. 

y = trial data. 

 

 
Fig 7: Main effects plot for means - Weight loss 



 
Fig 8: Main effects plot for S/N Ratios - Weight loss 

The optimal conditions resulting in weight loss are seen in Figures 7 and 8 based on the 

interpretation of these experimental findings with the aid of signal to noise ratio. The statistics 

show that the first sliding velocity level, the third load level, the third sliding distance level and 

the first material level in weight percent are the optimal results in Table 5. 

 

Table 5: ANOVA for wear of Cu-Al-Be SMA 

 



 
Fig 9: Interaction plot for Weight loss 

The test outcomes were examined using ANOVA used to explore impact of wear variables 

specifically: sliding speed, load & sliding distance. These variables majorly affect the SMA 

performance. By conducting ANOVA [9] its very well may chose autonomous variable prevails 

on another & rate commitment with specific free variable.  

The "sliding distance" can be found to have the greater impact (Pr = 60.44 %) on weight 

loss for Cu-Al-Be Shape Memory Alloys from Table 5. Therefore, sliding time, accompanied by 

applied loads, is a significant control factor considered during the wear process (P = 24.26 %) and 

sliding velocity (Pr = 5.15 %). The terms of interaction have little to no impact on weight loss & 

just 13.04 % of the pooled errors. It is concluded from the variance & Signal to Noise ratio study 

that the sliding distance, followed by load & sliding speed, has the highest contribution to weight 

loss. 

 

4.4 Multiple Linear Regression Models 

The MLR analysis attempts to model and to obtain the connection between at least two indicator 

factors and reaction factors by fitting a direct condition to the noticed information. To evaluate the 

relationship of wear parameters: “sliding distance”, “applied load”, “sliding speed” & material. 

Using statistical program "MINITAB R14", the “dry sliding wear”, “weight loss” and “wear MLR 

models” were obtained with statistically relevant terms included in the model. 

Model's regression coefficient given by 

 
Where W = Weight loss (gm) 

S = Sliding Speed (rpm) 
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D = Sliding Distance (m) 

M = Material in (wt %) 

R - Sq = 88.5%   

4.5 Experiment of Conformation 

The analytical and practical results are contrasted with the aid of the confirmation test, 

which can be performed with the program "MINITAB-14". Comparison of wear results from the 

mathematical model can be compared with the various values obtained experimentally. The 

Multiple linear regression equation derived and correlates the evaluation of the selected material 

with a reasonable degree of approximation. 

 

Table 6: Factors and Levels assignment for the conformation Experiment 

Factor Units Level1 Level2 Level3 

Sliding speed rpm 50 75 100 

Load N 8 12 16 

Sliding distance M 600 900 1200 

Material Wt% CAB1 CAB2 CAB3 

 

Table 7: The output of the conformation experiment and the Regression Model comparison 

Exp. No. Exp. weight loss (gm) Regression model (7), weight loss (gm) % Error 

1 0.003892 0.003762 3.4 

2 0.006578 0.006501 1.179 

3 0.010134 0.009476 6.89 

 

From the investigation, Actual weight reduction is discovered to be fluctuating from the 

determined one utilizing the regression equation, and for weight reduction, the blunder rate varies 

between 1.179 to 6.89 percent. These qualities intently taking after the real information with least 

blunder, investigations by the Taguchi approach found effective for computing weight reduction 

from regression equation. These values exactly represent the real data with minimal error.  

 

 

 

 

 

 

 

 

 



4.6 Morphology of worn surface (SEM images) 

 
                 Fig 4.10: (a) Wear direction              Fig 4.10: (b) Pit formation 

Fig 4.10: (a) illustrate that the path of wear exists along the disk direction, and Fig 4.10: (b) It 

occurs because of the repetitive loading and unloading cycles, several surfaces or sub-surface 

cracks form and eventually lead to the breakup into huge sections, resulting in huge surface 

concavity. 

 
Fig 4.10: (c)Abrasive wear                           Fig 4.10: (d)Adhesive wear 

 

Fig 4.10: (c) The abrasive wear, the plowing grooves resulting from the interaction, micro-

cutting, and plastic deformation are illustrated. Many surfaces or subsurface cracks are developed 

owing to repetitive loading and unloading cycles and ultimately result in surface breakup.  

Wear direction 
Pit formation 

Plowing grooves 
Adhesive junction 



Accumulation of adhesive junctions, abrasive deformation and wear chips, and mechanical 

locking of surface pits can be due to the crests that look like pearls in Fig 4.10: (d). During the 

sliding wear process, these pearl-like crests can increase the fluctuation of the friction coefficient 

and quickly increase the loss of weight due to mechanical fracture. 

 
Fig 4.10: (e) Brinelling wear  Fig 4.10: (f) Surface fatigue 

 

Fig 4.10: (e) The wavy tracks on the outer surface are shown. Its known as “brinelling 

wear” that arises from the softer materials' plastic deformation. It should be realized that the 

brinelling wear phenomenon can increase the coefficient of friction, but it has no contribution to 

loss of weight. Fig 4.10: (f) Several surfaces or subsurface cracks form due to repetitive loading 

and unloading cycles and ultimately lead to the breakup of the surface into large fragments, leaving 

large pits on the surface. 

 

5. Conclusions 

Based on the experimental analysis and investigations in the present work, it can be 

concluded that: 

1. The Taguchi optimization technique was used to design the pin on disc wear test using 

3 distinct parameters namely, Sliding Distance, Applied Load and Sliding Speed. 

2. Pin on disc wear test shows that the increase in sliding distance and applied load wear 

loss increases, but the wear loss decreases with the increase in sliding speed. 

3. The optimal outcome of under-considered parameters is shown by Signal to Noise ratio 

graphs acquired from “Taguchi Minitab14” Application. 

4. ANOVA tests also verified that the 3 distinct parameters play key role in wear. 

5. The error from confirmation test varies between 1.179 to 6.89 percent, leading to the 

inference that DOE was effective in using the Taguchi method for measuring erosion 

with regression model. 

6. Four main mechanisms, namely “abrasive”, “adhesive”, “brinelling wear” and “surface 

fatigue”, are responsible for significant contributions to the wear characteristics of the 

studied SMA. 

Wavy tracks 
Surface 
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