
Abstract
Determination of residual stresses in metals, subjected to secondary processing, is necessary from the point of view of their 
applications and is widely studied in literature. However, residual stresses induced during service is generally ignored when 
evaluating the performance of the component. The residual stress in a component could be tensile or compressive in nature and 
eventually affects its service life under external loading. In this regard, industries demand rapid, efficient, and easier methods 
of non-destructive testing to identify and control the residual stress in such components. The present work aims at evaluation 
of residual stress in an LM-25 aluminium alloy/fly Ash Metal Matrix Composites (AMC) after subjecting the specimen to dry 
sliding wear tests. X-ray diffraction technique was used to measure the residual stress in the “pin” specimen of the pin-on-disc 
set-up. The residual stress was ~ 24 % higher in the composite compared to the un-reinforced alloy after the wear test while 
the wear rate, measured in terms of weight loss of the pin, was lower by about 50%, under similar test conditions. 

*Author for correspondence

1.0  Introduction
The quality of the machined specimen, its wear and 
corrosion resistance is governed by the residual stresses 
induced during processing. Accurate measurement 
of residual stress distribution minimizes the cost of 
manufacturing process. Researchers have proved that 
compared with unmachined raw components, machined 
components with compressive residual stress have 
longer fatigue life. On the other hand, fatigue life of 
a component is reduced due tensile residual stresses. 
Workpiece distortion and dimensional instability are 
induced in machined components with residual stresses1. 
Aluminium Matrix Composites (AMC) are widely used 
in automobile, industrial and aerospace applications2. 
They are manufactured through different techniques 
and possess tailored microstructure and mechanical 
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properties that are best suited for wear applications, 
such as in brake pads3. Generally Residual Stresses (RS) 
are induced in a material due to differential cooling: in 
case of AMCs, the mismatch between the Coefficients of 
Thermal Expansion (CTE) of the reinforcing phase and 
matrix phase is the primary reason for residual stress 
during fabrication of composites4. Influence of residual 
stress on the wear mechanisms and wear rate  in AMCs is 
documented in the literature5. A pin-on-disc test set-up is 
the widely used approach to perform sliding wear studies. 
Residual Stresses (RS) are the “self-balanced” and “non- 
homogenous” stresses that are generated and trapped 
during different manufacturing processes6-9. These 
stresses remain within a material after the manufacturing 
stage, when there is neither thermal gradient nor external 
force10-13. However, during sliding contact, the residual 
stress profiles and its magnitude are altered over the 
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course of operation, which significantly affects the 
products’ performance: in the pin-on-disc wear study, it 
is the RS induced due to wear on the life and performance 
of the ‘pin’ which is tantamount to ‘brake-pad’ in 
automobile applications. It was observed that the forces 
generated on a fixed boundary condition lead to residual 
stresses which are totally different from normal stresses14. 
Macro residual stresses vary on the scale of individual 
grain and are caused by crystalline defects. Depending on 
the nature of the residual stress (tensile or compressive), 
various analytical and experimental methods are available 
to determine their magnitude: X-ray diffraction method 
is exclusively used to measure the residual stresses more 
accurately15. Evolution of wear-induced residual stresses 
in sliding contact has received little attention and is the 
focus of the present work.

2.0 Materials and Methods
LM – 25 aluminium alloy was reinforced with 7.5 wt. % 
of fly ash during stir casting followed by squeeze casting 
to fabricate the AMC using a 20-tonne hydraulic squeeze 
press as shown in  Figure 1.

During the process a pressure was maintained at 50 
kg/cm2 was maintained for a duration of 15 minutes.
Dry sliding wear tests were carried out using pin-on-disc 

setup by varying normal load, sliding velocity and sliding 
distance according to the experiments framed as per L-27 
orthogonal array. The amount of wear was recorded in 
terms of weight loss in kg. The experiments were carried 
out for base metal and composite and the results were 
tabulated16,17. The results from L-27 orthogonal array 
tests are shown in Figure 2 and its validation is shown 
in Figure 3 respectively. Validation trials were conducted 
for the intermediate values of the process parameters to 
assess the precision and accuracy of the regular results 
shown in Figure 2.

From the Figure 2, it is evident that wear resistance 
is low for the base metal and increased in the composite. 
Consistently the composite shows the higher wear 
resistance under all test conditions. This is because: 
hardness of the fly ash particles embedded in the 
soft ductile aluminium matrix contributes for the 
enhancement of the wear resistance of the composite7,8. It 
also bears load transferred from the matrix material.

In order to validate the observed trend in Figure 2, 
certain trials of experiments were intermittently picked 
and their results of wear resistance is shown in Figure 
3. Similar trend was observed for the changed wear test 
parameters wherein AMC exhibits higher wear resistance 
compared to unreinforced LM – 2518

Figure 1.  (a) Squeeze Casting setup (b) cast billet inside the set-up (c) finished cast alloy 
LM25 and composite (d) pin-on-disc specimen preparation and its dimensions.
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2.1 SEM and EDS Studies
EDS analysis was carried out to ascertain the chemical 
compositions of the base metal, fly ash and 7.5% fly ash 
reinforced AMCs. Before and after the wear test all the 
constituent elements that were measured using EDS 
analysis were on par with the matrix and reinforcement 

materials used in the investigation. Figure 4, 5 and 6 
represent SEM images and EDS analyses of base metal, 
fly ash particles and 7.5% fly ash reinforced composites 
respectively. Base metal represents higher peak for 
aluminium followed by smaller peaks for silicon and 
magnesium whereas fly ash represents higher peak 

Figure 2.  Bar chart for dry sliding wear behaviour of base metal (LM – 25) and 7.5% 
fly ash reinforced AMC: for three loading conditions (4.5, 9.8, 14.7 N) and three sliding 
distances (1, 2, 3 km).

Figure 3.  Bar chart for dry sliding wear behaviour of base metal (LM – 25) and 7.5% 
fly ash reinforced AMC: for two loading conditions (7.15, 12.25 N) and two sliding 
distances (1.5,2.5 km).
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for silicon followed by comparatively smaller peak for 
aluminium and magnesium content. Presence of silicon 
content in the matrix as well as reinforcement material 
symbolizes its contribution for the increased hardness 
of the composite. EDS analysis of the base metal and 
the composite clearly indicate the presence of higher 
aluminium peak, lower silicon peak and lower intensity 
in magnesium peak. No iron content was recorded in the 
EDS analyses of base metal and the composite, clearly 

indicating no transfer of counterpart material onto the 
pin specimen and is shown in Figure 6.

2.2  Results of XRD Studies
The Figures 7(a) and 7(b) represent XRD results of base 
metal and 7.5% fly ash reinforced composite respectively. 
Through XRD results it is revealed that for base metal 
LM – 25, the highest peaks formed represent Spinel 
(aluminium magnesium oxide) and Berlinite (aluminium 
phosphorous oxide) compound formation and is an 
established procedure. XRD analysis of 7.5% fly ash 
reinforced AMC shows the dispersion of fly ash in LM 
– 25 matrix material. With the increasing sliding speed, 
the rotating disc reacts with atmospheric oxygen to form 
various oxides along with compounds of aluminium 
resulting in yielding of Mechanical Mixing Layer

– MML between the composite pin and the disc19. This 
enhances the work hardening of the aluminium during the 
sliding action: formation of various oxides on the surface 
of the composite pin enhances the wear resistance. The 
oxide layers formed act like barrier and protect composite 
from further oxidation. But, the interfacial bonding 
between the aluminium and fly ash of the composite will 
be lowered due to thermal softening at higher speed and 
load conditions. The protective barrier that breaks down 
during the sliding action results in greater wear loss. 
This indicates clear transition of wear regime from mild 

Figure 4.  SEM image of base metal LM-25 highlighting 
the silicon needle structure: The inset image shows EDS 
analysis.

Figure 6.  SEM image of wear tested 7.5% fly ash reinforced 
AMC subjected to dry sliding at 4.5 N, 3000 m and 0.9423 
m/s: Inset image shows EDS analysis for 7.5% fly ash 
reinforced aluminium matrix composite

Figure 5.  SEM image for fly ash reinforcement particles: 
Inset image shows the EDS analysis for fly ash particles.
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to severe with increased load and sliding distance. Since 
from EDS analyses there was no record of iron content, 
formation of iron oxide was also not seen in XRD analyses 
of both base metal and the composite.

2.3 Residual Stress Measurement
Surface stress analysis using X-ray diffraction technique 
was carried out at Advanced Machine Tool Testing 
Facility (AMTTF) CMTI, Bengaluru. X-ray diffraction 
was used to measure residual stress using the distance 
between crystallographic planes, i.e., d-spacing. When 
the material is in tension, the d-spacing increases and, 
when under compression the d-spacing decreases. 

This principle is used to measure the induced stresses. 
The equipment was initialized for about 15 minutes to 
warm up the system and the X-ray tube was excited to 
an appropriate level before starting the measurements. 
The test piece was placed on a suitable fixture and the 
area where the stress analysis had to be carried out was 
focused manually in the equipment. The measurement 
was carried out by setting the parameters in accordance 
with details of the test sample. The inputs were supplied 
as required for the test e.g., time of exposure, Beta and 
phi angles, no. of averages etc., and the final measurement 
was carried out. The measurement setup along with the 
mounted specimen is shown in Figure 8.

(a) (b) 

Figure 7.  (a). XRD graph for base metal LM-25 at 14.7 N load, 0.9423 m/s sliding velocity and 2000 m of sliding distance. 
(b). XRD graph for 7.5% fly ash reinforced aluminium matrix composite at 14.7 N load, 0.9423 m/s sliding velocity and 2000 
m of sliding distance.

Figure 8.   Setup for the measurement of residual stresses highlighting the specimen and Measurement Locations 
(On the Marked targets).
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3.0 Results and Discussion
X-Ray Diffraction to determine the strains and stresses 
in the specimen is based on Bragg’s law. Two detectors 

that are normal to the incident beam record the Debye 
rings, which are seen as circular intensity rings in the 
transmitted diffracted beams. The application of stress 
changes the d-spacing, leading to the distortion of these 

BASE METAL LM – 25
RSalloy = - 38.9 ± 13.8 MPa

Shear Stress = 9.9 ± 6.6 MPa

Intensity Ratio 2.28 2.07

Average peak 
breadth 2.54 ± 0.21 2.45 ± 0.21

Average peak 
FWHM 2.349 ± 0.25 2.335 ± 0.26

Detector 1 Detector 2

d spacing FWHM d spacing FWHM

1.170459 2.769 1.169696 2.067

1.170479 2.639 1.169841 2.145

1.170504 2.551 1.170026 2.093

1.170070 2.298 1.170264 2.108

1.170443 2.304 1.170071 2.323

1.170568 2.226 1.170778 2.473

1.170637 2.198 1.170709 2.523

1.170453 2.039 1.170069 2.466

1.170290 2.113 1.169696 2.416

Table 1. Residual stress measurement values for LM – 25 alloy

Figure 9.   Representation of residual stress in LM – 25 alloy.
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Debye rings at the detector. The degree of distortion in 
the direction of applied stress provides a reasonable 
estimation of the lattice strain.

Tables 1 and 2 show the residual stress measurement 
values for LM – 25 alloy and 7.5 wt.% fly ash reinforced 
composite respectively. All values from both the detectors 

LM – 25 + 7.5 % Fly ash reinforced composite

RSAMC = - 48.1 ± 4.7 MPa

Shear Stress = 3.3 ± 2.3 MPa

Intensity Ratio 2.42 2.33

Average peak breadth 2.54 ± 0.12 2.53 ± 0.22

Average peak FWHM 2.408 ± 0.16 2.428 ± 0.24

Detector 1 Detector 2

d spacing FWHM d spacing FWHM

1.170193 2.622 1.169963 2.224

1.170325 2.587 1.170177 2.240

1.170390 2.553 1.170398 2.206

1.170442 2.414 1.170378 2.305

1.170505 2.453 1.170466 2.274

1.170220 2.379 1.170359 2.462

1.170119 2.239 1.170323 2.552

1.169965 2.257 1.170331 2.675

1.169862 2.168 1.170367 2.914

Table 2. Residual stress measurement values for LM – 25 alloy reinforced with 7.5 wt.% of fly 
ash

Figure 10.   Representation of residual stress in LM – 25 alloy reinforced with 7.5 wt.% fly ash.
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were recorded and tabulated. Figures 9 and 10 represent 
the plot recorded by the two detectors with d- spacing for 
the alloy and the composite respectively

It was observed that the residual stresses were of 
compressive in nature where shear stress factor was low 
in case of composite compared with base metal. This is 
due to the contribution of the reinforcement particles in 
bearing the load effectively. Compared to the alloy, the 
AMC showed higher residual stress after the wear test 
under similar wear testing conditions. The calculation of 
percentage increase in the residual stress in AMC is as 
follows:

% increase in RS = [mod (RSAMC-RSalloy)]/RSalloy
The values of RSalloy and RSAMC are provided in the 

Table 1 and 2 respectively.

4.0 Conclusion
The present work highlights the measurement of residual 
stress in an LM-25 aluminium alloy/7.5% fly Ash Metal 
Matrix Composites (AMC) fabricated by stir casting 
followed by squeeze casting. The residual stresses were 
measured on both the alloy and composite specimen after 
the pin-in-disc dry sliding wear test. X-ray diffraction 
technique was used to measure the residual stress in the 
“pin” specimen of the pin-on-disc set-up.

The wear rate, measured in terms of weight loss of the 
pin, was lower by about 50%, under similar test conditions 
in the composite compared to the unreinforced alloy.

•	 The residual stress was about 24% higher in the 
composite compared to the un- reinforced alloy 
after the wear test.

•	 The effect of wear induced residual stress on the 
subsequent wear behaviour is yet to be ascertained 
and is under consideration for future work.
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