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Abstract  

Metal matrix composites (MMCs), as advanced substitutes of monolithic metallic materials, 

are currently getting an increasing trend of research focus as well as industrial applications for 

demanding applications such as aerospace, nuclear and automotive because of their enhanced 

mechanical properties and relative lightweight. Nevertheless, machining of MMC materials 

remains a challenging task as a result of their structural heterogeneity which leads to 

deterioration of the machined surface integrity and rapid tool wear. While prior review papers 

have concentrated on the other machining aspects (e.g. process modelling and tool wear) of 

MMCs, none of them has addressed the subject of reviewing workpiece surface integrity 

aspects in details. This paper presents a detailed literature survey on the conventional and non-

conventional machining of metal matrix composites with the primary focus on the aspects 

related to workpiece surface integrity. The contribution of material mechanical and 

microstructural properties as well as the material removal mechanism upon the quality of 

workpiece surfaces/subsurface are discussed along with their influences on the fatigue 

performance of machined part. 
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1. Introduction  

With their advantages of lightweight and high specific properties (e.g. strength, stiffness and 

wear resistance), in recent decades, the Metal Matrix Composites (MMCs) are getting an 

increased attention from both the research and industrial applications point of views. This 

drives the development of MMCs for their use in numerous fields such as aerospace, nuclear 

and ground transportation industries as strong alternative materials. The value of global MMCs 

market has been reported at USD 460.5 Million in 2016 and this value is projected to reach 

USD 619.1 Million by 2021 at a CAGR of 6.10% [1]. Moreover, the growing trend of academic 

publications started since the 1970s on the research of material synthesis while reports on 

machining research started to pick-up in the 1980s and increased in an accelerated rate from 

2000s (Figure 1).  

 

Figure 1 Evolution of the number of academic publications in reference to “Metal matrix 

composites” and “Metal matrix composites Machining” showing the ‘phase shift’ between the 

research in material development and machining technologies [source: Scopus] 

Similar to other composites, MMCs are a combination of two or more constituents with a 

structure constituted from a matrix (metal) and a reinforcement (e.g. mainly particles or 

continuous/discontinuous fibres). The metal matrix distributes the loading stress and provides 

the compliant support for the structure while the embedded particles or fibres deliver higher 

physical and/or mechanical performance (e.g. higher strength, better wear resistance or higher 

thermal efficiency) in a preferential (fibre reinforced) or non-preferential (particle reinforced) 

directions within the material bulk [2]. This particular material structure leads to the advantage 

of achieving higher performance when compared to their equivalent non-reinforced metallic 

alloys; see Figure 2 where an increased strength of the MMCs compared with the monolithic 

material is depicted [3-5]. On one hand, this is advantageous when using these materials in 

demanding applications but, on the other hand, makes the use of conventional machining 

processes more difficult. Particular hurdles to good machinability of MMC include, 

heterogeneous structure which leads to anisotropic thermal and mechanical properties thus the 

variable thermal and mechanical loading on cutting tools, as well as the abrasive nature of the 
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reinforcing constituents which highly affects the tool life [6]. Furthermore, the low 

machinability of MMCs could also lead to severe workpiece surface defects (e.g. micro/macro 

cracks of the matrix, pull-out of the reinforcement particles), which would further deteriorate 

the materials performance in their service life. Meanwhile, nonconventional machining 

methods, such as electro discharge machining-EDM, laser and abrasive waterjet machining, 

have also been employed for the machining of this type of materials aiming to achieve a high 

productivity. However, although these methods have a higher potential for MMCs machining 

over the conventional machining methods [7], different non-conventional machining processes 

have their own drawbacks in this application, which would lead to low unfavourable workpiece 

surface integrity.  

    

(a)        (b) 

Figure 2. An example on how variations of wt% of reinforcement constituent (SiC) influence the 

strain-stress curves of the Al based MMCs when compared with pure Al matrix (a) and the 

dependence of tensile strength on SiC wt% content for Al based composites (b) [3]. 

The challenges in manufacturing MMCs plus the difficulties in generating complex shapes 

by machining at low costs and achieving high dimensional/geometrical accuracies as well as 

acceptable workpiece surface integrity seems to limit the market growth and industrial 

applications [3]. Recently, a large amount of research reporting on optimising the machining 

technology of MMCs including several reviews were published [8-11]. However, these surveys 

mainly focused on the machinability aspects (e.g. tool performance, cutting force) while the 

surface integrity of these materials, which is of key importance for their functionalities, has 

been on-the-odd occasions commented. As Fig. 3 indicates, it is evident the scarcity of review 

articles with nearly unavailable surveys focusing on the surface integrity of machined MMCs 

(Figure 3). 
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Figure 3 Analysis of research publications on MMCs machining showing the scarcity of review 

articles focused on surface integrity [Source: Scopus]. 

Therefore, this article is dedicated to present the current views on the understanding the 

surface integrity of metal matrix composites following conventional and non-conventional 

machining operations as well as their effects on the component functional performance. 

Thorough survey is introduced by starting from the material structure/definition and followed 

by workpiece surface integrity resulted from conventional processes such as orthogonal 

cutting, turning, drilling, milling and grinding. Subsequently, a section on non-conventional 

machining processes including laser, laser-assisted, abrasive waterjet, electro-discharge 

machining and their effects on surface integrity was introduced. The review concludes with a 

section focusing on the effect of the surface integrity on the fatigue performance of machined 

MMC components. 

2. Metal Matrix Composites: Material definition   

As a special type of advanced composites, MMCs have been applied in numerous industrial 

applications by providing better performance when compared with monolithic metals. MMCs 

refer to the composites consisting of at least two phases, in which the matrix maintains the 

shape of the material while the reinforcements provide the desired physical and mechanical 

properties. As shown in Figure 4, the main constituents used in MMCs are: 
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Figure 4 Generic structure of Metal Matrix Composites 

 (i) Matrix – refers to monolithic metals which provides the compliant support for the 

reinforcements. The most common matrix materials for MMCs are light-weight metals such 

as Al, Mg, Ti and their alloys.  

(ii) Reinforcement – refers to the constituents embedded in the matrix as either discontinuous 

particles (e.g. SiC, Al2O3, NiTi, Fullerene, TiO2, and graphite), monofilament continuous 

fibres (e.g. SiC, W) or whiskers (e.g. C, SiC, W). The reinforcement is added mainly to 

change the physical properties such as thermal conductivity and expansion coefficient (CNT 

particles, C fibres) and/or to modify the mechanical performance such as yield strength (TiC 

particles, SiC fibres), wear resistance (SiC particles, W fibres), creep resistance (Al2O3 

particles, C fibres), matrix-reinforcement interfacial bonding strength (B4C particles, C 

whiskers).  

In comparison with polymer composites, MMCs, generally, have higher quasi-isotropic 

stiffness, strength, hardness, and high thermal resistance in addition to, improved creep 

resistance, fatigue performance, toughness, and electrical properties. This improved 

performance results in an increased utilisation of MMCs in high value-added industries such 

as nuclear, defence, automobile, aerospace, marine and electronics, as well as other commercial 

industries such as sport goods and medical equipment. Figure 5 summarises the most common 

structure, constituents (i.e. matrix, reinforcement), key properties, and examples of utilisation 

for the MMCs. 

Reinforcement: SiC, Si3N4, AlN, 

Al2O3, TiB2, ZrO2, and Y2O3. 

Architecture: particle /fibre 

reinforcement + metallic matrix  

Matrix: Al, Mg, Ti, Cu and 

their alloys. 
Metallic Matrix Composite  
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Figure 5 Typical matrix types, reinforcement categories and key properties as well as common 

applications of Al, Mg, Ti and Co based MMCs [2,5,6,12-24] 
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3. Surface integrity after machining of Metal Matrix Composites  

MMCs are usually designed to be applied in harsh conditions for various industries (i.e. 

nuclear, aerospace, and defence) with their main advantages such as light weight, high wear 

resistance, elevated corrosion resistance, high strength and high stiffness [25-27]. Thus, the 

workpiece surface integrity of MMCs after machining is a critical aspect which influences the 

components’ functional performance as well as the service life. Nevertheless, with the 

heterogeneous structure of the MMCs, the material damage generated on both the free surface 

and superficial layer during the machining needs to be carefully considered to allow an 

enhanced workpiece performance. 

Surface integrity is a comprehensive description for the machined surface quality, including 

surface topography (e.g. surface roughness and waviness), metallurgical state (e.g. 

microstructure and microdefects) and mechanical characteristics (e.g. microhardness and 

residual stresses) below the free surface [28-30]. For MMCs, which are recognised as difficult-

to-cut materials, it is common that the defects after machining manifest as interface debonding 

between hard particles and ductile matrix, pulled out of reinforcements (e.g. particles) and 

microcracks of the matrix; these are heavily influenced by the MMCs’ anisotropic structures 

when interacting with the machining end-effectors (e.g. cutting tools). For instance, some 

reinforcement particles are inclined to be cut through, pulled out or even pressed into the 

matrix, which could increase dislocations that lead to surface/subsurface work hardening [9-

11]. Also, both residual stresses and dislocations induced by thermal fields could be generated 

in MMCs during the machining process due to the difference of thermal expansion between 

matrix and reinforcements [31,32]. Hence, a careful understanding of the effect of the 

machining process on the surface of MMCs is of critical relevance for their industrial 

applications. 

Surface topography includes both surface roughness and waviness which could be accessed 

with contact (stylus/laser profilometers) [33,34] and non-contact (3D interferometry) 

measurements [35-37]. Due to the nature of the reinforcement in MMCs, it allows more 

applications for parts undergoing high friction and cycle loading conditions wherein the surface 

topography is of great concern. Nevertheless, the heterogeneous nature of MMCs could lead to 

higher surface roughness and waviness during the machining process due to cutting forces 

variations and probable reinforcement phase pull-out of the matrix. Same as other materials, 

the surface topography of MMCs is dependent on the machining parameters related to various 

manufacturing operations which will be in-detail introduced in the following sections. 

Surface integrity from the metallurgical point-of-view includes physical, chemical and 

metallurgical alterations or defects generated by plastic deformation, phase transformation and 

recrystallisation on the free surface and subsurface of the machined workpiece. Scanning 

electron microscopy (SEM) has been widely used to examine the microstructural changes of 

machined surfaces of MMCs, where the grain deformation, voids, particles cracks, 

protuberances and matrix tearing caused by high plastic deformation on metallic matrix as well 
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as particles removal have been found on the workpiece surface and subsurface [7,8].  In terms 

of phase contrast examination, techniques such as Energy-Dispersive Spectroscopy (EDS), 

Electron Backscatter Diffraction (EBSD), Transmission Electron Microscopy (TEM) and X-

ray diffraction (XRD) have been employed for the in-depth analysis  [32,38,39] (see Figure 6). 

EBSD is now becoming a popular technique as it has been widely used to provide quantitative 

information about grain characterisation of the machined workpiece including the grain 

orientation and phase identification [40-42]. However, to the authors’ best knowledge, 

although EBSD has been employed for characterising some of the advanced materials after 

machining process, there is no such research on MMCs. TEM has also been employed to reveal 

the deformation patterns of the work hardening matrix [43] and the dislocation pile-ups closed 

to the machined surface [44]. Moreover, the selected-area electron diffraction (SAED) pattern 

of TEM can provide important crystal structure of the phases formed and transformed in a 

particular area [45] of MMCs which are induced during the machining process. X-ray 

diffraction (XRD) was used for phase analysis to reveal the chemical composition and its 

quantitative analysis of machined MMCs based on elements evaluation in the measured 

workpiece [46]. 

           

 (a)                                           (b)                                                   (c)  

           

 

Figure 6 Surface metallurgical characteristics of MMCs detected by various measurement 

techniques: microstructural features of the TiCp/Inconel MMCs by SEM (a), elemental distributions 

of the TiCp/Inconel MMCs by EDS mapping (b), grain characterisation of the TiCp/Inconel MMCs by 

EBSD (c), Component analysis of the TiCp/Inconel MMCs by XRD (d), and the microstructure of the 

SiC/Al MMCs by TEM (e) [38,39] 

The changes in mechanical characteristics of MMCs after manufacturing operations are 

mainly contributed by the process induced stresses, deformations and temperatures. As one of 

 50µm 

       (d)                                                                (e)                                    
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the main mechanical characteristics, microhardness variations are used as an indicator of the 

imperfections that could be induced within the machined surface. Owing to the existence of 

reinforcements, the microhardness of MMCs detected by the micro-indentation tests is highly 

related to intergranular fractures, dislocation density and porosity distributions as well as the 

formation of a surface hardening layer. Residual stresses which are retained in the superficial 

layer of the material after the manufacturing operations are difficult to be modelled, especially 

for MMCs because of their anisotropic nature. Mechanical/physical measurements, which 

include non-destructive methods such as X-ray Diffraction, Neutron Diffraction, and Raman 

spectroscopy, and destructive methods such as hole drilling, slitting, selective etching, are the 

main approaches to access the residual stresses of machined MMCs [47]. 

4. Conventional Machining of Metal Matrix Composites  

Conventional machining operations generally provide high geometrical quality of produced 

surfaces compared to non-conventional ones. Nevertheless, by involving cutting tools, 

conventional machining can introduce high levels of plastic deformations and heat generation 

that lead to subsequent alterations of workpiece surface properties. In the following sections, 

the fundamentals of material removal and effects on surface integrity of MMC are presented 

through studying of orthogonal cutting. Then, oblique cutting processes (e.g. turning, drilling, 

milling and grinding) are considered in the subsequent sections.  

4.1. Orthogonal cutting and turning of MMCs 

As a simplified cutting process, orthogonal cutting provides accessible tool for studying the 

cutting mechanics and surface integrity, which are not only controlled by process parameters 

but also by geometry, physical properties and volumetric concentration of the reinforcing 

constituents.  

 Generally, in orthogonal cutting of MMCs the geometrical defects like micro-cracks, voids, 

pits and craters are predominantly formed due to particle fracture, complete pull-out and 

reinforcement/matrix interfacial debonding with particle left within the matrix, as shown in 

Figure 7 [48]. These defects are mainly relevant to the reinforcing constituents (e.g. average 

particle size and volume fraction) as well as selection of cutting parameters, which could lead 

to excessive cutting forces and temperature. It was found that strain hardening variation and 

hardened layer depth increased with decreasing cutting speed, increasing undeformed chip 

thickness and decreasing particle volume fraction. The effect of volume fraction and particle 

size on the change in microhardness under the free machined surface (Figure 8) was attributed 

to the tendency of the matrix to plastically flow between the particles that act as deformation 

barriers. This leads to plastic deformation localization/restraining, thus less work hardening, of 

the material with increase in particle sizes and/or volume fraction.  
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Figure 7 Typical machined surface/subsurface damage encountered when orthogonal cutting of 

Alumina reinforced aluminium 6061 matrix composite (cutting speed {v}: 60 m/min, feed rate {f}:  0.1 

mm/rev, depth of cut {DoC}: 3 mm): micro cracks and voids (a) and crater (b) [48]. 

 

Figure 8 Effect of Alumina reinforcement properties on 6061 aluminium matrix microhardness under 

machined surface (v: 60 m/min, f: 0.1 mm/rev, DoC: 3 mm): Average particle size in µm (a); Volume 

fraction (b) [48]. 

This explanation was supported by later findings of Kannan et al. [43] when examining the 

dislocations within the machined subsurface of Alumina reinforced AA6061 MMC. As 

depicted in Figure 9, with an increase in reinforcement density or size, the length of dislocation 

lines increased due to a larger activation energy required to glide past the barriers (i.e. to 

subsequently deform at the same cutting parameters and tool/workpiece configuration). 

 

Void 
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Figure 9 Line defects/dislocations formation during cutting Alumina reinforced 6061 MMC (v: 30-60 

m/min, uncut chip thickness: 0.1 mm, DoC: 3 mm) with particle size 9.5 µm (a), 25 µm (b), volume 

fraction 10% Alumina (c) and 20% Alumina (d) [43]. 

Considering its heterogeneous structure, the state of the surface integrity of MMCs is also 

dependent on particle position relative to the cutting edge. By a micro-mechanical finite 

element analysis, Ghandehariun et al. [49] showed three cases of particle-tool interaction 

depending on the their position above, below or in the middle of the cutting plane/surface, 

while the resulted cavities and residual stress has been revelled with completely different 

observations on these three conditions (Figure 10). In the case of particle above the machining 

plane, significant cavities and tensile residual stresses would be produced due to the pull-out 

of the particles from the matrix. Conversely, no cavities were produced for the other two cases 

due to tool flank pushing the particles into the matrix, which resulted in compressive residual 

stresses. The relative position of the reinforcing particles with respect to cutting edge also 

influences the surface roughness as the reinforcement particles could be elongated, sheared or 

pulled out during the machining process, as exemplified for turning in Figure 10 [50]. 

Moreover, results also showed that adding Bismuth (Bi) to the alloy (Al–20%Mg2Si–0.4%Bi 

instead of Al–20% Mg2Si MMC) could alter the morphology of coarse Mg2Si reinforcements 

with decreasing the mean size of particles by 52% while increasing the mean density and aspect 

ratio by 174% and 4% respectively. Therefore, relatively small pit holes and voids were 

observed on the cross sections of the Bi-modified machined surface. Additionally, Bi addition 

led to lower cutting forces, low tendency to form built-up edge and better surface roughness 

due to localized melting of Bi during turning [50].  
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Figure 10 Different scenarios of tool-particle interactions with the corresponding machined surface 

micrographs featuring particles shearing/ cut-off (top), pull-out (middle) and elongation/deformation 

(bottom). Micrographs correspond to turning of Al–20% Mg2Si at v: 210 m/min, f: 0.2 mm/rev [49, 

50]. 

Among other conventional cutting process, turning of MMCs is facing the challenge of 

intense tool wear with inherent alteration of the surface integrity for a given tool life. Ge et al. 

[51] showed that using of single crystal diamond (SCD) tool led to reduction of particle pull-

out/cavity formation in the machined surface when turning a SiC/Al MMC. While these results 

were not explained in-depth, the reason for this might be caused by enhanced tool thermal 

diffusivity and reduced tool nose radius/ higher sharpness of SCD compared to PCD tools. It 

was also depicted that increasing the volume fraction of reinforcement would lead to a more 

deteriorated machined surface as a result of more particles pull-out [51]. 

Kannan and Kishawy [52] observed that coolant usage detrimentally affected the surface 

integrity when turning AA7075-10% Alumina and AA6061-10% Alumina. From Kannan and 

Kishawy point of view [52], it was expected that the samples being cut under dry conditions 

would have higher tensile residual stresses in the aluminium matrix than in wet conditions due 

to the thermal expansion of affected layer. The introduction of higher tensile residual stresses 

leads to tearing of the softened material under tool flank and formation of surface cracks in dry 

conditions, as shown in Figure 11. 
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Figure 11 Influence of coolant on the nature of the defects on the machined surface (7075-Alumina 

MMC): Dry cutting (a) and Wet cutting (b) [52]. 

Considering that the machining and deformation mechanisms of MMCs are more 

complicated compared with those found for monolithic (non-reinforced) materials, the 

mechanisms of residual stress generation are likely to be more intricate for the former due to 

the interaction between matrix and reinforcements. The effects of the machining parameters on 

the surface residual stress were presented to be different when comparing monolithic material 

(e.g. AA6061) to MMC (e.g. AA6061-20% SiC), as shown in Figure 12 [53]. Three main 

factors control the mechanical deformation and thus, residual stresses during machining of 

AA6061-20% SiC MMC: (a) restriction of matrix flow due to the presence of particles, (b) 

indentation of the particles on the machined surface, as detailed before and observed in Figure 

10, and (c) high compression of the matrix found in between the particles and the tool. At low 

tool feed rates, these factors become very prominent. Increased percentage of particle fracture 

and debonding indicates higher tool–particle interaction at low feeds. However, with the 

increase of the feed rate, indentation effects of particles and work hardening induced by 

previous passes as well as tool–particle interaction decrease as less cutting passes are needed 

to remove a certain volume of material. Additionally, the increase of the temperature at tool-

workpiece interface with the increment of the feed rate led to lower compressive residual stress 

values. However, these changes were overall relatively small as seen in Figure 12. 

 

 

Figure 12 Effect of feed rate on residual stresses of machined AA6061-20% SiC MMC at cutting 

speed 400 m/min and depth of cut 1 mm: longitudinal (a); transverse directions (b) relative to the 

cutting speed direction [53]. 
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From the part geometrical accuracy point of view, the greater thermal loads on the 

workpieces during the machining process could also be overcompensated by the significantly 

lower coefficients of thermal expansion of the MMC that is influenced by the reinforcement 

constituents. These significantly lower coefficients of thermal expansion cause a smaller 

expansion of the MMC workpiece, despite the greater thermal load. This reduced thermal 

expansion/distortion would lead to a higher geometrical accuracy for MMCs compared to non-

reinforced alloys. It has been reported that the turning of Al-MMC 30/3 was subject to 12.8 % 

greater thermal load than the workpieces of the non-reinforced alloy however, the coefficient 

of thermal expansion of the composite is 52.5 % lower [54]. This difference in the coefficients 

of thermal expansion is sufficient in order to overcompensate the greater thermal load on the 

workpiece. The reinforcement of aluminium using a particle volume percentage of 17 % (mean 

of the Al-MMCs 17/0.6 and 17/3) reduces the diameter deviation by 17 % on average compared 

to non-reinforced alloy over all investigated cutting conditions. The reinforcement phase of 30 

volume percent reduces the diameter deviation by 11 %. The comparison of the Al-MMCs 

17/0.6 and 17/3 reveals that the greater average particle size leads to 13 % lower deviations 

from the nominal diameter [54] due to the lower tool temperatures, and consequently also lower 

tool holder temperatures.  

4.2. Drilling, milling and grinding 

Drilling and milling involve multi-cutting edges tools with complex geometrical features 

and tool move trajectories, whereby built-up of the temperature or dynamic loads could be 

generated that would affect the surface finish, e.g. tool chattering marks, as well as chip packing 

in tool flutes and subsequent increased cutting forces and deteriorated surface integrity. These 

difficulties would complicate the process analysis in general and surface integrity investigation 

in particular. Rajmohan et al. [55] studied the drilling of Al356/SiC-Mica MMC using WC 

coated and uncoated drills beside PCD tools. On the one hand, the increased percentage of 

Mica in the MMC reduced the cutting forces, tool wear and surface roughness significantly due 

to the probable solid lubrication effect. On the other hand, the increase of feed rate exhibited 

extensive surface damage due to the increased contact pressure at the tool nose/flank. The later 

results in surface cracks due to work hardening and heat generation which cause matrix-

reinforcements interface fracturing under mismatched thermal expansion and subsequent 

particles pull-out. 

Adversely, the presence of hard reinforcement particles deteriorated the machined surface 

by formation of pits and grooves when end milling at high feed rates. This was evident when 

milling an Al6061/Al2O3/Gr MMC despite that the milled surface roughness was reduced at 

higher cutting speeds and lower feed rates due to the honing effect by the entrapped particles 

between the cutter and the workpiece surface [32].  

Moreover, the material type of the reinforcement (e.g. metal or ceramic) in MMC has the 

main impact to the machined surface integrity in conventional machining. On one hand, while 

the usage of ceramic reinforcement constituents would be favourable (e.g. higher hardness, 
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strength and low affinity to chemically react with the matrix) for the MMC, the formation of 

surface pits and subsurface micro cracks are common flaws due to reinforcement partial pull-

out or interfacial bond fracture. On the other hand, the usage of ductile reinforcements would 

be required to enhance the mechanical performance of some MMCs via increasing matrix-

reinforcement interfacial bond strength and depth due to diffusion/alloying of the interface. 

Nevertheless ductile reinforcements also brings their own difficulties when machining such 

MMCs. Comparing the performance when milling metallic-metallic (reinforcement-matrix) 

MMCs to the corresponding performance of ceramic-metallic MMCs, the former would 

expedite higher surface damage by crack and top burr formations. Such difficulties were 

observed when micro-slot milling (twin fluted end-mill of 1 mm diameter) of metallic (Ti) 

versus ceramic (TiB2) reinforcements in Mg-based MMCs, Mg/Ti [56]. This was attributed to 

the lower thermal diffusivity, high ductility and adhesion of Ti. Meanwhile the thermal 

softening of both the matrix and reinforcement facilitate the formation of burrs and surface 

cracks by material adhesion and drag, as shown in Figure 13. 

 

Figure 13 SEM micrographs of micro-milled slots for Mg/TiB2 MMCs and Mg/ Ti MMCs at cutting 

speed of 250 m/min and depth of cut of 200 μm [56]. 

Nevertheless, not only the material type of the reinforcement but also the interfacial bond 

[57] affects the surface integrity. When milling of Al6061/B4C MMC, the majority of B4C 

particles in the aluminium matrix were separated from the matrix forming voids because of the 

weak interfacial bond, as shown in Figure 14. Some of B4C particles are removed from the 

matrix and dragged under the cutting edge, thus, damaging the workpiece surface; additionally, 

several small cavities and crushed B4C particles were detected as well. Surprisingly, increasing 
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the reinforcement content resulted in better machined surface quality due to less tool/workpiece 

friction coefficient as well as less heat diffusivity which reduced tool build up edge, matrix 

melting and subsequently particles pull-out. 

 

Figure 14 SEM micrograph of machined surface of Al6061/10 wt% B4C at high magnification 

showing the anomalies on the surface [57]. 

 

Figure 15 Surface defects when end milling of AA7050 - 6% TiB2 MMC: pit (a); micro-cracks (b); 

matrix tearing (c); feed marks (d); matrix smearing (e); protuberances and void (f); oxidation and 

cutting edge marks (g); TiB2 particles (h) [58]. 
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Similar kind of defects were depicted in other literature [58], as shown in Figure 15. In 

addition, the formation of oxide spots were detected due to the high transient temperature 

(700°C) arising during milling of Al7050/TiB4 MMC. This transient heat, especially at lower 

feed and higher cutting speed, resulted in tensile residual stresses conversely to the common 

compressive residual stresses experienced under normal/unaggressive cutting condition. 

High dimensional accuracy and surface finish are generally achieved using grinding process. 

Nevertheless, the dissimilar physical and mechanical properties of reinforcement (hard) versus 

matrix (soft) of the composites complicates the grinding process of metal matrix composites. 

In fact, during the grinding process the soft matrix tend to adhere to the grains and close the 

grinding wheel structure, thus increasing the forces and consequently the temperature of the 

ground material [59]. 

 
Figure 16 Tool-workpiece contact zone for electroplated vs. brazed grinding wheels (a) and surface 

defects encountered (b) when grinding MMCs [61]. 

Recent studies on grinding of MMC are scarce and mostly focused on comparing different 

types of grinding wheels with limited analysis of the specifics of the material removal 

mechanisms and surface integrities. Electroplated wheels are generally used for grinding of 

MMCs due to their high hardness, low wear rate and high thermal conductivity. Conversely, 

using resin-bonded abrasive wheels [60] and single-layer brazed wheels [61] has been reported 

to show better performance in terms of reduced cutting forces, reduced workpiece temperature 

and enhanced surface finish. This was attributed to the higher grain protrusion of the brazed/ 

resin-bonded abrasive compared to the electroplated grinding wheels (e.g. protrusion of 20-

30% of abrasive grain size in electroplated vs. 50-70% in brazed wheels). This led to efficient 

coolant delivery to the cutting zone and bigger space for chip formation which, overall, lowered 

the generated heat and force, for MMCs machining, as shown in Figure 16(a) [61]. In general, 
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common surface defects when grinding MMCs are reinforcement particles pull-out and/or 

fracture, micro-cracks and adhesion of abrasive particles on workpiece surface, examples 

shown in Figure 16(b). These defects generally increased at higher feed and/or depth of cut and 

low cutting speed [62]. Further in-depth surface integrity research is recommended on this 

aspect. 

5.  Non-Conventional Machining of Metal Matrix Composites 

In contrast with conventional machining of MMCs which would cause rapid tool wear and 

unavoidable surface damage, nonconventional machining methods which include laser 

(assisted) machining, abrasive waterjet machining and electro discharge machining (EDM), 

provide non or less tool wear and lower cost compared to the conventional machining methods. 

However, due to the different nature and material removal mechanisms, most of these 

nonconventional machining processes yield relatively severe machining defect and further 

investigations are needed in order to understand their surface damage mechanisms thus to attain 

the “optimal” machining results. 

5.1 Laser (assisted) machining  

Laser beam processing delivers a high density energy focused on the workpiece with the 

ability to soften, melt and vaporise the reinforcement particles and matrix material. This 

provides the possibility of either assisting the conventional machining process (laser assisted 

machining) or machining directly using the laser beam (laser cutting/ablation).  

5.1.1 Laser assisted machining 

Laser assisted machining (LAM) is based on the idea of increasing the temperature of the 

workpiece by laser heating the workpiece in front of the cutting tool,  thus, to soften the material 

and reduce the cutting forces, as shown in Figure 17 [39, 63]. This process has the ability of 

improving the surface roughness and material removal rates while decreasing the specific 

cutting energy and tool wear in the machining of difficult-to-cut materials [64-66], where it 

was reported that the cutting forces could be significantly reduced (ca. 50%) while the tool life 

could be improved (ca. 30%) [67] when compared with conventional machining (e.g. turning, 

milling). 
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(a)                                                           (b) 

Figure 17 Laser assisted turning: (a) schematic diagram [63] and (b) temperature map during 

machining [39] 

In MMCs the two components (i.e. matrix and reinforcement) usually have different melting 

temperatures, which causes different thermal reactions during the LAM process. For instance, 

in an A359/20SiCp the SiC particles are melted at 2600°C while the AlSi9Mg matrix melts at 

575-620°C. Thus, in general during the LAM of MMCs the mechanism happening would be 

that the matrix material is melted while the reinforcing particles still keep their solid state, 

which results in the separation of these two components, e.g. particles sinking when the matrix 

has a lower density or particle ejection when the matrix density is higher. Przestacki et al. [68] 

showed that in LAM of an A359/20SiCp composite the SiC particles sunk into an overheated-

liquid area of the metal matrix, as shown in Figure 18, where two different zones are formed: 

(A) minor percentage contribution of the reinforcing phase and (B) higher contribution of the 

SiC particles.  

 

(a)                                                           (b) 

Figure 18 Schematic of LAM process on A359/20SiCp composite (a) and micrographic section of 

surface layer after laser heating (b) [68]. 

Similar to what is was reported in conventional machining, three main surface damages are 

observed in LAM of particle reinforced MMCs including debonding, particle pull-out and 

particle fracture. However, all these three damage mechanisms were found less significantly in 

A359/SiC/20p MMC parts produced by LAM when comparing with the conventional 

machining results, as shown in Figure 19. This is because the increased cutting temperature by 
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laser heating leads to the higher material softening and lower deformation between the matrix 

material and the particles [69, 70]. It is also interesting to comment that in the LAM of Titanium 

MMCs there is no particle debonding but only particle breakage was observed; this was 

manifested by the broken particles being left inside the matrix (Figure 20a) or being pushed 

back into the matrix (Figure 20b). Some non-broken particles which are pushed into the matrix 

(Figure 20c) have also been found [63]. 

  

                     (a)  Conventional machining                                           (b) LAM 

Figure 19 Cross section of (a) conventional machining and (b) LAM of A359/SiC/20p MMC at v: 150 

m/min, DoC: 0.76 mm, and f: 0.05 mm/rev [69].  

              

Figure 20 An example of particles behaviour of LAM TiMMCs: (a) particle breakage inside the 

matrix, (b) broken particles pushed back into the matrix and (c) non-broken particles pushed back 

into the matrix [63]. 

Although similar types of surface defects were found in both conventional machining and 

LAM of MMCs, the magnitudes of these defects and their formation mechanisms are 

significantly different in these two processes. Kong et al. [39] reported that in LAM of a 

SiCp/Al the strain misfit in the matrix around the particles is relaxed due to the high 

temperature dynamic recovery happening in the aluminium crystal. This results in a decreased 

strength of the MMC structure, thus the applied low cutting stress is not enough to break the 

particles in LAM, while in conventional machining the reduced ductile deformation of the 

material leads to severe crack damage. A more in-depth analysis of the surface metallurgy with 

TEM found that, due to the lower plastic deformations in LAM, the dislocation density piling 

up in the matrix material was decreased compared with conventional machining (Figure 21). 

Furthermore, as shown in Figure 22, although serrated chips are formed in both LAM and 

conventional machining of MMCs [39, 71], in LAM a secondary crack is generated in the back 

of the chip due to the higher thermal gradients.  
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Figure 21 TEM micrographs of cross-sectional samples showing the dislocation sub-structure: (a and 

c) around particles and (b and d) aluminium matrix [39] 

  

Figure 22 Chip formation mechanism in conventional machining (a) and LAM (b) of SiCp/Al MMC 

[39, 71] 
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Figure 23 Simulation and SEM measurement of surface damage of conventional machining (a), (b) 

and LAM (c) (d) of fibre reinforced MMCs [72]. 

In contrast to the results found for particle-reinforced MMCs, in conventional machining of 

fibre-reinforced MMCs it was found that the main surface damage was caused by fibre 

breakages (e.g. deboning or fibre fracture) below the cutting plane, due to the high cutting force 

and brittle nature of these fibres. However, these fibre breakages are found significantly 

decreased in the laser assisted machining of fibre reinforced MMCs due to the material 

softening effect by the laser heating, as shown in Figure 23 [72]. In particular, this softening 

effect mainly occurred in the metal matrix as the fibres in general are more difficult to be 

softened as they have a much higher melting temperature (e.g. 2000°C of Al2O3 fibres) 

compared with the matrix material (e.g. Cu with a melting temperature of 1085°C).  

The optimization of the LAM process to achieve better surface integrity has mainly focused 

in studying the influence of the different laser parameters (e.g. laser power, laser beam 

diameter) and cutting conditions (e.g. feed speed, the cutting speed, depth of cut) by using 

design of experiments [39, 73] or by employing finite element models to predict the sub-surface 

damage [70, 72]. Nevertheless, there are very few in-depth studies on analytical modelling as 

the material removal mechanism in LAM for MMCs has not been proposed in the literature. 

Przestacki et al [68] developed a model including the effect of gravity, buoyancy, resistive 

force of liquid matrix and centrifugal force of the rotating work material, in which 

instantaneous sedimentation speed and the depth of sedimented SiC particles could be 

calculated. By this model the cutting depth and tool distance from the laser beam could be 

selected to perform the cutting in the particle free layer to achieve a better surface, as shown in 

(a)                                                   (b) 

(c)                                                     (d) 
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Figure 24, where a more homogenous and crack-free surface were observed after the LAM 

process. 

          

(a)                                                         (b) 

          

(c)                                                        (d)                    

Figure 24 Examples of machined surface of conventional machining on top surface (a) and cross 

section (b), and optimized LAM on top surface (c) and cross section (d)[68] 

5.1.2 Laser machining  

While in LAM the laser is mainly employed to soften the material for assisting the material 

removal by a solid (conventional) cutting tool, in the laser machining of MMCs, the material 

is removed by the laser ablation and this experiences three different stages: melting, 

vaporization and chemical degradation. Moreover, with an increase of the laser fluence, instead 

of material vaporization, a phase explosion (explosive boiling) would happen [74], in which a 

melting pool will be formed (Figure 25). In this case, by applying a high pressure assistant gas 

(e.g. 1 MPa Ar), the liquid in the melting pool could be blown away thus, to enhance the 

ablation depth and improve the material removal rate [75].  
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Figure 25 Pulsed laser ablation of materials without (a) and with (b) assistant of gas [75]. 

In addition, since MMCs consist of reinforcing particles and a metal matrix, the temperature 

rises on these two components are with different rates (e.g. time reaching melting point, boiling 

point and ablation state) due to the variation of their thermal properties. For instance, in the 

laser cutting of an AlSi alloy/SiCp MMC, although the SiC particles heat up faster than the 

AlSi matrix (due to the higher thermal conductivity and absorptivity), the time needed for 

melting SiC particles is almost two times longer than that of AlSi matrix due to the higher 

melting point of SiC particles (Figure 26) [76].  

 

Figure 26 An example indicating the SiC reinforcing particles reach the melting temperature by laser 

irradiation slower than the AlSi-alloy matrix although it has higher thermal conductivity and 

absorptivity [76] 

Considering above mentioned heterogeneous nature of the MMCs, the laser machined 

surface yields a comparative poor quality with melting and vaporizing the matrix and 

reinforcements in differential manners. In general, the machined surface is found with three 

different types of defects, as shown in Figure 27:  

a) Striations and dross: As the embedded particles usually have a higher melting point, small 

unburned particles would be present at the edge of the surface when high pressure of the 

protective gas jet forces the molten material towards the bottom of the cut through surface. 

This makes the expulsion of molten material difficult which results in large striations marks 

and dross [77, 78]. 

AlSi matrix 

SiC particles  
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b) Cracks and voids: The stress concentration initiated by the reinforcement particles and the 

de-bonding between the particles and matrix induced by the high thermal effect results in a 

large number of voids and cracks [79, 80];  

c) Recast layer: Recast layers are usually generated by the high thermal effect of laser beam 

[77, 80] where the surface layer has been recrystallized with fine grain sizes of the matrix. 

   

Figure 27 SEM surface of laser cutting MMCs (AA5052/SiC) shows unburned SiC reinforced 

particles and restricted flow (a–c), dross and striations formation (d), formation of recast layer (e) 

and crack initiation (f) [80]. 

As one of the main contributors to the MMCs performance, the different selection of 

reinforcement particles results in varying material properties (e.g. strength, hardness, melt 

temperature, phase explosion threshold etc.) while also leading to diverse workpiece surface 

damage mechanisms when laser cutting. For example, Sharma and Vinod Kumar [81] 

investigated the laser beam machining on AA5052 MMCs reinforced with different particles, 

i.e. SiC, Al2O3, and ZrO2. As shown in Figure 28(a), it was found that in the Al/SiC/0–20% 

MMC the primary defects were the striations and dross caused by the liquid flow obstruction 

(a) (b) 

(c) (d) 

(e) (f) 
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of the molten material from the remained unburned SiC particles, while the cracks were also 

observed which are initiated from unburned and broken SiC particles. In the Al/Al2O3/0–20% 

MMC (Figure 28b) higher accumulation of Al2O3 particles was observed on the machined 

surface as well as large size of cracks due to the poor bonding energy between Al2O3 particles 

and Al matrix. In Al/ZrO2/0–20% MMCs the observed height of dross was much lower 

compared to the other two MMCs, which is believed due to the higher rate of agglomeration 

of the ZrO2 particles and the resulted higher viscosity and surface tension, as shown in Figure 

28(c). 

  

(a) 

   

(b) 

 

(c) 

Figure 28 Laser machined surface of AA5052 metal matrix composites with SiC particles (a), Al2O3 

particles (b) and ZrO2 particles (c) [81]. 

Furthermore, due to the high temperature incurred during laser cutting of MMCs, in the 

melting pool, the matrix (e.g. Aluminium) and reinforcing particles (e.g. Silicon) could coexist 
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in a liquid state facilitating their chemical interaction. Because high pressures of gases are 

applied to assist the blowing of molten material, the atmospheric oxygen reacts with the 

material constituents in melting pool. Figure 29 shows the possible oxygen reaction during the 

laser machining of SiC/Al alloy matrix MMC [75]. Further with XRD measurement (2θ value 

at 42.1° and 48.9°, as shown in Figure 30) it was also found that the C reacted with the Al and 

formed a new compound (i.e. Al4C3), which would produce a weaken bond between the 

reinforcement and matrix material [80]. 

 

Figure 29 Oxidization of the SiC/Al alloy matrix MMC material during laser machining [75] 

  

(a)                                                  (b) 

Figure 30 New phase generation during the laser machining of SiC/Al alloy matrix MMC: (a) XRD 

plot and (b) EDX analysis of laser machined surface [80] 

To optimize the surface quality of MMCs after laser machining, the laser feed speed is the 

main factor to be concerned, while the laser energetic parameters (e.g. laser power, frequency 

of pulse laser) also play significant roles [77]. However, due to the complicated physical, 

chemical and mechanical interaction between the MMCs material and the laser beam, currently 

the research related to surface quality optimization is still only studied via design of 

experiments while there is no research on the analytical modelling to enable the understanding 

of the mechanisms that governs this process. As shown in Figure 31, Sharma and Kumar [80] 

carried out a series of experiments to identify the thermal effects of laser cutting on 

AA5052/SiC composite with a 2.5 kW continuous CO2 wave laser, showing that higher laser 
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power (to 2.5kW), cutting speed (to 3000mm/min) and lower reinforced particle density (to 

0% of SiC particles) generate a better cut kerf. Moreover, it was commented that the improved 

surface integrity with higher laser power is due to the sufficient laser energy has been provided 

for the cutting through the material. The increased particles content initiates more stress 

concentrations and rises the viscosity of the melt material with resulting in worse surface. 

However, it is still not clear the how the cutting speed influences the machined surface quality. 

Thus, without an in-depth understanding of the mechanism governing the laser cutting process 

in MMCs it is still difficult to predict its surface quality. 

        

 (a)                                                                                (b) 

      

  (c)                                                                        (d)                   

Figure 31 Deviations of cut kerf for different cutting conditions where: A Cutting speed, B Laser 

power, C Standoff distance, D Nozzle diameter, E Gas pressure, F Reinforcing particles [80] 

5.2 Abrasive waterjet machining  

Although the laser beam cutting has been applied for cutting different MMCs successfully, 

the thermal nature of the material removal induces high thermal local damages in the machined 

surface. Abrasive waterjet (AWJ) machining, with its advantage of low thermal effect and high 

material removal rate, has received an increasing attention in the machining of a wide range of 

materials with AWJ turning and AWJ through cutting being the most popular. The key factors 

of this process that affect the material removal rate and machined surface quality are related to 

the abrasive type/size, abrasive mass flow rate, jet feed speed, standoff distance, jet pressure as 

well as its impact angle relative to the target surface [82, 83].  
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Figure 32 SEM micrograph of the AWJ cut Al6082/WC MMC surface showing different surface 

defects [87] 

In this process, since the material is removed by hard abrasives (e.g. garnet and olivine) 

mixed waterjet, the resulted surface consists of a large number of scratches/cutting traces left 

by abrasive grains [85]. Moreover, since the abrasion (wear) cutting is the phenomena 
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accompanying the material removal process, as shown in Figure 32-Figure 34 [85-87], the 

surface could be mainly damaged as: a) plastic deformations of the matrix due to the ploughing 

action of the particles; b) cracking of reinforcing particles due to their brittle nature; c) 

protrusion of the reinforcing particles due to the preferential erosion of the matrix; d) pits and 

voids due to the removal of reinforcement particles from matrix by the high energy impact; e) 

abrasive embedment due to the impact of the hard abrasive into the relatively soft matrix; f) 

micro-melting of the matrix due to the localized high temperature from impingement of 

abrasive particles on the workpiece surface when the matrix is a metal with high affinity on 

oxygen, e.g. Ti or Mg based MMC [87].  

    

    (a)                                                               (b) 

Figure 33 SEM (a) and EDS (b) of AWJ cut Mg-6Al/0.66% Al2O3 MMC surface showing abrasive 

particle embedment [87] 

 

Figure 34 Micro-melting of matrix material after AWJ cutting of Mg-6Al/0.66% Al2O3 MMC at a high 

cutting speed [87] 

By adding an additional degree of freedom in the rotational direction of the workpiece, the 

AWJ process can also resemble the turning operation which combines the advantages of AWJ 

cutting with the kinematics of a conventional turning process, as shown in Figure 35 [84]. This 

allows the use of abrasive waterjet as a ‘universal tool’ to achieve various cylindrical shapes 

while keeping the advantage of high material removal rate as well as low thermal influence for 

the machining of MMCs. Moreover, in contrast to conventional turning, in AWJ turning the 
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depth of cut is highly dependent on the water pressure, impact angle as well as the transverse 

speed, enabling the achievement of different levels of surface integrity and material removal 

rate by varying the combination of these parameters. 

    

           (a)                                                          (b)                                               

Figure 35 Abrasive water jet turning of MMCs specimen: machining setup (a) and different impact 

angle of jet to the workpiece (b) [82, 84] 

Since the AWJ turning has the same material removal mechanism of that AWJ through 

cutting, similar surface damages, e.g. pits, cracks, craters and ploughing, can be found in this 

operation [88], as shown in Figure 36. Moreover, the plastic deformations observed on the 

machined surface from the impingement of the abrasives can also induce high residual stresses. 

As shown in Figure 37 [88], when machining an A359/B4C/Al2O3 MMC, compressive residual 

stresses were observed due to the high impact of abrasive waterjet, which reached peak values 

at the subsurface about 50 µm below the machined surface. The compressive residual stresses 

decrease with the increase of jet transverse speed due to the reduction of the dwell time of AWJ 

impact upon the workpiece which leads to reduced number of abrasives hitting the material at 

a certain area. The influence of microhardness in the machined A359/B4C/Al2O3 MMCs 

subsurface shows the same tendency as the residual stresses but only with a small variation 

(9%) due to the non-significant microstructural changes during AWJ process which makes it a 

more effective method of MMCs machining preferable over other techniques (e.g. conventional 

machining). 

 

Figure 36 SEM micrograph of the AWJ turning surface on A359/B4C/Al2O3 MMC [88] 
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(a)                                               (b) 

Figure 37 Residual stresses (a) and microhardness (b) for AWJ turning surfaces of A359/B4C/Al2O3 

MMC under different jet transverse speeds [88]. 

On the other hand, in AWJ turning the workpiece is kept rotating during the jet impacting 

and moving along the length of the workpiece. This leads to tilted trajectories of the abrasive 

traces relative to the direction of the sample rotation due to the deflection of the moving jet in 

contact with the machined surface with combining the energy loss (speed loss) of the jet. An 

average angle around 15° to 25° between the cutting traces and the direction of the rotation 

were observed in [84] with a jet transverse speed of 10 mm/min and a rotation speed of 400 

rpm at a 14.5 mm diameter A359/B4C/Al2O3 MMC workpiece, as shown in Figure 38, where 

the bottom and sides of the traces contain fine parallel grooves, oriented parallel to the traces.  

 

Figure 38 Surface defects generated by AWJ turning showing: 1) front of a cutting trace, 2) smooth 

glossy flat, and 3) small grains of abrasives stuck in the surface [84] 

5.3 Electro-discharge machining  

Electro-Discharge Machining (EDM) is one of the most widely-used non-conventional 

machining processes [89] that relies on thermal erosion (vaporization) of the material due to a 

series of discrete electric discharges between electrode and workpiece while immersed in 

dielectric fluid. EDM is mainly set on two different configurations: wire EDM (Figure 39a) 

153.6[μm] 
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which is preponderantly used to cut through metals to produce prismatic geometries while die 

sinking EDM (Figure 39b) is mainly used in the production of parts with complex geometries 

of inverse shape to that of the electrode (e.g. cavity and core) [90]. Due to the non-contact 

nature, EDM machining enjoys some advantages in comparison with conventional machining 

including [91,92]: independent tool-wear from workpiece materials hardness; negligible 

machining forces; ability to machine complicated shapes at high aspect ratios and accuracies. 

The above advantages might also explain why EDM has attracted increasing attentions recently 

as a promising method for machining of MMCs. 

 

Figure 39 Schematics of Electro-Discharge Machining (EDM) mainly including (a) wire EDM and 

(b) sinking EDM and (c) the working principle during the EDM of monolithic materials 

The working principle of EDM (Figure 39c), regardless of the nature of the workpiece 

material (monolithic, composite, etc.), could be summarised as below:  

- Pulsed voltage difference between the tool (normally cathode) and the electrically 

conductive workpiece (normally anode) within the spark gap is developed beyond the 

breakdown voltage of the dielectric medium around them. 

- As a result, small-scale electric discharge happens in the short-term near the workpiece 

surface, generating local ultra-high temperature (as high as 20000ºC [93]) which can, at 

micro-scale, melt or even vaporise the workpiece forming small debris. 

- Finally, the solidified debris are removed by dielectric flushing the cutting area. 

Because of employing pulsed voltage, typical material removal rate of EDM is 10-6 to 10-4 

mm3 per discharge and generally can achieve a machined surface roughness Ra of around 0.01-

0.1μm using sophisticated techniques. The EDM mechanism in MMCs is in general similar to 

that of monolithic materials, however, some specific aspects of the process depend on elevated 

hardness and thermal stability of particle or fibre reinforcements. Surprisingly, EDM 

mechanism of MMCs with fibre/whisker reinforcements has been occasionally reported. 

Considering that reinforcement particles size is usually 10 times smaller than the EDM wire 

diameter, particles material removal modes are, generally, different of the corresponding 
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removal modes of matrix phase in MMCs. The removal modes of particles in wire EDM is 

detailed below:  

(i) Two distinct zones in the cut slot during wire EDM of MMCs can be distinguished; zone 

1 (width equal to wire diameter) which is formed due to spark erosion in the feed direction, 

and zone 2 (equivalent to kerf slot) which is formed due to spark erosion in the lateral-to-

feed direction and/or due to wire deflection/vibration. 

(ii) For zone 1 (Figure 40a), when the wire is fed with the breakdown action of the dielectric 

between wire and workpiece, both the metallic matrix and the reinforcements can be 

properly removed, in theory. However, substantial experiments proved that wire breakage 

would happen within this zone (zone 1). The explanation can be that, the particle 

reinforcement was gradually exposed from the matrix when the wire is fed and hence, it 

makes it exposed to the sharp edges of the particles leading to the wire damage. Other 

researchers thought the electrode failure could be attributed to the delay of the plasma 

formation induced by the melting process of the metallic matrix, leading to an insufficient 

flushing effect and an ineffective removal of the melted debris which could scratch the 

electrode surfaces. 

(iii) For zone 2, the interaction between the particle reinforcement and the electrode is quite 

similar to the one in zone 1. However, instead of being removed, part of the particles in 

zone 2 are probably held by the matrix while the other part is exposed to the sparks. This 

difference was believed to be related with the sudden variance of the cutting path and the 

cross-section profile shift of the machined workpiece, because the protruded particles 

could micro-deviate the electrode from its planned paths (straight moving path) of the 

electrode. However, the opposite opinion stated that zone 2 might not exist because in most 

cases the spark gaps were larger than the particle reinforcement size and therefore no half-

exposed half-held reinforcement particles can contact the electrode [94]. 

 

 Figure 40 Working principle during the EDM of MMCs with particle reinforcements (a), and 

theoretical (b) [94] and deviation of cut profile when wire EDM of Al2O3/6061Al MMC (c) [95] 

The material of the reinforcement employed on MMCs was reported to be the most 

influential factor when referring to the machined surface integrity. One typical evidence [96] 

is the decrease of the machined surface roughness Ra (around 50%) induced by the SiC 
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reinforcements when compared to Al2O3 particles (see Figure 41a). This could be because [96]: 

the good electric conductivity of the SiC particles exposed in the spark gap lower the fluidity 

of the melt and the spreading of the discharge channel, and therefore, shallower melting depth 

and smaller craters are created, leading to lower Ra values. On the contrary, as seen in Figure 

41b, the poor conductivity of the Al2O3 reinforcements facilitates the concentration of the 

plasma energy induced by the dielectric medium breakdown, leads to obviously large pits on 

the machined surface and therefore, poor surface finish [96]. 

In addition to the material of the reinforcement, its proportion/volume ratio can also 

influence the machined surface quality. It was reported that in EDM of Al6061-B4C MMCs 

the weight ratio of the B4C reinforcement contributed by 80% to the enhanced surface quality 

in comparison with peak current and spark gap voltage in EDM [97]. 

 

Figure 41 SEM micrographs of surface morphology after EDM: the Al/SiC composite (a) and the 

Al/Al2O3 composite (b) [95,96] 

Because the material removal mechanism in EDM relies on the electric sparks, the process 

parameters (voltage and current signal characteristics) were also found dominant to the 

machined surface integrity. As seen in Figure 42, the recast layer was found thicker when 

increasing the pulse-on time and the peak current in EDM of Al/SiC MMC [98]. 
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Figure 42 Comparison of recast layer of machined surfaces (material: Al/SiC-MMC) with different 

discharge duty cycle and peak current: 2.1%, 120A (a) and 7.5%, 180A (b) [98] 

Apart from recast layers, other types of surface defects induced by wire EDM were also 

reported, including: 

(i) Microcracks (see Figure 43a) on/beneath the machined surface [98] - resulted from the 

high tensile stresses on the machined surface exceeding the matrix cohesion limit when 

using the higher value of pulse-on time and peak current, which might lead to the 

deterioration of the machined surface topography and morphology; 

(ii) Black spots (see Figure 43b) upon the machined surface [98] - resulted from either the 

wire failure induced by the abnormal arcing (e.g. continuous discharge of energy) or the 

contamination of the spark gap due to the melted debris; black spots could be related to 

unwanted material phase transformations; 

(iii) Wire shifting marks (see Figure 43c) on the machined surface [98] – resulted from 

either the wire feed direction shift due to the exposed reinforcement particles in the 

theoretical trajectory of the wire motion, or the wire deflection caused by the plasma-

induced pressure generated in the dielectric fluid during EDM [98], and might decrease both 

the geometrical and morphological qualities of the machined surface. 

 

Figure 43 Other types of EDM-induced surface defects (material: Al/SiC-MMC): crack defects on the 

machined surface (a), black spots defects on the machined surface (b), and wire shifting marks on the 

machined surface (c) [98] 
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When it comes to microscale, as seen in Figure 44, different defects were also observed in 

the micro wire EDM process of Al alloy 2024-based matrix composite with SiCp 

reinforcement, including: 

(i) Micro-pores and globules of debris– resulted from the gas bubbles in the raw MMCs, or 

the escape of bubbles during micro wire EDM process [99]; 

(ii) Micro-cracking – resulted from the thermal stress generated by the sharp temperature 

drop on the machined surface when the dielectric medium contacts the workpiece [99]; 

(iii) Shallow craters – resulted from the insufficient support to the reinforcement particles 

due to the removal of the molten metal matrix in micro wire EDM [99]. 

 

Figure 44 Micro-WEDMed surface microtopography of SiCp/Al2024 MMC: micropores (a), 

micro cracking (b), shallow craters (c), and globules of debris (d) [99] 

On the sinking EDM process front (macro scale), the effects of the process parameters on 

the workpiece surface integrity were also reported to give similar effects. Rough machined 

surface with the sign of large-sized craters was found in the Al6351 matrix composites with a 

5wt% SiC and a 5wt% B4C reinforcements when the high current was employed (see Figure 

45) [100]. This was explained by the fact that, an increased current generated a substantial 

amount of energy and therefore, molten more material which formed larger pits on the 

machined surface. Similar outcome was also found for the Al 7075 matrix composite with B4C 

reinforcements [101], as shown in Figure 46.  
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Figure 45 Craters on the machined surface of Al(6351)–SiC–B4C MMC when the high current was 

employed (a), and the cross section morphology when the low current was employed on which 

recast layers and bubbles can be observed (b)  [100]. 

 
Figure 46 Machined surface topography showing craters formed due to impact with plasma 

channels during sinking EDM when the pulse voltage is 60V, the current is 12 A, the pulse on time 

is 8 μs and the pulse off time is 8 µs (a), and the pulse voltage is 40V, the current is 6 A, the pulse 

on time is 4 µs and the pulse off time is 8 µs (b) [101]. 

6.  Effect of surface integrity on the functional performance of MMCs 

As previously mentioned, the MMCs, with their lightweight and high strength and stiffness, 

have been widely applied for the aerospace and ground transportation industries in which 

structural integrity of the components under cycled thermal and mechanical loads [2,3] is of 

high importance.  The harsh applications of MMCs could results in the occurrence of fatigue 

failure which is linked with quality/integrity of machined surfaces (i.e. residual stress, surface 

topography and defects) [102,103]. Thus, the effect of machined surface integrity on 

fabricating MMCs specimens subjected to fatigue is of importance to the community. Although 

there are quite a few researches on the fatigue performance of the MMCs, most of them were 

performed with polished surface for eliminating the surface defect effect thus to reach the 

fatigue perforce of the bulk material [104-106], while only few papers have focused on the 

influence of the surface integrity on the fatigue life. 
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As for other metallic materials, the residual stresses have a significant influence on the 

fatigue performance of the machined MMCs components where the compressive stress would 

favour the extension of fatigue life while the tensile stress have the opposite effect [107,108].  

However, differently from monolithic metallic materials, fatigue cracks of MMCs do not 

follow the traces left by conventional machining process, which means surface roughness has 

limited effects on fatigue life (Figure 47) [102,109]. Instead, the propagation of fatigue crack 

is usually arrested or deflected by reinforced particles towards an easy debonding direction and 

this effect becomes more evident with the increase of reinforcement particles size. More 

interestingly, when it comes to non-conventional machining (e.g. EDM) the surface roughness 

then makes a difference on the fatigue life, i.e. better surface roughness results in longer fatigue 

life (Figure 48), as less surface defects are caused by the recast layer of the matrix and pull-out 

of the reinforcement particles in this machining process [110].  

               

Figure 47 Fatigue test of milled Al6061/SiC/10p MMCs at displacement amplitude of 0.58mm 

showing that there is no conclusive evidence to prove the effects of surface roughness on fatigue life 

of drilled holes (a) and the fatigue crack propagation on specimens does not follow the machining 

traces (b) [102]. 

                   

Figure 48 Stress vs fatigue life of polished and coarse and fine EDM samples of A356/SiC/15p MMC  
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 In general the fatigue failure of MMCs occurs with an initial damage induced by voids 

nucleation in the material, while these voids will then grow and subsequently coalesce in the 

matrix materials or separate the particle/matrix interface, as shown in Figure 49. Particularly, 

the specific surface defects of MMCs generated during machining process, such as micro-

crack, recast layer, pits and voids, which cause variation in stress concentration at localised 

regions (especially in the interface of matrix and reinforcement particles [109]), can also be the 

initial damage when in fatigue application, leading to deleterious effect for fatigue life. As 

shown in Figure 50, where the fracture morphologies after fatigue testing of machined 

Al6061/SiC/10p are presented, the fracture has predominantly a ductile nature which started 

from microscopic cracks caused by fracture and debonding of reinforcements at particle-matrix 

interfaces [102]. It is also found the fatigue life of MMCs are much shorter than that of 

corresponding matrix material due to the fracture and detachment of reinforcing particles from 

the matrix. 

  

Figure 49 Schematic fatigue of Al6061/SiC/15p MMC induced by repetition-pulsed laser and 

mechanical load, fatigue damage initial position and damage models (a), fatigue crack propagation 

(b) [111] 

 

Figure 50 Fracture morphology of flexural fatigue testing on machined Al6061/SiC/10p under 

different cutting conditions [102] 

7. Summary and Outlook 

With their enhanced properties (e.g. high strength, wear resistance), MMCs are emerging as 

substitutes of monolithic metal materials while, in the same time, pose significant challenges 

in terms of low machinability and severe workpiece surface damage. As they are used for high-

end applications, the surface integrity of MMCs is highly influential on the functional 
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performance and service life of the machined components. Thus, understanding the machining 

process and the resulting surface integrity is important to the community.  

Based on the mapping of the existing published literature related to machining and surface 

integrity of MMCs (Figure 51), it can be seen that, on one hand, the amount of published 

research publications in the field of machining MMCs has considerably grown during the last 

five years, particularly for mechanical/conventional machining processes. On the other hand, 

it can be observed that the MMCs attracting more interest for the machining research are the 

Al/Al2O3 followed by the Al/SiC, which are widely used in the automobile, aerospace and 

electricity industries due to their advantages of light weight, high wear resistance, strength and 

durability, etc. 

 

Figure 51 An overview of published papers over the last 10 years in relation to conventional and non-

conventional machining of MMCs, classified by MMCs type and country. 

Thus, based on the in-depth review on conventional and non-conventional machining of 

MMCs, it can be concluded that the surface integrity of MMCs machining is drawing an 

increasing attention. Moreover, the major conclusions of the previous work and the future 

directions could be summarised: 

 Conventional machining is the leading technology for MMCs when dimensional and 

geometrical accuracy of machined surfaces functionality is essential. Nevertheless, the 

tool/workpiece mechanical contact could lead to rapid tool wear and unfavourable surface 

integrity issues especially. Besides the increased tool wear, the presence of particle phase 

in the workpiece promotes some particular surface defects namely, but not exclusively, 

particles pull-out, pits, grooves, craters and micro-cracks. The reinforcement particles also 

affect the strain hardening sensitivity of the material by acting as a barriers in front of the 
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material dislocations flow and/or restraining the material flow in between the particles. 

The latter led to less subsurface deformation during machining hence, reduced residual 

stresses. The presence of particles also helped in obtaining finer surface 

topology/roughness (at high cutting speed and lower feed rates). 

 Laser assisted machining has been applied for both turning and milling process of MMCs. 

Because of the lower melting temperatures of the matrix compared to reinforcement 

particles, in LAM of MMCs the matrix softening effect leads to low cutting force and 

sinking of reinforcement particles into the matrix. This leads to different surface damage 

mechanism when compared with conventional machining. Although similar surface 

damage modes such as debonding, particle pull-out and particle fracture were observed, 

all these damages were found less significant than in conventional machining. Different 

from conventional machining and LAM, in laser machining of MMCs the surface damage 

is predominately affected by the melting and vaporizing of the matrix and reinforcement 

particles under different rates. These result in striations and dross, recast layer as well as 

cracks and voids. Moreover, due to the high temperature effect some chemical reactions 

such as oxidation, or carbonization could be observed. In addition, it could be commented 

that the laser cutting yields a lower material removal rate as well as surface integrity on 

MMCs when compared with other process, thus more effort needs to be paid to improve 

the process before it can be widely applied in industry.   

 In AWJ machining of MMCs the main operations are through cutting and turning. The 

affected surface is formed by pronounced cutting traces of various lengths and widths left 

by abrasive grains. Moreover, considering that mechanical erosion occurs during the AWJ 

machining, the main surface defects are found as plastic deformations, cracking pits and 

voids, abrasive embedment and micro-melting. It is also found that the impinging of 

abrasive particles could induce compressive residual stresses which would be beneficial to 

its fatigue life.  

 In EDM, the surface damage is mainly formed with recast layer, microcracks, black spots 

and wire shifting marks. The constitution of reinforcement is the most influential factor 

for the quality of the machined surfaces. High conductivity reinforcement (e.g. SiC) leads 

to smooth surface while low conductivity reinforcement (e.g. Al2O3) leads to severe 

surface damage due to the concentration of the plasma energy. With the variation of 

reinforcement proportion the surface quality (e.g. surface roughness, recast layer and 

microcrack) is also changed. 

 The fatigue performance of MMCs is significantly influenced by the present of 

reinforcement components compared with the corresponding monolithic metallic 

materials. However, most researches reported only on the fatigue performance of the bulk 

MMCs with well-polished surface (i.e. surface defect effect free) while the understanding 

the influence of the surface integrity on their fatigue life is rare. As most MMCs 

components are machined to achieve the desired dimension and geometry accuracy in 

which condition the surface damage may be induced, more work should be focused on 
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deeply understand the relationship between the surface integrity and fatigue performance 

under different machining processes. 
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