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A B S T R A C T   

High-efficiency sawing is widely applied in primary and secondary machining sectors, but it faces limitations due 
to saw tooth life and manufacturing constraints. This research investigates the wear mechanism, wear charac
teristics, and sawing performance of carbide and polycrystalline diamond (PCD) saw teeth when machining hard 
aluminum alloy. The results show that the sawing forces with PCD saw teeth are less than those of carbide teeth, 
yielding better surface quality and longer tool life. The wear mechanisms of saw teeth of two materials with 
different tooth types are classified and characterized finely. Carbide teeth are subject mainly to abrasion and 
adhesion at the cutting edges, while adhesion, corrosion, and diffusion primarily contribute to flank face wear. 
PCD teeth mainly suffer from abrasion and micro-chipping on the cutting edges and faces. A comprehensive 
description of the wear evolution of carbide and PCD teeth is presented, with the cutting heat being the primary 
cause of carbide tooth wear and the presence of hard particles in the workpiece causing PCD tooth wear by SEM 
and EDS analysis. The friction coefficient of the PCD teeth is considerably lower than that of the carbide teeth by 
sliding friction and wear tests, which also proves its more superior thermal stability and wear resistance during 
wear evolution analysis. Systematic research analyzes and discusses the wear mechanism and wear character
istics of saw teeth in high-speed sawing process, which can further enhance the understanding of the saw tooth 
wear to provide theoretical guidance for saw tooth design and manufacturing.   

1. Introduction 

7075 aluminum alloys, a cold-treated forged alloy, possesses 
exceptional hardness and surpasses common metals in terms of strength. 
It stands as a superior alloy, possessing outstanding mechanical prop
erties, corrosion resistance, and a high potential for commercial utili
zation [1]. This alloy finds representation in various industries, 
including aerospace, mold machining, mechanical equipment, as well as 
jigs and fixtures. Its remarkable strength and corrosion resistance make 
it an ideal choice for manufacturing aircraft structures and other high- 
stress structural components [2,3]. Carbide circular saw blades play 
an indispensable role in the metal sawing industry, particularly for hard 
aluminum alloy ingots. The tools serve as the starting point for material 
processing and find extensive application in workpiece grooving, cut-off 
operations, and other crucial processes [4,5]. Based on their geometry, 

saw tooth structures are broadly categorized as rougher teeth and 
finisher teeth. The component of the carbide tooth material used is 
shown in Table. 1 in this paper. Fig. 1 illustrates the wear trace process 
of carbide teeth. Due to their exceptional hardness and wear resistance, 
both carbide and polycrystalline diamond (PCD) are widely employed as 
tooth materials for circular saw blades [6,7]. Numerous researchers 
have devoted their efforts to studying the saw tooth wear and sawing 
stability of circular saw blades [8,9]. Currently, addressing the chal
lenges related to extending the service life of saw teeth, improving 
machining efficiency, and enhancing the quality of the machined surface 
is of utmost importance. This work aims to achieve an in-depth under
standing of the wear mechanism and wear evolution of carbide and PCD 
teeth during hard metal sawing. 

In essence, metal sawing involves the plastic removal of materials 
through the intermittent cutting using saw teeth. However, the saw teeth 
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inevitably experience wear, which manifests in various forms including 
adhesive, corrosive, abrasive, cracking, and chipping wear [8,10]. The 
high hardness of the workpiece material leads to substantial cutting 
forces and severe abrasive wear at the tool-chip interface. Additionally, 
the lower thermal conductivity of the interface increases the cutting 
temperature, further exacerbating the wear and potential failure of 
carbide tools. These failure modes encompass adhesive wear, oxidative 
wear, and diffusive wear [11]. The utilization of the PCD tool material 
offers unique advantages, particularly its exceptional physic-mechanical 
properties, especially at high temperatures. The PCD exhibits high wear 
resistance, super-hardness, and relatively low chemical reactivity with 
various metallic materials [12,13]. Consequently, the PCD tools are 
well-suited for machining super-hard materials. Furthermore, the PCD 
tools possess a significantly longer service life compared to conventional 
carbide tools, resulting in saved time due to reduced tool switching and 
enhanced machining efficiency [14]. 

The issue of tool wear in metal machining has been extensively 
researched, particularly in the context of turning or milling operations. 
Many scholars have dedicated their efforts to studying the progression of 
tool wear, with a particular focus on carbide tools [15–17], ceramic 
tools [18,19], as well as PCD or CBN coated tools [20–22]. In the pursuit 
of understanding phase-related tool wear, experiments were conducted 
involving the turning of Ti-6Al-4 V using PCD and carbide inserts, 
allowing for a comparison between PCD tools and WC-6Co tools [23]. 
Evaluating the performance of an experimental carbide insert, Ventura 
[24] examined the impact of edge preparation. Interestingly, it was 
revealed that neither the experimental nor numerical temperatures of 
the chips or the tool-chip interface had a direct correlation with the edge 

preparation. Li [25] undertook a comprehensive modeling study to 
elucidate the wear mechanism and tribological behavior of PCD tools 
during the cutting of Ti6Al4V. The investigation highlighted the influ
ence of the stress distribution and the type of PCD material on the 
distinctive shape and morphology of wear areas. Furthermore, Calatoru 
[3] delved into the diffuse wear mechanism of carbide end mills 
employed in high-speed machining of 7475-T7351 aluminum alloy. The 
study brought to light an unusual and previously unknown manifesta
tion of diffuse wear, which poses challenges for manufacturers seeking 
to fully leverage the potential of tungsten carbide tools in the high-speed 
machining of aerospace aluminum. Liu [26] made significant contri
butions to the field of tool wear, conducting a comprehensive study on 
the effects of tool breakage and wear on cutting forces. The aim was to 
enable tool condition monitoring and facilitate smart manufacturing 
practices. Carbide circular saw blades have gained renown for their 
exceptional resistance to abrasive wear. However, their high hardness 
renders them susceptible to fracture under high-impact loads, particu
larly when cutting cobalt-based high-temperature alloys. Developing 
high-performance circular saw blades necessitates a profound under
standing of practical applications. It is crucial to recognize that sawing 
tribological systems are unique, where even minor variations in system 
parameters can lead to fundamental changes in wear rates and wear 
mechanisms. Sheikh-Ahmad [27] conducted a comprehensive study on 
the wear of tungsten carbide tools during the cutting of particle boards 
at different speeds, utilizing a high-speed lathe. Lu [28] delved into the 
fabrication of micro-textures on saw teeth to evaluate their impact on 
the cutting performance of circular saw blades. Lewis [29] conducted an 
analysis of the effect of surface treatment on the wear and failure 
behavior of TiN-coated HSS circular saw blades. There is considerable 
research on sawing wood with carbide circular saw blades, whereas the 
investigation of wear characteristics of saw teeth in the field of metal 
sawing remains relatively limited [4,30]. Therefore, further analysis and 
comprehensive studies are warranted to deepen our understanding of 
the wear mechanisms and sawing performance of both carbide and PCD 

Table 1 
Composition of carbide saw tooth used in this paper.  

Element Co Cr W C O 

Wt% 82.63 0.55 0.93 14.50 1.09  

Fig. 1. Wear process of the finisher tooth and rougher tooth.  
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teeth. 
In this study, a holistic investigation is conducted to characterize the 

wear morphology and behavior of carbide and PCD teeth based on 
sawing experiments of the hard aluminum alloy. The objective is to 
present a detailed understanding of the wear mechanisms associated 
with different saw tooth materials. Scanning electron microscopy (SEM) 
is employed to analyze the wear microstructures, enabling the identifi
cation of key factors contributing to wear. The wear behaviors of 
different zones of the saw teeth are systematically classified and sum
marized more finely. A comparative analysis of the wear micrographs 
between carbide and PCD teeth provides valuable insights into the 
distinctive wear damage mechanisms exhibited for these materials. 
Finally, a comprehensive depiction of the evolution of the saw tooth 
wear is presented, offering a deeper understanding of the underlying 
wear behavior. 

2. Experimental details 

2.1. Preparation of circular saw blades 

The geometric dimensions of the carbide and PCD circular saw 
blades used in this experimental design are depicted in Fig. 2. The cir
cular saw blade has an outer diameter ds of 255 mm and an inner 
diameter of 32 mm. Each blade is equipped with 48 teeth (Heyuan Fuma 
Carbide Co., Ltd. in China), comprising 24 rougher and 24 finisher teeth, 

which are alternately welded to the outer diameter of the circular saw 
blade. The PCD layer has a thickness of 0.72 mm. The circular saw blade 
body is made of 75Cr1 alloy steel, with the modulus of elasticity is 209 
GPa, the density is 7800 kg/m3, and the poisson’s ratio is 0.3. To miti
gate potential errors and random factors associated with the tooth wear, 
three carbide circular saw blades and two PCD circular saw blades were 
prepared for the sawing experiments. 

2.2. Experimental setup 

Sawing experiments were performed on a high-precision Daewoo 
ACE-V500 CNC milling machine (Fig. 3), which features a variable speed 
range of 80 to 10,000 r/min. The circular saw blade was securely 
fastened using an 88 mm diameter flange plate. The sawing material 
utilized in this study is a high-hardness 7075 aluminum alloy, with the 
following material properties: young’s modulus of 71.1 GPa, yield 
strength of 455 MPa, and tensile strength of 524 MPa. The dimensions of 
the workpiece for this experiment are 100 mm × 100 mm × 65 mm, and 
the specific sawing length is set at 100 mm. The sawing parameters 
employed in this research are fixed with the following values: the sawing 
rotational speed of 3000 r/min, the feed rate of 400 mm/min, and the 
depth of cut ap of 25 mm. Throughout the sawing process, the sawing 
fluid (solcut oil–V600, DOMINO Co. Ltd., China) was continuously 
supplied at a flow rate of 11.21 L/min. 

To evaluate the tooth wear, the rake and flank faces of the saw teeth 
were measured after every two sawing passes using an optical micro
scope. To minimize measurement errors, multiple teeth were measured, 
and each wear observation was repeated three times. The average value 
was taken as the wear value. The sawing force was measured using a 
Kistler piezoelectric dynamometer (Type 9257B) mounted on the ma
chine table, as depicted in Fig. 3(b). After the experiments, the saw teeth 
were extracted via the laser cutting and examined using SEM (SU-70) 
and confocal microscopy (LSM 800). Finally, the machined surface of 
the workpiece and the chips were collected for observation. 

Additionally, the friction and wear tests of samples of the carbide 
tooth, PCD layers and workpieces of the same material were conducted 
with a ball on a disc on a flat surface (UMT-2, Tribology Center Inc., 
USA). The 304 stainless steel ball with a diameter of 9.25 mm was 
applied as the face material of the flat specimen at 15 N normal load, 6 
mm/s linear sliding speed, and 5 mm wear track length. The tests were 

Fig. 2. Basic geometry parameters of the saw tooth.  

Fig. 3. Schematic diagram and sawing experimental setup.  
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executed at room temperature. The friction and wear measurement 
cycle was 15 min, and each group of all samples was operated three 
times to eliminate the accidental errors of data collection in testing and 
ensure the effectiveness of the results. 

3. Results and discussion 

3.1. Sawing forces in machining hard aluminum alloy 

Sawing forces play a critical role in monitoring the wear condition of 
saw teeth and understanding the wear mechanism [31,32]. The service 
life of saw teeth directly impacts the cost of circular saw blade tools. 
Various forms of wear, such as adhesion, oxidation, chipping, corrosion, 
cracking, and delamination, occur in saw teeth and are closely associ
ated with the contact stress in the sawing zone. Therefore, a compre
hensive understanding of relevant parameters and contact stresses of the 
saw teeth is essential for the sawing process. However, directly 
measuring the contact stresses between the saw tooth and the workpiece 
is challenging. 

To gain insights into the sawing process and investigate the wear 
mechanism of the saw teeth, a detailed depiction of the sawing process is 
presented in Fig. 4. Fig. 4(a) illustrates the forces acting on the circular 
saw blade during the intermittent sawing, where the position of the 
combined force varies periodically with the number of saw teeth within 
the sawing arc. Fig. 4(b) demonstrates the formation of serrated chips 
during sawing, with the rate of formation being influenced by the feed 
rate and rotational speed [33]. Considerable cutting heat is generated at 
the cutting edge and the tool faces [34]. The trajectories of adjacent saw 
teeth during the sawing process are depicted in Fig. 4(c). The thickness 
of the chips is determined by the interaction between two adjacent saw 

teeth. Moreover, the machined surface is influenced by the lateral vi
bration of the saw teeth [35], resulting in lamination and rubbing 
damage on the machined surface. 

During the sawing process, the sawing forces in three directions were 
recorded. To assess the impact of carbide and PCD teeth on the circular 
saw blade, the sawing forces during the steady sawing phase were sta
tistically analyzed using MATLAB software to facilitate convenient 
comparisons. Fig. 5 illustrates the three components of sawing forces for 
carbide and PCD teeth (the 1st sawing). From Fig. 5(a), it is evident that 
the sawing force waveform exhibits periodicity, which is a characteristic 
of intermittent sawing. Comparing Fig. 5(a) and (b), it is noticeable that 
the sawing force exerted by the PCD tooth in the feed direction is 
significantly lower than that of the carbide tooth. Under the same con
ditions, the sawing force in the depth-of-cut direction can be reduced by 
more than 45 N, as evident from the comparison between Fig. 5(c) and 
(d). Similarly, the sawing force in the axial direction can be reduced by 
over 50 N under the corresponding conditions. The results of the sawing 
force analysis in the three directions indicate that the circular saw blade 
with PCD teeth achieves a notable reduction in sawing forces, which can 
be attributed to the lower chemical activity between the PCD teeth and 
the workpiece material. This finding underscores the potential of PCD 
teeth in the field of sawing metal materials, particularly aluminum 
alloys. 

In automated manufacturing, the sawing forces serve as valuable 
indicators for monitoring the sawing process and the tool’s working 
condition. Throughout the initial, steady, and accelerated wear phases, 
the sawing forces exhibit constant variations, as depicted in Fig. 6. The 
variations in maximum sawing force for carbide and PCD circular saw 
blades are recorded in different directions for the 1st, 5th, 10th, 15th, 
20th and 25th occurrences. Given that the sawing process involves 

Fig. 4. (a) Sawing geometry; (b) serrated chip formation in sawing; (c) sawing trajectories of adjacent saw teeth.  
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rough machining, the maximum value of sawing force variation may 
exhibit some degree of error. In general, the sawing force demonstrates 
an increasing trend as the number of sawing occurrences. From the 
analysis of Fig. 6, the maximum axial force Fz is larger than the force Fx 
in the feed direction and lower than the sawing force Fy in the depth-of- 
cut direction, which may be related to the horizontal type sawing way. 
Experimental verification will be performed using the sawing machine 
in future studies. 

3.2. Wear analysis of carbide and PCD teeth 

The wear values of different sawing faces were periodically observed 
and measured using an optical microscope during the sawing experi
ments. As mentioned earlier, the PCD layer enhances the capability of 
sawing hard aluminum alloys. This leads to an extended tool life for PCD 
teeth in comparison to carbide teeth, as depicted in Fig. 7. It is evident 
that the wear trends of carbide and PCD teeth are similar. Initially, the 
flank face wear is more pronounced, but subsequently, the wear of the 
saw teeth becomes relatively stable. At the 23rd sawing occurrence, the 

Fig. 5. Sawing force waveforms in different directions for (a), (c), (e): carbide and (b), (d), (f): PCD teeth (the 1st sawing).  

Fig. 6. Variation of sawing forces with the number of sawing times using (a) carbide teeth and (b) PCD teeth.  
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carbide teeth enter the accelerated wear phase, indicating the end of 
their tool life. 

The wear values on the flank face of carbide and PCD teeth were 
measured as 0.251 mm and 0.138 mm, respectively, after 25 sawing 
occurrences. These measurements indicate that the carbide teeth would 
reach the limit of their tool life, while the PCD teeth have not yet entered 
the accelerated wear phase. 

Fig. 8 provides a clear illustration of the varying abrasive and ad
hesive wear processes on different faces of the carbide teeth at the15th, 
20th and 25th sawing occurrences. Fig. 8(a)-(d) show the wear state at 
the 15th saw, obtained from digital microscope images captured during 
the steady wear stage. The worn state of the saw teeth at the 20th saw is 
depicted in Fig. 8(e)-(h), which represent digital microscope images 
obtained during the accelerated wear stage. Fig. 8(i)-(l) reveal severe 

adhesive wear on the flank face of the carbide teeth, as well as signifi
cant abrasive and adhesive wear on the rake face. Notably, chipping and 
adhesive wear are prominent near the rake face of the finisher tooth, 
significantly impacting the sawing performance of the circular saw 
blade. 

Fig. 9 provides a visual representation of the wear state of different 
faces of the PCD teeth at the 15th and 25th sawing occurrences. Fig. 9 
(a)-(d) display the wear state of the saw teeth at the 15th saw, captured 
through digital microscope images during the steady wear stage. Minor 
chipping is observed at the cutting edge during this stage. The worn state 
of the saw teeth at the 25th saw is shown in Fig. 9(e)-(h), where the 
abrasive wear is more pronounced, severe adhesive wear is evident, and 
the chipping occurs at the cutting edge. 

Fig. 10(a)–(h) depict SEM images of worn carbide and PCD teeth, 

Fig. 7. Progression of the saw tooth wear average value with the number of sawing.  

Fig. 8. Digital microscope images of the wear process of carbide tooth.  
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showcasing the wear achieved in the experiments. In Fig. 10(a), the 
micrograph illustrates the wear forms on the cutting edge and flank face 
of the carbide tooth. A significant accumulation of chips, forming a built- 
up edge (BUE), is observed on the core cutting edge. However, there is 
no apparent adherence on the side cutting edges, likely due to the 
rougher tooth type, where the side cutting edges are not extensively 
involved in the sawing process. Fig. 10(b) provides a local magnification 
of Fig. 10(a), highlighting the location of adhesive chip lamination with 
the carbide tooth substrate. At the end of the adhered chip, partial 
flaking is visible. Chip adhesion on the carbide tooth surface is 
demonstrated as a stack-up in Fig. 10(c), attributed to the intermittent 
cutting process. Fig. 10(d) shows corrosive wear on the flank face of the 
finisher teeth, characterized by localized corrosion near the cutting edge 
[10]. On the flank face, the chip corrosion is observed, which may be a 
result of the chemical interaction between the workpiece material and 
the cutting fluid or carbide. 

SEM micrographs of the worn PCD saw tooth were obtained and 
investigated in order to further reveal the wear mechanism of the PCD 
saw tooth during machining of hard aluminum alloys. To facilitate 
comparative analysis, the PCD rougher tooth was selected as an example 
to demonstrate the wear mechanism, as illustrated in Fig. 10(e)–(h). In 
Fig. 10(e), localized chipping, characterized by fractures, can be 
observed in a portion of the PCD tooth. It is worth noting that while 
several instances of chipping wear were found, this defect is not wide
spread and primarily occurs due to the presence of hard particles in the 
hard aluminum alloys. The Al2O3 is formed during the sawing process, 
and becomes a hard gray or dark gray particle that affects saw tooth 
wear. This suggests that chipping wear may be attributed to the dynamic 
effect of hard particle formation within the chips. Fig. 10(f) provides an 
example of slight adhesive wear at the cutting edge of the PCD tooth. 
However, this adhesive wear is significantly less pronounced compared 
to that observed in carbide teeth. The adhesive wear is minimal and does 
not adversely affect the performance of the PCD tooth. To provide a 
more detailed analysis, Fig. 10(g) presents a local magnification of 
Fig. 10(e), revealing some micro-adhesion at the chipping location. The 
presence of micro-adhesion suggests a minor interaction between the 
PCD tooth and the workpiece, but the overall extent is limited. Further 
examination of edge wear chipping is shown in Fig. 10(h), which 
highlights the partial micro-adhesive wear. Although adhesion and 
abrasion can be observed, it remains relatively slight, indicating the 
robustness and durability of the PCD tooth in machining high-hardness 
materials. These SEM micrographs provide valuable insights into the 
wear characteristics of the PCD tooth, emphasizing its potential for 
prolonged tool life and suitability for machining high-hardness 

materials such as the 7075 aluminum alloys. 
To gain a comprehensive understanding of the adhesive wear and 

diffusive wear of carbide teeth, Energy Dispersive Spectroscopy (EDS) 
analysis was conducted. Fig. 11–13 illustrate the actual contact area 
between the saw tooth and the workpiece interface, revealing the 
presence of bulges. At elevated temperatures and under high-stress 
conditions, plastic deformation and adhesion take place at the inter
face, resulting in the formation of micro-welds [20]. Due to the relative 
motion between the saw teeth and the workpiece, shearing can occur at 
the original interface or along paths above or below it, leading to ad
hesive wear. Shearing can also occur in vulnerable areas of the harder 
material, facilitated by a few bulges present in the harder material. As 
illustrated in Fig. 11, the partial normal force (NVB) is generated along 
the saw tooth-workpiece interface by the micro-welds. Once abrasive 
wear occurs, adhesive wear enlarges the sawing force, which in turn 
aggravates the wear. Referring to [20], the total tool adhesive wear 
volume loss V̂wear− adhesion can be denoted as: 

V̂ wear− adhesion = KadhesioneaT vsbσΔt (1)  

where a and b are hardness constants. Kadhesion = p0K0(1 − padhesion%)/b, 
is the coefficient of adhesive wear. For the same combination of the saw 
tooth and the workpiece, Kadhesion is treated as a constant. T is temper
ature. p0 is the probability to form a sizable wear particle from the 
harder material. K0 is a constant. padhesion% is the percentage of the total 
normal force supported by abrasive particles. vs is the sawing rotational 
speed and vf is the feed rate. σis average normal stress, and Δtis time 
interval. The wear volume loss due to adhesion does not determine the 
length VB of the flank face wear, but rather the sliding distance vsΔt 
[36]. 

The EDS analysis provides valuable insights into the wear mecha
nisms of the saw teeth, shedding light on the adhesive wear and diffusive 
wear phenomena. By understanding these mechanisms, further im
provements can be made to optimize the design and performance of saw 
teeth in machining applications. Carbide particles exhibit chemical 
stability when in contact with the workpiece. However, during high- 
speed sawing processes, the worn carbide teeth and workpiece experi
ence significant friction, leading to the generation of high temperatures 
and high stresses. These conditions can cause elements such as Al or Mg 
in the workpiece to become relatively unstable, resulting in chemical 
reactions. Specifically, the formation of Al2O3 and MgO can occur during 
sawing process, as represented by Eqs. (2) and (3), resulting in the for
mation of partially hard particles. Fig. 12(a) illustrates the presence of 
adhesive wear on the flank face, accompanied by slight element 

Fig. 9. Digital microscope images of the wear process of PCD tooth.  
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diffusion in the unadhered area. Upon adhesion to the flank face, the 
carbide tooth is observed to be almost completely covered, as demon
strated by the line scan spectrum distribution of tungsten elements in 
Fig. 12(b). These observations suggest that the chemical activity be
tween the worn carbide teeth and the workpiece, combined with the 

high temperatures and stresses involved, contributes to the formation of 
Al2O3 and MgO compounds. The adhesive wear and element diffusion 
further highlight the complex interplay between the saw teeth and the 
workpiece during the sawing process. 

4Al+ 3O2 = 2Al2O3 (2) 

Fig. 10. SEM micrographs of worn (a)-(d) carbide and (e)-(h) PCD teeth.  
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2Mg+O2 = 2MgO (3) 

Fig. 13(a) presents a 3D image of a section of the carbide tooth, 
providing a detailed view of its surface characteristics. The flank face of 
the saw tooth, exhibiting severe adhesive wear, is depicted in Fig. 13(b). 
The extent of adhesion on the saw tooth is quantified in terms of height, 
as shown in Fig. 13(c). Notably, Fig. 13(d) visualizes that the adhesive 
length exceeds 800 μm, while the adhesive thickness is nearly 40 μm. 
The adhesive wear prominently covers the cutting edge on the flank 
face, and its substantial height significantly increases the removal of the 
saw tooth/workpiece contact area. Consequently, this reinforces the 
likelihood of saw tooth wear and contributes to the generation of larger 

sawing forces. Moreover, the presence of this adhesion layer during the 
sawing process can result in repeated mechanical and thermal shocks 
exerted on the workpiece. The results suggest that the severe adhesive 
wear observed on the flank face of the carbide tooth has a substantial 
impact on the overall performance and longevity of the circular saw 
blade. Understanding and mitigating such adhesive wear are crucial for 
improving the efficiency and durability of circular saw blades. 

The assessment of sawing performance for saw teeth primarily fo
cuses on the type of wear observed on the cutting edge during the sawing 
of hard aluminum alloys. SEM images depicting the dominant wear 
mechanisms on the cutting edge are presented in Fig. 14(a)-(f). On the 
carbide finisher teeth, Fig. 14(a) reveals noticeable adhesive wear, 

Fig. 11. Schematic diagram of the tooth-workpiece interface.  

Fig. 12. SEM photograph and EDS spectrum analysis by line scan for worn carbide tooth.  
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Fig. 13. Observation of adhesive wear for worn carbide tooth.  

Fig. 14. SEM photographs of dominant wear mechanisms on the cutting edge of (a)-(c): carbide and (d)-(f): PCD teeth.  
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accompanied by corrosive wear in the adhesive zones, resulting in 
blunting of the finisher teeth. Fig. 14(b) illustrates severe adhesive wear 
occurring on the cutting edge and the rake face of the rougher tooth, 
significantly impairing the sawing performance. However, the adhesive 
wear is not observed on the side edges of the rougher teeth due to their 
limited exposure time to the sawing process and the small chip thick
ness, as mentioned earlier (Fig. 14(c)). 

Fig. 14(d)-(f) display SEM images of the dominant wear morphol
ogies of the PCD teeth. As sawing time increases, the cutting edges of the 
PCD teeth degrade. Slight adhesive wear is observed on the rake face and 
cutting edge (Fig. 14(d)), while abrasive wear is detected on the cutting 
edges, as shown in Fig. 14(f). Additionally, minor chipping is identified 

in one of the PCD teeth, mainly occurring in the middle of the cutting 
edge (Fig. 14(e)). Chipping is observed during the stable sawing phase, 
where continuous degradation of the cutting edge, primarily due to 
abrasive wear, potentially accompanied by tribochemical wear. 

Multiple wear mechanisms come into action, including abrasion, 
friction chemistry, chipping, delamination, and cracking during the 
sawing process of hard aluminum alloys [37,38]. These wear mecha
nisms can be observed on the worn carbide or PCD teeth, although two 
or three mechanisms may predominate. In this work, the wear mecha
nisms present in each wear zone of the saw teeth are characterized. 
Fig. 15 and Tables 2–5 illustrate the types of wear mechanisms identified 
in each specific wear zone. A detailed description is provided below. 

Fig. 15. Definition of wear zones for (a), (b) carbide and (c), (d) PCD teeth: (1) cutting edge; (2) side edge corner; (3) cutting sides; (4) tooth bite surface; (5) rake 
face; (6) flank face. 

Table 2 
Wear mechanisms of carbide rougher tooth.  

Mark Zones Adhesion Abrasion Chipping Corrosion Oxidation Cracking 

(1) Cutting edge • • • • •

(2) Side edge corner • • • •

(3) Cutting sides • • •

(4) Tooth bite surface • • • •

(5) Rake surface • •

(6) Flank surface • • • •

Table 3 
Wear mechanisms of carbide finisher tooth.  

Mark Zones Adhesion Abrasion Chipping Corrosion Oxidation Cracking 

(1) Cutting edge • • • • •

(2) Side edge corner • •

(3) Cutting sides • • •

(4) Tooth bite surface • • • •

(5) Rake surface  •

(6) Flank surface • • • •
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As depicted in Fig. 8–14, the primary wear mechanisms observed in 
the worn carbide teeth are abrasion and adhesion. Abrasive wear refers 
to the gradual removal of material from the tooth surface due to me
chanical interactions with the workpiece, while adhesive wear involves 
the formation of adhesion layers on the tooth surface as a result of high 
temperature and stress. These wear mechanisms are prominently 
exhibited in the carbide teeth. 

The predominant wear mechanisms observed in the worn PCD teeth 
are abrasive and chipping [13]. Abrasive wear occurs due to the sawing 
action of hard particles or chips, resulting in the gradual degradation of 

the cutting edges. Chipping wear, characterized by localized fracture 
and chip formation, is also observed on the PCD teeth. These wear 
mechanisms play a significant role in determining the performance and 
lifespan of the PCD teeth. By analyzing and understanding the specific 
wear mechanisms present in each wear zone of the saw teeth, valuable 
insights can be gained for optimizing the design and material selection 
of sawing tools, thereby improving their overall performance in sawing 
hard aluminum alloys. 

Table 4 
Wear mechanisms of PCD rougher tooth.  

Mark Zones Adhesion Abrasion Chipping Corrosion Oxidation Cracking 

(1) Cutting edge • • • • •

(2) Side edge corner • • • •

(3) Cutting sides • • •

(4) Tooth bite surface  •

(5) Rake surface  •

(6) Flank surface  •

Table 5 
Wear mechanisms of PCD finisher tooth.  

Mark Zones Adhesion Abrasion Chipping Corrosion Oxidation Cracking 

(1) Cutting edge • • • • •

(2) Side edge corner  •

(3) Cutting sides • • •

(4) Tooth bite surface  •

(5) Rake surface  •

(6) Flank surface  •

Fig. 16. Schematic of wear evolution of carbide and PCD teeth.  
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3.3. Analysis of wear evolution of saw teeth 

An in-depth understanding of the wear behavior of the saw teeth is 
the key to analyzing the different wear stages in sawing hard aluminum 
alloys. In Section 3.2, the wear behavior of different saw tooth materials 
is characterized separately. A comprehensive model depicting the wear 
evolution of different saw tooth materials, specifically focusing on the 
wear process of the rougher teeth, is presented in Fig. 16. 

Fig. 16(a)-(c) present the wear evolution of the carbide teeth, which 
can be divided into the following three main stages: initial wear, steady 
wear and accelerated wear. Normally, before sawing, it is necessary to 
resharpen the carbide teeth to ensure a sharp cutting edge in Fig. 16(a). 
During the initial wear stage, the cutting edge remains sharp, resulting 
in light and fast cutting. After a few sawing passes, the saw teeth grad
ually reach a stable wear state, as shown in Fig. 16(b). In this stage, the 

cutting edge becomes dull, adhesive wear becomes apparent, and a 
significant amount of cutting heat is transferred to the saw tooth, leading 
to thermal adhesion. As illustrated in Fig. 16(c), the accelerated wear 
stage is reached, characterized by severe adhesion, corrosion in the 
adhesion region, and thermal cracking. 

The wear evolution of the PCD teeth is illustrated in Fig. 16(d)-(f). 
The inclusion of a PCD layer significantly extends the lifespan of the tool, 
reaching approximately 10 times that of carbide teeth. In the initial 
stage of wear, there is a slight occurrence of abrasive wear caused by the 
PCD layer’s low friction coefficient and excellent thermal conductivity. 
This attribute results in lower cutting heat generated compared to car
bide teeth. As the saw time increases, the PCD layer collides reciprocally 
with the hard particles present in the hard aluminum alloy, leading to 
abrasive wear of the PCD teeth. However, when the carbide teeth were 
in the accelerated wear phase, the PCD teeth experienced only minor 

Fig. 17. (a) Dynamic friction coefficients. (b) comparison of coefficients.  

Fig. 18. Qualities of the machined surfaces with carbide and PCD circular saw blades (the 10th and 20th sawing).  
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chipping, as depicted in Fig. 16(f). This outcome is primarily due to the exceptional performance of PCD in aluminum alloy sawing. It is worth 
noting that the wear process described above also applies to the finisher 
teeth. 

The tribological wear performance of carbide material, PCD material 
and workpiece material were assessed under room temperature and dry 
friction conditions by sliding friction and wear tests, as seen in Fig. 17. 
Fig. 17(a) illustrates the dynamic variations of the friction coefficient of 
the three materials with slipping time. The PCD sample is relatively 
stable and does not change significantly, while the carbide sample 
gradually stabilizes with the growth of slipping time, and the friction 
coefficient of the workpiece sample is larger and stabilizes to about 0.4. 
The friction coefficient of the PCD sample is approximately 0.078, which 
provides excellent thermal stability and wear resistance, and can meet 
the sawing requirements of the workpiece. The friction coefficient of the 
carbide sample is far greater than that of the PCD sample and is rela
tively unstable, which explains the severe adhesive wear of carbide teeth 
during sawing of hard aluminum alloys. At dry friction conditions, the 
friction coefficients of the carbide and workpiece samples were unstable 
and intensely fluctuated during the whole sliding time of 900 s. In 
contrast, the friction coefficient of the PCD sample is low and stable 
during the subsequent sliding time, which has a promising friction- 
relieving role. This also means that the wear evolution life of PCD 
teeth is considerably longer than that of carbide teeth. 

Fig. 19. Scanning photographs of machined surfaces with (a)-(d) carbide and (e)-(h) PCD circular saw blades (the 10th sawing).  

Fig. 20. SEM photographs of chip morphology with carbide and PCD circular 
saw blades (the 10th sawing). 
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To further understand the machining performance of carbide and 
PCD circular saw blades, Machined surface qualities were obtained by 
digital microscopy and confocal microscopy, as shown in Fig. 18 and 19. 
Fig. 18 shows the qualities of the machined surfaces with carbide and 
PCD circular saw blades at different sawing times. The appearance of the 
laminated surface can be clearly seen in Fig. 18(a), which is consistent 
with the analysis in Fig. 4(c). It can be concluded that the use of PCD 
teeth is superior to carbide teeth. Fig. 19(a)-(d) depict the surface 
integrity of machining with carbide teeth. The surface integrity of the 
machining with PCD teeth is presented in Fig. 19(e)-(h). As indicated in 
Fig. 19(c), the surface morphology using the carbide tooth is inferior to 
that of the PCD tooth (Fig. 19(h)). Fig. 19(d) shows the surface rough
ness of 12.5 μm with carbide teeth, while the machined surface rough
ness with PCD teeth is 10.9 μm, thus it can be derived that the sawing 
performance of PCD teeth is preferable to carbide teeth. 

Fig. 20 reveals a noteworthy observation regarding the chip 
morphology of carbide and PCD teeth. In Fig. 20(a), it can be observed 
that both types of teeth produce curled chips. The chips exhibit a folded 
structure, forming serrated chips [39,40]. A comparison between Fig. 20 
(b) and (d) demonstrate a similarity in the surface morphology of the 
chips, albeit with the chips from the PCD teeth appearing slightly 
smoother. It is worth noting that the chips generated by the two types of 
teeth exhibit a considerable resemblance, and the observed differences 
in the chips do not appear to possess significant meaning. 

4. Conclusion 

In this research, a comprehensive investigation was conducted to 
systematically study the saw tooth wear. The wear morphology of car
bide and PCD teeth was meticulously monitored in real-time as the 
number of saw times increased. Furthermore, the wear mechanism of 
the saw teeth was extensively explored using SEM, developing a detailed 
schematic representation of the wear evolution of saw teeth. The sig
nificant contributions of this study can be summarized as follows:  

(1) The metal sawing process involves intricate frictional, physical 
and chemical behaviors. The wear mechanism of carbide teeth is 
primarily abrasion, adhesion and corrosion, while the wear 
mechanism of PCD teeth is mainly abrasion and minor chipping 
damage.  

(2) The zones of carbide and PCD teeth were categorized based on 
the specific forms of wear in different positions. The cutting edge 
of carbide teeth primarily experiences abrasion and adhesion, 
while the flank faces primarily undergo adhesion and diffusion. 
In contrast, the main wear form observed on the cutting edge of 
PCD teeth is abrasive and chipping. From the perspective of the 
flank face wear, the lifespan of PCD teeth far exceeds that of 
carbide teeth.  

(3) An exhaustive schematic representation of the wear evolution of 
the carbide and PCD teeth are given. The primary cause of wear in 
carbide teeth is cutting heat, whereas the presence of hard par
ticles in the machined workpiece is the dominant factor 
contributing to wear in PCD teeth by SEM and EDS analysis. 
These findings align with the actual wear phenomena observed 
during the experiments.  

(4) The machined surface achieved with PCD teeth exhibits superior 
quality compared to that obtained with carbide teeth. Addition
ally, the appearance of the chips produced by both materials’ saw 
teeth is found to be similar. 
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