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INTRODUCTION

The process of chip formation is a complex 
phenomenon based on the interaction between 
the cutting tool and the workpiece. As a result 
of this interaction, material undergoes deforma-
tion and destruction, leading to the separation of 
its particles in the form of chips. This process is 
considered one of the most intricate in the theo-
ry of mechanical engineering. It is evident that 
understanding the mechanism of chip formation 
is a key factor for deeper comprehension of the 
entire cutting process, as noted by Pedroso et al. 
[1]. Various methods of experimental research 

and mathematical modeling are applied for its 
detailed analysis.

The morphology of chips depends on several 
factors, including: cutting thickness, a1; tool rake 
angle, γ; cutting edge radius, r; and the influence 
of previous cuts [1].

Metal cutting is a widely used manufactur-
ing process in the industry, as demonstrated by 
Arshad Qureshi et al. [2]. Research in this field 
focuses on tool characteristics and equipment pa-
rameters that affect the process and product qual-
ity. High-speed machining technologies and mod-
ern machines enable improved surface roughness 
by precisely controlling tool motion and ensuring 
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high-quality machining. However, relying solely 
on high-speed machining is insufficient for opti-
mizing production quality due to challenges in its 
precise control, which complicates the applica-
tion of this technology. Therefore, selecting op-
timal cutting parameters such as feed rate, depth, 
and cutting speed is crucial for creating favorable 
machining conditions and meeting industrial pro-
cessing requirements.

Understanding the mechanism of chip forma-
tion allows predicting the formation of the type 
to improve its transportation, safety of equipment 
maintenance, and the quality of the machined 
surface. The type of chip is determined by the 
ratio between compression and bending deforma-
tions when changing the parameters of the cutting 
mode or the mechanical properties of the pro-
cessed metal (due to the chemical composition or 
because of cooling).

BACKGROUND

The first step in analyzing the chip forma-
tion mechanism is the correct identification of 
its type. This task is quite challenging for accu-
rate prediction. As noted by Shaw [3], the most 
reliable approach is experimental determination. 
finite element analysis (FEA) enables the predic-
tion of parameters such as processing tempera-
ture, tool wear, surface roughness, and residual 
stresses. However, despite the visualization ca-
pabilities of FEA, this method does not fully re-
flect real cutting conditions. Due to the phenom-
enon of chip shrinkage, its coefficient (K) usu-
ally exceeds one and, according to the research 
by Filonenko [4], can reach up to eight (except 
for titanium alloys, where K < 1).

 According to Pedroso et al. [1], who analyzed 
125 reports, 25 book chapters, 5 standards and 
266 articles, in most studies conducted using the 
finite element method, the shrinkage coefficient 
usually takes the value ζ = a/a₁ ≈ 1 (Figure 1) or 
even ζ < 1. Nevertheless, this method is highly 
illustrative, convenient, and allows for evaluative 
judgments regarding the formation of stress and 
strain regions.

Martina Panico et al. [5] found that the type 
of chip depends on the properties of the processed 
material. Chip morphology is an important in-
trinsic characteristic of the machining process 
that determines its quality. During the machin-
ing of materials with low machinability, a long, 

continuous chip is typically formed, which is 
difficult to break, as noted by Robles et al. [6]. 
To avoid the negative consequences of chip accu-
mulation during machining, its fragmentation and 
effective removal from the working zone have be-
come necessary.

Jun Eto et al. [7] discovered that chip shape 
depends on cutting speed, tool rake angle, and the 
coefficient of friction. Chip shape is associated 
with tool wear. Monitoring tool wear and real-
time quality control are key elements of smart 
manufacturing, as they directly impact accuracy 
and productivity. ISO 3685:1993 [8] and Filonen-
ko [4] define a tool as worn when uniform flank 
wear reaches VB = 0.3 mm.

In the work by Wang et al. [9], a novel in-
direct method is proposed that uses spindle vi-
bration analysis as a proxy for evaluating cutting 
forces. Compared to traditional methods relying 
on vibration analysis or direct force measure-
ment, this approach is safer, simpler, more cost-
effective, and has lower computational require-
ments. This makes it ideal for real-time monitor-
ing and long-term analysis, particularly for tool 
life prediction and assessing changes in surface 
roughness due to wear.

The article by Yang et al. [10] is dedicated to 
studying the viscoplastic deformation of S32760 
DSS steel during the cutting process. To account 
for the dual-phase viscous properties of the ma-
terial under high strain rate conditions, a corre-
sponding viscoplastic constitutive model was 
developed. The authors analyzed the impact of 
strain rate in the shear zone on chip morphology, 
as well as the effects of deformation, strain rate, 
and temperature on phase microhardness. They 
identified a strengthening effect of the processed 
material with increasing strain rate, characteristic 
of viscoplastic deformation during cutting, and 
investigated the influence of these parameters on 
dynamic recrystallization of the surface layer. As 
a result, rules for changes in the microstructure of 
the processed surface were established, consider-
ing chip morphology, microhardness, and micro-
structural transformations.

Zhang et al. [11] employed polycrystalline 
finite element modeling to study intergranular 
compression, which can cause surface bulging 
and contribute to the formation of cracks under 
tensile stress. With increasing cutting speed, in-
tense plastic flow leads to the formation of ser-
rated chips. At speeds exceeding 200 m/min, 
increased temperature and strain rates promote 
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material bending and adhesion to the tool, result-
ing in the formation of large folds.

During the cutting process, chip formation 
occurs through a sequence of elastic-plastic de-
formations of the metal. The mechanical and 
physical properties of the metal, the temperature 
in the cutting zone, and tool wear determine chip 
flow regimes and instabilities, which signifi-
cantly affect the quality of the workpiece surface 
(roughness, residual stress, microstructure). In 
stable flow regimes, uniform material deforma-
tion produces continuous structures of consistent 
thickness. Unstable regimes are accompanied by 
periodic ruptures and adiabatic shear zones, lead-
ing to serrated chips due to the separation of large 
material blocks.

For modeling serrated chips and localized 
shear, the finite element method with constitutive 
equations is applied, incorporating damage crite-
ria and thermomechanical effects. Plastic materi-
als, such as copper and its alloys, demonstrate dif-
ferent behavior: uneven plastic flow and folding 
result in heterogeneous deformations and cracks 
characteristic of polycrystalline metals.

In recent years, an increasing number of ex-
perimental studies indicate that the microstruc-
ture of metals, particularly the characteristics of 
polycrystalline aggregation, plays a key role in 
cutting processes. Grain structure significantly 
affects the plastic flow of metal, which substan-
tially alters cutting forces and the types of chips 
formed. Models that account for grain effects pro-
vide better insights into chip formation and the 
condition of the machined surface.

In ductile metals, the fracture process is of-
ten accompanied by a transition from plastic 

deformation to failure. Studies of significant plas-
tic deformation in polycrystalline metals have 
shown that chips undergo periodic bending re-
gardless of their crystalline structure. Thus, dur-
ing cutting, macroscopic flow characteristics, 
metal deformation behavior, and the dynamic 
response of the microstructure to loads influence 
the geometry and physical properties of chips, 
offering valuable information for understanding 
cutting mechanisms.

Interestingly, as noted by Zhang et al. [11], 
the hardness distribution across different regions 
of Invar 36 alloy chips is relatively uniform. 
This differs significantly from traditional serrat-
ed chips, where shear zones show much higher 
hardness compared to the central part. Changes 
in cutting regimes resulted in the emergence 
of new chip morphologies, including a “fan-
shaped” form (Figure 2), which demonstrates 
specific flow mechanisms and cutting instabili-
ties unique to the Invar 36 alloy. These findings 
differ significantly from previous studies. Con-
sequently, Zhang observes that new, unexplored 
types of chips are emerging.

As Black [12] notes, the relative motion be-
tween the tool and the workpiece during cutting 
compresses the material near the tool, causing 
shear deformation that forms chips.

Monkova et al. [13] investigated certain as-
pects of chip formation during the machining 
of EN 16MnCr5 steel. It was found that the ge-
ometry of the cutting tool and cutting conditions 
influence chip shape. In modern unmanned pro-
duction systems, ensuring efficiency and process 
continuity is crucial. Therefore, controlling chip 
formation becomes a critical task. The machin-
ing process, based on controlled material fracture, 
should ensure stable operation. The study aimed 
to understand the mechanisms of chip formation, 
as uncontrolled processes can lead to microcracks 
on the machined surface and tool breakage.

Sutter and List [14] studied chip formation in 
the Ti–6Al–4V alloy at different cutting speeds. 
A hypothesis was proposed regarding the chip 
formation mechanism within a specific range of 
speeds. Cutting speed was identified as the most 
critical factor influencing segmentation frequen-
cy, shear angle, and crack length. The significant 
reduction in cutting forces with increasing speed 
was attributed to thermal softening and the strain 
dependency of chip segments.

A review of the literature reveals that chip 
formation is influenced by factors such as the 

Figure 1. Modeling of elemental chips using FEA [1]
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workpiece material (its strength, plasticity, and 
structure), the geometry and material of the cut-
ting tool, cutting conditions, and cooling environ-
ments. Depending on these parameters, different 
types of chips may form. Several classifications 
of chips exist, but the most common are based on 
shape and formation method.

Based on shape, chips are categorized into 
continuous, discontinuous, and combined types. 
Continuous chips form during the machining of 
ductile materials at high cutting speeds and low 
feed rates, appearing as a continuous ribbon often 
coiled into a spiral. Discontinuous chips consist 
of separate elements connected to one another 
and occur when machining hard materials or at 
high feed rates. Combined chips exhibit features 
of both continuous and discontinuous types.

Based on the formation method, chips are clas-
sified as shear, crack, or fracture chips. Shear chips 
result from the cutting tool shearing off a layer of 
material. Crack chips form due to material separa-
tion along a specific plane, while fracture chips ap-
pear during the brittle failure of the material.

Identifying the chip type is essential as it helps 
evaluate the appropriateness of the chosen cutting 
regime, tool condition, and material properties. 
Chip analysis assists in optimizing machining 
parameters to achieve the required productivity 
and surface quality. Changes in chip type may 
indicate tool wear or alterations in cutting condi-
tions. Some chip types can pose a health hazard to 
workers. The chip type may even change during 
the machining of a single workpiece due to varia-
tions in cutting conditions.

However, the conditions for forming different 
chip types are still insufficiently studied, making 

it challenging to accurately predict chip types and 
resulting in the existence of various classifica-
tions. The study aims to determine the cause-and-
effect relationships influencing the formation of 
different chip types.

RESEARCH METHODOLOGY 		
AND RESULTS

To identify modern concepts regarding the 
causes of the formation of different types of chips 
during the machining of parts, a literature search 
was conducted. A simulation of chip formation 
was performed, aimed at determining the shapes 
of stress and deformation fields, which was per-
formed using the DEFORM–3D numerical mod-
eling system. The FEM allows you to effectively 
work with geometrically complex objects, inho-
mogeneous materials and various boundary con-
ditions, ensuring high accuracy and adaptability. 
After creating a 3D model of the workpiece and 
tool, setting the temperature, speed, friction, heat 
transfer, the program calculates the stress-strain 
state. It is possible to visualize the distribution 
of stresses and deformations. A triangular plate 
with a flat front surface was used as a tool. The 
plate was installed in such a way that the tool cut-
ting edge angle was φ = 90°, rake angle γ = -5°, 
and tool orthogonal clearance α = 5°. The tool is 
“absolutely sharp”, i.e. the radius of the cutting 
edge is zero and therefore its influence on the 
chip formation process was not determined in this 
work. A simplified workpiece model was selected 
and the following cutting mode parameters were 
used: v = 1.75 m/s, a = 0.5 mm, f = 0.3 mm/rev.

For experimental research, austenitic class 
steels AISI  321 and AISI 1045 were used. De-
formations in the cutting zone were observed on 
polished chip samples. To reveal the structure, the 
samples were etched with a mixture of HNO3 and 
HCl (1:3). Cutting forces were measured using 
an electric dynamometer UDM-600, which was 
modified to transmit output signals to a computer 
instead of being displayed on an analog device.

The cutting system consists of three ele-
ments: e1 – the blade, e2 – the workpiece, and e3 
– the chip. Therefore, the mechanism of chip for-
mation represents a logical sequence of elemen-
tary interaction acts (q1 – blade-workpiece, q2 – 
blade-chip, q3 – chip-workpiece) of the cutting 
system elements,

Figure 2. Fan-shaped chip [11]
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	 Е = {𝑒𝑒𝑖𝑖, 𝑞𝑞𝑖𝑖}, 𝑖𝑖 = 3 	 (1)

Initially, the interaction between the blade 
and the workpiece generates compressive de-
formation. At the same time, regardless of the 
properties of the material being processed, the 
maximum stresses in the material occur near the 
cutting edge (Figure 3a), which acts as a stress 
concentrator, as noted by Sivák et al. [15], Wahl 
and Beeuwkes [16], Hardy and Pipelzadeh [17]. 
During the further advancement of the blade, 
when the stress in the area of the tip reaches the 
limit for the material being processed, the fol-
lowing occurs. 

If the blade contacts a brittle material, a crack 
appears in front of the tip - a sign of destruction 
(Figure 3b), as evidenced by Gogotsi and Galen-
ko [18], Souguir et al. [19]. After the crack forms 
near the tip of the blade, bending stresses may oc-
cur if the resultant vector of all forces is directed 
in such a way that it lifts the cantilever formed 
after the crack. Separate, almost rectangular chip 
elements are formed. If, after the crack forms, the 
resultant is directed in such a way that bending 
does not occur, destruction occurs as a result of 
compression with the formation of fragments and 
dust. In this case, the stresses correspond to the 
condition of compressing the material between 
parallel plates. 

For example, during the cutting of cast iron, 
chips are formed in the form of very small par-
ticles that are easily removed from the cutting 
zone. The processing of cast iron is a rather dirty 
and dusty operation due to the presence of fine 
graphite dust in the air, which requires measures 
to protect the operator, as indicated by the studies 
of Xiao Bin Huang and Xing Chang [20], Yang 
and Li [21], Aslan et al. [22], de Sousa et al. [23].

In the case of processing a material with 
plastic properties, a crack does not form near 
the tip (so-called “healing” occurs), and a zone 
of increased plasticity appears there. The rest of 
the metal that contacts the front surface of the 
tool is in an elastic-plastic state, deforms (Fig-
ure 3c), and bends as it moves along the front 
surface of the blade. 

Changes in stresses in the “clamping” area 
of such a cantilever can be observed during the 
step-by-step loading of the cutting system, as 
shown in Figure 4. The sequence of stress forma-
tion (positions 1-6) corresponds to the conditions 
for the occurrence of a “plastic hinge” according 
to Van Long [24], Hoang et al. [25], Scott and 
Fenves [26], Megalooikonomou et al. [27]. In 
this zone, destruction along the so-called shear 
plane is possible. 

The shear plane may not appear at all if the 
stresses are distributed in such a way that destruc-
tion at the end of the cycle occurs only along the 
separation surface between the allowance and the 
workpiece. Thus, the shear plane is a static con-
cept that should be understood as one of the pos-
sible results of the completion of the chip forma-
tion cycle and the interaction of the elements of 
the cutting system. 

Therefore, with the same movements, un-
changed blade shape, and other conditions, a 
change in the properties of the material being 
processed causes significant changes in the pro-
cess at the very beginning of chip formation. At 
the same time, it is obvious that both the crack 
near the tip of the blade (processing of brittle ma-
terials) and the plastic and elastic-plastic zones 
(materials with elastic-plastic properties) are the 
result of compressing the metal with the blade 
surface during its advancement.

Figure 3. Formation of the stress field at the beginning of cutting:
a – stress concentration near the tip of the blade,

b – crack formation and stress in the allowance of brittle material,
c – deformation along the front surface of the blade of plastic material
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After the formation of a crack or a plastic 
zone near the blade tip, the volume of metal com-
pressed by the rake face also bears the load as a 
cantilever. This results in bending stress. When 
machining metals with elastic-plastic properties, 
the lower boundary of the plastic hinge zone is 
formed due to the simultaneous effect of com-
pression and bending deformations (Figure 5a). 
Depending on the ratio between elasticity and 
plasticity, the tool geometry, and cutting condi-
tions, the fracture (chip formation) may occur ei-
ther simultaneously along surface AC (the base of 
the chip-cantilever) and surface AB (between the 
allowance and the workpiece) or only along sur-
face AB (Figure 5b). In the first case, segmented 
chips are formed (Figure 5c), while in the second 
case, continuous chips are formed (Figure 5d, e).

To transition from punching to cutting, it is 
necessary to enable the movement of a certain 
cantilever, which forms after the metal is frac-
tured near the blade tip, along the rake face. In 
this case, this cantilever can be considered a re-
sult of compression, but it cannot be removed 
from the interaction zone between the blade and 
the metal without active contact with the rake 
face. The interaction of this cantilever with the 
blade naturally leads to changes in the condi-
tions of deformation and the formation of shear 
stresses in the cutting zone. This serves as fur-
ther confirmation of the unity and mutual influ-
ence of the workpiece, blade, and chip during 
cutting. The cutting process is impossible with-
out any of these elements.

If the two elements – the blade and the work-
piece – form a compression scheme, no cutting 
occurs, and only indentation takes place. As soon 
as an additional type of deformation, bending, 
appears, the product of compression fracture – 
the chip – is immediately released, initiating the 
cutting process.

Studies of the bending of a cantilever with a 
curved profile under the action of force P, con-
ducted by Bouadjadja et al. [28], Wu et al. [29], 
Hodžić [30] and Zagórski [31], have shown that 
maximum stresses occur near its surface at the 
point of fixation (Figure 6).

Considering the principle of independence 
of force actions, the resulting stress field during 
cutting can be visualized. To do this, we use the 
stress field that characterizes the compression 
process (see Figure 2a) and the field formed dur-
ing bending (see Figure 6). By combining the 
fields from compression and bending deforma-
tions, the overall stress field during the cutting 
of elastic-plastic materials can be obtained (Fig-
ure 2 a, b). The lower boundary of these com-
bined deformation fields is concave (due to the 
peculiarities of stress formation during bending) 
and marks the boundary of the onset of plastic 
deformation during cutting.

Thus, in the cutting zone, there are compres-
sion and bending deformations, which result from 
the shape of the line marking the beginning of 
plastic deformations, obtained by modeling (Fig-
ure 5a) and experimentally – the line AB in Fig-
ure 5b. The chip in Figure 5b is formed using the 

Figure 4. Change in stresses along the future cleavage plane with a stepwise (1–6) increase in load
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same algorithm as in Figure 3c: the formation of 
the plastic zone near the cutting edge, compres-
sion, and bending of the metal of the workpiece.

However, the reduction of the chip’s elastic 
properties led to a decrease in the influence of 
bending deformation, which caused a reduction 
in the length of the formed elements. In this case, 
the element length approaches zero, creating the 
appearance of a continuous chip. However, the 
shape of the boundary of the beginning of plastic 
deformations (line AB) indicates the presence of 
compression and bending deformations, i.e., the 
mechanism of the formation of element chips.

Therefore, during metal cutting, it is possible 
to form chips of three main types: continuous, el-
ement, and granular. Depending on the material 
being processed, cutting conditions, and tool ge-
ometry, these types are further divided into sub-
types. The first type, continuous chips, does not 
have many subtypes. In terms of structure, it dif-
fers by a greater or lesser degree of deformation, 
as shown in Figure 5d.

Elemental chips can consist of elements 
whose length approaches zero (Figure 7a), ele-
ments with a well-defined length that are firmly 
connected within the chip body (Figure 5c), or el-
ements with weak bonding strength (Figure 7b).

When an element moves along the cutting 
surface, part of the plastic zone is pushed behind 

it, leading to the filling of the chip cavity from 
the front surface of the tool. The element assumes 
a trapezoidal shape. Unevenness that could ap-
pear on the side adjacent to the tool surface is 
smoothed by the part of the plastic zone extruded 
behind the element from the tool’s tip, along with 
the deformation of the metal at the tool’s tip when 
the next element forms. This creates a layer of el-
emental chips that contacts the front surface of 
the tool. The strength of the elemental chip is not 
uniform along its entire length; in the shear re-
gion, it is much lower than along the element.

Elemental chips can form with a variable 
shrinkage coefficient along their length (Fig-
ure 8), caused by the specific conditions of their 
formation. As the chip moves along the front sur-
face at the beginning of cutting, due to friction, 
the heat in the contact zone increases, reaching a 
level where welding is possible. The movement 
of the chip stops, but the tool continues mov-
ing and compresses the workpiece metal. This is 
when the cutting force component Pz increases. 
The workpiece metal undergoes significant plas-
tic deformation, as the welded chip obstructs free 
movement along the front surface of the tool. 
When the metal is compressed between inclined 
surfaces, the main mass of the metal flows toward 
the thick end of the wedge, so the metal accumu-
lates on the outer side of the chip. Thus, the outer 

Figure 5. Formation of elemental and continuous chips: a – lower and upper boundaries of the
chip formation zone; b – possible fracture directions; c – elemental chips (steel AISI 321, v = 2.3 m/s,

f = 0.26 mm/rev, a = 0.5 mm); d – AISI 1045 steel, γ = 30°; e – continuous chips (steel AISI 321, γ = 300,
v = 2.5 m/s, f = 0.17 mm/rev, a = 0.1 mm)
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side of the buildup continually increases. On a 
longitudinal microgrind of the chip (Figure 8b), 
it is visible that the plane along which the build-
up is displaced is perpendicular to the surface of 
the chip in contact with the front surface of the 
tool. The diverging lines correspond to the fol-
lowing positions of the plane of maximum shear 
stress during the formation of the buildup. When 
the buildup resumes movement along the front 
surface, it causes a sharp decrease in the cut-
ting force. After the buildup shears off, normal 

cutting resumes until the next welding between 
the “tool-chip” pair occurs.

Granular chips form when processing brittle 
materials. They can appear as parallelepipeds, 
where the resulting force bends the volume of the 
workpiece metal created by the crack, or as small 
particles and dust, when a stress field forms in the 
mentioned volume, as shown in Figure 1b.

According to formula (1), the minimum num-
ber of actual objects capable of performing the 
cutting process is three. An analysis of the in-
teractions within the cutting system shows that 
it functions only under specific mutual arrange-
ments and movements of its elements. Since mo-
tion is always accompanied by energy transfer, 
the interactions within the system are reduced to 
the transfer of mechanical energy and heat.

The transfer of mechanical energy between 
the elements of the system occurs due to two 
main types of deformation: compression and 
bending. Therefore, the general mechanism of 
chip formation during the processing of materials 
with different physic and mechanical properties 
is based on a combination of compression and 
bending work, Table 1. The relationship between 
these types of deformations is determined by the 
geometry of the elements of the cutting system 
and their actual physic and mechanical charac-
teristics, which depend on the parameters of their 
relative motion.

The chip type is determined by the ratio of 
compression and bending deformations in combi-
nation with the mechanical properties of the pro-
cessed material. Therefore, an increase in cutting 
speed reduces the plasticity in the cutting zone 
and, thus, increases the chip elasticity, which 
increases the influence of bending deformation. 

Figure 6. Stress during bending of the console

Figure 7. Elemental shavings, steel AISI 321: a – minimum length of elements (v = 1.1 m/s, f = 0.17 mm/rev,
a = 0.1 mm); b – insignificant strength of the combination of elements, (v = 0.16 m/s, f = 0.26 mm/rev,

a = 0.5 mm)
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In this case, either an element chip with a slight 
deformation of the elements or a solid chip is 
formed. Changing the feed and depth of cut does 
not affect the elastic chip properties, therefore, 
with constant compression and bending ratios, 
the chip type does not change. However, during 
cooling, when the feed and cutting depth are re-
duced, the chip elasticity increases as a result of 
the intensification of heat transfer with a decrease 
in its thickness. This also indicates in favor of 
bending deformation.

The relative motion of the cutting system ele-
ments results from the action of external forces. 
The motion parameters are determined by the 
interaction of the thermodynamic cutting system 
with its environment. The work of external forces 
is essential for achieving the main goal of the cut-
ting process—the directed destruction of the pro-
cessed material. At the same time, all mechanical 
energy enters the system through the cutting edge, 

and the amount of work performed, related to a 
specific cutting system, determines the durability 
of the cutting edge and the motion parameters.

Among all the elements of the cutting sys-
tem, only the cutting edge is subjected to constant 
loading. Chips are formed from new material vol-
umes coming from the allowance zone, and their 
stress-strain state changes, with the load on them 
being temporary in nature.

Therefore, the durability of the cutting system 
is determined by the wear resistance of the cut-
ting edge. If, due to friction or creep, the cutting 
edge deforms to the extent that it loses its abil-
ity to perform its function, the work of external 
forces causing this condition can be considered 
critical. According to the physical principle of re-
liability, the critical work for a specific system is 
a constant value. Thus, the operational life of the 
tool is exhausted regardless of cutting conditions.

Figure 8. Chip formation with inflows: a – chip formation scheme; b – micro-section of chips (steel AISI 321,
v = 0.56 m/s, f = 0.04 mm/rev, a = 0.1 mm)

Table 1. Dependence of the chip type on the interaction of the deformation type and material properties

Chip type

Deformation type

Bending Compression

Material Material

Plastic Brittle Plastic Brittle

Fragmented + +

Elementary + +

Solid +
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Relative movement is associated with fric-
tion, which leads to the development of fatigue 
processes in the surface layers of the tool mate-
rial and heat generation. The heat produced by 
friction, along with the heat generated during 
plastic deformation and the mechanical work 
of internal forces, increases the level of internal 
energy in the processed material, bringing it to a 
critical value.

The interaction of heat and mechanical ener-
gy in the cutting zone, which leads to the achieve-
ment of the critical energy level, influences the 
amount of external energy consumed.

CONCLUSIONS

The article presents the results of finite ele-
ment modeling of the chip formation process dur-
ing machining of AISI 1045, AISI 321 steels and 
the study of chips microsections of these steels. 
Based on the work performed, the following con-
clusions can be drawn:
1.	During the first contact of the blade with the 

metal, due to the concentration of stresses near 
its tip, a crack or a zone of increased plasticity 
is formed there before failure.

2.	The volume of metal above this zone perceives 
compression and bending.

3.	The ratio between compression and bending 
deformations during machining of materials 
with different mechanical properties affects the 
formation of different types of chips.

4.	When a crack occurs in a brittle material, the 
formed console can break off during bending 
or collapse due to compression. This leads to 
the formation of fragmented chips consisting 
of particles of different sizes, including dust-
like particles.

5.	If, when processing a material with elastic-
plastic properties, increased plasticity occurs 
near the tip of the blade, then with increasing 
pressure from the front surface, the length of 
the elastic-plastic console increases, which 
increases the effect of bending and leads to 
failure not only along the surface of the sep-
aration of the allowance and the workpiece, 
but also along the surface of the plastic hinge, 
known as the shear surface. An element chip 
is formed. An element chip can be formed 
with a variable shrinkage coefficient along its 
length, which is due to changes in friction on 
the front surface.

6.	Depending on the ratio of compression and 
bending deformations during processing of 
materials with elastic-plastic properties, sev-
eral types of element chips are formed: a) the 
length of the element approaches zero; b) in-
side the element the deformation is not signifi-
cant, and they are displaced relative to each 
other along the shear surface; c) elements are 
formed as a result of limiting plastic deforma-
tion with subsequent displacement along the 
shear surface.

7.	In the case of processing an elastic-plastic ma-
terial, when the limiting stresses are created 
only on the surface of the separation of the al-
lowance and the workpiece during the bending 
of the console, a solid chip is formed.

8.	The considered sequence of processes (elemen-
tary actions) leading to the separation of chips 
from the workpiece allows us to re-imagine the 
general mechanism of chip formation. Con-
trolling the chip formation mechanism by ad-
justing the cutting mode parameters and using 
cooling allows us to improve its transportation, 
increase the safety of equipment operation and 
the quality of the machined surface.
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