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THERMOMECHANICAL AND TRIBOLOGICAL ASPECTS OF CUTTING
MULTILAYER CFRP-TITANIUM ALLOY STACKS

Drilling of CFRP-titanium alloy stacks is a complex technological task due to significant differences in the physical,
mechanical, and thermophysical properties of carbon fiber and titanium alloy. This article presents a review of modern scien-
tific research describing the physics of the cutting process separately for each layer of the package and comprehensively for
transient processes in the contact zone of carbon fiber and titanium alloy, respectively. The features of the fracture mechanisms
in the cutting zone for each of the stack materials are analyzed, and a classification of factors affecting the wear conditions
and growth during the drilling process is performed. It was determined that the combination of the abrasive effect of carbon
fibers significantly worsens the microgeometry and microrelief of the cutting edge, creating favorable conditions for the adhe-
sion of titanium alloy particles to the tool surface. The combination of adhesive and abrasive wear processes significantly
reduces the tool life, complicating the possibility of a thorough study of this phenomenon.
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Relevance of the research. Despite the significant amount of publications, the focus of ex-
isting studies on hole quality parameters, delamination and burr formation prevails. The mecha-
nisms of wear and build-up edge formation under conditions where the tool transitions between
CFRP and Ti layers are often covered fragmentarily. This limits the possibility of forming gener-
alized, physically based ideas about the features of build-up edge formation, specifically when
machining carbon fiber-reinforced plastic (CFRP)-titanium alloy stacks. Generalization of exist-
ing research will aid in understanding the direction of feature research for developing techniques
to ensure the tool life of carbide twist drills when drilling holes in CFRP-Titanium alloy stacks.

Target setting. Currently, the problem of ensuring hole accuracy and quality when drilling
CFRP-Ti alloy stacks is in the focus of research in industrial and academic societies. Physical
aspects, such as the effect of cutting parameters on thrust force, torque, and hole accuracy, are
studied in various aspects. However, authors suggest that there is still a lack of solid research on
the topic of the effect of cutting parameters on wear and built-up edge formation. The current
paper presents an analytical review of the state-of-the-art in this field to gain a more comprehen-
sive understanding of the current state of this problem.

Actual scientific researches and issues analysis. In scientific publications, the issue of ma-
chining carbon fiber-reinforced plastic (CFRP) is considered a distinct area that emerged at the
intersection of cutting theory and fracture mechanics of anisotropic materials. Generalized infor-
mation on the machinability of composites, the nature of chip formation and typical defects is
given in review and reference works (Jinyang et al., 2023). Approaches to technological support
for manufacturing products from composites, as well as the role of mechanical processing in
forming end joints, are separately outlined (Franz et al., 2022).

Research on drilling CFRP is primarily focused on analyzing delamination as the dominant
defect and determining the influence of cutting modes on the area of delamination propagation,
which is estimated using appropriate criteria (Jinyang et al., 2022). Experimentally validated ap-
proaches have been proposed to reduce delamination, including optimization of feed, cutting
speed, and drill geometry (Chen et al., 2023). It has been demonstrated that tool design features,
including specialized cutting-edge profiles and multi-edge drills, can modify the loading condi-
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tions of the reinforcing fiber layers (Jia, 2020). A separate area of research is devoted to the in-
fluence of drill geometry on axial force, chip formation, and hole quality in CFRP (Wang, 2021).
One of the factors affecting the mechanics of the cutting process is the apex angle and cutting
edge configuration (Peterka & Pokorny, 2014), which has been more thoroughly investigated for
specialized drill designs aimed at increasing the stability of the cutting process and improving
chip evacuation (Yuanxiao et al., 2024). It was found that the use of drills with multi-blade aux-
iliary cutting edges reduces damage to the composite layer (Shu et al., 2021).

General trends and the current state of the CFRP drilling problem for aerospace components
are systematized in a review (Aamir et al., 2019). The challenges of burr formation during the
processing of packages in a composite material composition and methods for their evaluation
were also separately outlined (Poor et al., 2021). Currently, in the aspects of machining the CFRP
layer, issues related to hole accuracy, geometric deviations, and ensuring the specified surface
condition of the holes remain (Prisco et al., 2019; Soori & Arezoo, 2023).

In parallel, research on the machining of titanium alloys is developing, with thermal stress of
the process and the instability of the contact interaction between the tool and the workpiece ma-
terial being key considerations. Titanium alloys are widely used in aircraft structures, which im-
proves their manufacturing technologies, particularly relevant (Martin & Evans, 2000). The cut-
ting processes of titanium alloys are characterized by high temperatures in the contact zone and
significant contact stresses, which determine the intensity of tool wear (Wong, 2008). A separate
layer of work considers the influence of tool geometry on the stability and quality of holes in Ti
alloys (Astakhov, 2024).

Of significant interest are studies on the mechanical processing of hybrid packages, particu-
larly those involving CFRP/Ti. Classical works show that when drilling “composite—titanium”
stacks, a complex set of defects in the composite layer and significant technological difficulties
in the metal layer arise (Xu et al., 2020). Approaches to optimizing the drilling process of graph-
ite/bismaleimide—titanium stacks are considered (Kim & Ramulu, 2004). It is also demonstrated
that technological recommendations for multilayer systems necessitate a separate generalization
and cannot always be applied directly from the case of homogeneous materials (Benezech et al.,
2012). The state of the problem of drilling hybrid FRP/Ti-stacks is systematized in a specialized
review (Xu et al., 2016).. The works present an analysis of the mechanisms of material removal,
the characteristics of subsurface layer damage, and the relationship between cutting modes and
hole quality parameters (Xu et al., 2018). Based on orthogonal cutting, an interpretation of the
material removal modes and the conditions for the formation of subsurface damage in
CFRP/Ti6Al4V is proposed (Vijayathithan & Anil, 2025). The influence of cooling and lubrica-
tion methods on the process parameters and hole quality indicators in CFRP/Ti packages is also
studied (Rodriguez et al., 2024).

A significant portion of the work focuses on evaluating the quality indicators of holes in
CFRP/Ti packages. Geometric deviations, dimensional errors and surface condition during drill-
ing are studied. The relationship between thermal phenomena and geometric accuracy of the hole
is shown (Kolesnyk, 2020).. The characteristics of the holes and the integrity of the surface layer
are considered with alternative methods of obtaining holes in Ti6Al4V/CFRP hybrid systems (L1
etal., 2019).

A separate area of research is devoted to the formation of burrs and interlayer defects in
stacked materials. In particular, the regularities of burr formation in the interlayer region under
the influence of technological conditions were described (Abdelhafeez et al., 2015). It has been
demonstrated that the presence of a gap between the layers creates conditions for the growth of
the interlayer burr, and the compressive force exerted by the layers affects both its height and the
thickness of the burrs (Poor et al., 2021). Generalized approaches to analyzing burrs and methods
for their reduction are presented in a review (Hassan et al., 2020).
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The issue of tool wear when drilling CFRP/Ti stacks is considered a key factor in determining
process stability. Currently, mathematical models exist, and the wear mechanisms of carbide drills
during drilling CFRP/TiAl6V4 without the use of lubricating and cooling have been described. A
comparative study of tool wear on a CFRP/Ti stack and on individual layers was conducted. It
has been demonstrated that the wear mechanisms and their intensity vary depending on whether
the material is processed as a monolithic layer or as part of a stack (Jinyang et al., 2023).

Within the framework of CFRP research, information on the use of tungsten carbides and
polycrystalline diamond as tool materials for working in abrasive wear conditions has also been
systematized. For the production conditions of aerospace assembly, approaches to using PCD
tools when drilling critical structures are presented (An et al., 2020). Separate works compare the
performance of carbide tools when drilling CFRP and CFRP/Ti stacks (Beal et al., 2011). In this
context, the issue of technological selection and tool design to improve the quality of holes in
multilayer systems is also highlighted (Jia, 2020).

Despite the significant volume of publications, existing studies are predominantly oriented
towards the parameters of hole quality, delamination, and burr formation. The mechanisms of
wear and build-up formation in the conditions of the tool transition between layers of CFRP and
titanium alloy are often covered fragmentarily. This limits the possibility of forming generalized
physically based ideas about the features of build-up edge formation specifically when machining
CFRP/Ti alloy stacks.

The statement of basic materials. Physics of CFRP cutting

The machining of CFRP is characterized by the complex physics of the cutting process,
which is due to the anisotropic structure of the material and the presence of reinforcing fibers,
whose properties differ significantly from those of the polymer matrix. CFRP is a multiphase
composite material in which the load-bearing function is mainly implemented by reinforcing
fibers, while the matrix acts as a binding medium. The physical mechanisms of material failure
during the cutting of CFRP differ significantly from those characteristic of isotropic metals.
Plastic deformation of the material in the cutting zone is practically absent, and material re-
moval occurs primarily through the brittle fracture of the fibers and local displacement of the
polymer matrix. Depending on the fiber orientation relative to the cutting direction, various
mechanisms for cutting, breaking, or pulling out the fibers can be implemented (Hassan et al.,
2022). This aspect is one of the determining factors affecting the nature of the force interaction
between the tool and the material. When cutting along the fibers, increased process stability 1s
observed, while cutting at an angle or across the fibers is accompanied by uneven destruction
and increased fluctuations in cutting forces, which is due to the complex nature of the cutting
edge loading and the instability of the contact interaction (Alvarez-Alcon et al., 2020).

An essential feature of the physics of the cutting CFRP is the intense abrasive effect of
reinforcing fibers on the cutting tool. Carbon fibers have a high specific hardness and can cause
micro-cutting of the contact surfaces of the tool. As a result, abrasive wear becomes the domi-
nant mechanism of cutting-edge degradation already at the initial stages of drilling (Zhang,
2022). Abrasive wear is accompanied by a change in the microgeometry of the cutting edge, in
particular, an increase in its cutting edge radius. This leads to a change in the conditions of tool
entry into the material, a redistribution of contact stresses, and an increase in specific cutting
forces. These phenomena are especially evident when machining multilayer laminates, where
the cutting edge sequentially interacts with fibers of different orientations (Balan et al., 2021).

Thermal processes during the cutting of carbon fiber composites have a specific nature.
The low thermal conductivity of the polymer matrix and the absence of intense plastic defor-
mation result in limited heat release in the cutting zone compared to metals. At the same time,
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a local increase in temperature can lead to thermal softening or degradation of the matrix. Such
phenomena negatively affect the surface quality of the holes and can contribute to the formation
of defects in the surface layers (Poor et al., 2021).

Cutting parameters have a significant impact on the nature of physical processes during the
machining of CFRP. Increasing the cutting speed, as a rule, helps to reduce cutting forces, but
can lead to an increase in temperature in the plastic deformation zone. The feed directly affects
the intensity of the load on the laminate layers and the conditions under which they are de-
stroyed. In this regard, optimizing cutting modes is a key area for ensuring process stability
(John et al., 2022).

The geometry of the cutting tool has a significant impact on the physics of the CFRP cutting
process. Cutting tool angles, the shape of the cutting edge and the configuration of the chip
removal grooves determine the nature of the contact with the fibers and the conditions for chip
removal (Jia et al., 2020). Specialized tool geometries can partially reduce the intensity of abra-
sive wear and improve the quality of the machined surfaces (Priarone, 2017).

Given the numerous factors and aspects that influence the mechanics of the cutting process,
it is advisable to summarize the leading research in this area (Table 1).

Table 1 — The analysis of the cutting process aspect of the mechanics of CFRP destruction

Reference

Topic

Conclusions

(Yuetal.,
2023)

Thermomechanical damage during
drilling of CFRP. The influence of
the cutting-edge condition on the
mechanism of carbon fiber frac-
ture during CFRP drilling.

It was found that the heat distribution from the cutting zone
is uneven, leading to heat accumulation, reduced fiber-ma-
trix adhesion, and brittle fracture of the carbon fibers. The
increase in tool wear exacerbates the abrasive-brittle nature
of fiber fracture, intensifying the damage to carbon fibers.

(Arjun et al.,
2022)

The mechanism of material re-
moval during milling of unidirec-
tional carbon fiber, taking into ac-
count fiber orientation and heat
release.

The destruction of carbon fiber occurs through brittle frac-
ture of the fibers. Effective cooling and lubrication reduce
friction, lower the temperature, and improve the quality of
the machined surface.

(Chaosheng et
al., 2024)

The effect of spiral drilling on the
force and thermal characteristics
of cutting carbon fiber. The effect
of step drill geometry and cyclic
drilling on the failure mechanism
of CFRP in stacks.

Cutting against the direction of the fibers is accompanied
by increased forces and more intense defect formation; the
optimal strategy is to reduce temperature and damage. The
use of step drills helps to reduce axial force and reduce de-
lamination in CFRP.

(Shariar et al.,
2025)

Contact stresses and thermal ef-
fects in the tool-CFRP interface.
Systematization of the physical
mechanisms of cutting CFRP in
stacks with metals

Excessive cutting temperature leads to “glassing” of the
polymer matrix, changes the contact mechanics, and in-
creases the risk of delamination, thereby deteriorating the
quality of the holes. A combination of brittle fracture of the
fibers, thermal destruction of the matrix, and contact
stresses in the zone of connection between the carbon fiber
layer and the metal determines the physics of cutting CFRP
in stacks.

(Chealvan et
al., 2022)

Numerical modeling of the effect
of temperature on damage to car-
bon fiber in multilayer stacks

Heat accumulation in carbon fiber accelerates thermal deg-
radation of the matrix and promotes the spread of delami-
nation of the lower layers of CFRP.

Summarizing the research results in this chapter, it can be concluded that the physics of the
carbon fiber cutting process is determined by a combination of a brittle fracture mechanism of
the material and an intense abrasive interaction between the reinforcing fibers and the cutting
tool. It is these features that shape the state of the cutting edge after passing through the com-
posite layer, which is of fundamental importance for the subsequent interaction of the tool with
the titanium alloy in multilayer stacks.
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Physics of Ti alloy cutting

Machining of titanium alloys is characterized by high process complexity, which is due to
the combination of high material strength, low thermal conductivity and increased chemical
activity of titanium. This combination of properties leads to the formation of a stress-strain state
with localization of plastic deformation in a narrow shear zone (Geng et al., 2020). During the
cutting of titanium alloys, the majority of the mechanical energy is converted into heat in the
tool-workpiece contact zone. Due to the low thermal conductivity of titanium, heat removal
into the material volume is limited, which contributes to an increase in temperature in the cut-
ting zone (Kolesnyk, 2020). Increased temperatures significantly impact contact processes and
the wear intensity of the cutting tool (Wang & Jia, 2021).

When cutting titanium alloys, the formation of segmental or chipping chips is usually observed
(Fu et al., 2022). The nature of chip formation is due to the cyclic accumulation of plastic defor-
mation, followed by local rupture (John et al., 2022). As a result, fluctuations in cutting forces and
process instability are observed, which negatively affect the quality of the machined surfaces.

High contact stresses and temperatures in the cutting zone create favorable conditions for
adhesive interaction between the titanium alloy and the tool material. Particles of the machined
material stick to the cutting edge, forming a build-up edge. The formation of the build-up
changes the geometry of the cutting wedge, friction conditions and the direction of chip con-
vergence (Chowdhury et al., 2017). The build-up edge formation process is unstable and is
accompanied by its periodic destruction. The detachment of parts of the build-up can lead to
microcracks of the cutting edge and additional intensification of tool wear. As a result, the
condition of the cutting tool gradually deteriorates and the stability of the cutting process de-
creases (Astakhov & Shvets, 2020).

Tool wear during cutting of titanium alloys is complex. Along with adhesive wear, diffu-
sion processes and thermal softening of the tool material occur in the contact zone. The com-
bined effect of these mechanisms determines the wear intensity and tool life (Beal et al., 2011).

The geometry of the cutting tool has a significant impact on the physics of the cutting
process for titanium alloys. The leading and trailing angles, as well as the leading angle and the
helix angle, have a significant impact, determining the conditions for chip formation and the
nature of the contact interaction (Astakhov, 2024). Geometry optimization enables the reduc-
tion of temperature load and partial stabilization of the cutting process (Li et al., 2023).

Cutting parameters also play a crucial role in determining the cutting conditions of titanium
alloys. Increasing the cutting speed typically increases temperature in the contact zone, whereas
increasing the feed rate affects the magnitude of the contact stresses. The choice of cutting
modes is a compromise between process performance and cutting tool stability (An etal., 2020).

Summarizing the research results, it is notable that the physics of the cutting process of titanium
alloys is determined by the interaction of thermomechanical and adhesive factors (Table 2).

Table 2 — Analysis of key research in machining Ti alloy

Reference Topic addressed Key conclusions
1 2 3

The influence of thermal | Lower axial force values are associated with helical milling due to
and adhesive phenomena | its kinematics and significantly lower temperatures in the cutting

(Hiremath | on chip formation, cutting | zone, which reduces the risk of thermal damage and decreases the
etal., 2025) | forces and surface quality | intensity of wear/adhesion. The machining process can be accom-
during drilling and helical | panied by riveting of the machined surface and is characterized by
milling. the formation of short, fragmented chips, which contribute to pro-
cess stability and quality.
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End of the table 2
1 2 3
Influence of the use of minimal | The increase in cutting-edge temperature is a key factor in the
lubrication (MQL) techniques | intensification of wear and adhesion phenomena during the
on cutting temperature, wear, | drilling of titanium alloys. MQL reduces the thermal load, re-
(Zzhuetal., . L I . -
2025) adh_esmn _apd process stability sultl_ng m_slower degradation of the cutting edge comp_ared to
during drilling of titanium alloy | cutting without coolant. The results highlight the crucial role
of heat removal from the cutting zone in determining tool life
during the machining of titanium alloys.
The effect of cryogenic cooling | Cryogenic cooling changes the thermomechanical balance of
technique on cutting tempera- | the cutting process of titanium alloys. As a result of the dif-
(Yanget | ture, cutting forces, and thermo- | ferences in cutting forces, conditions for the formation of re-
al., 2025) | mechanical damage of the sur- | sidual stresses and hardening are created. It is shown that the
face layer of holes in titanium | state of the machined surface for titanium is a function of the
alloys. temperature in the cutting zone.
Systematization of cause-and- | The review summarizes that the low thermal conductivity and
effect relationships between | chemical activity of titanium enhance the influence of local
heat generation, adhesion/build- | heat generation and adhesion, which leads to build-up for-
(Shixiong up, wear, _plagtic deformation | mation ant_j accelerated wear of the cutting tool. These phe-
etal., 2025) anq quality indicators of the ma- | nomena dlre_ctly affect the r_oughness, depth of the_ d_ef_ect
B chined surface when cutting ti- | layer and residual stresses. It is demonstrated that optimizing
tanium alloys. surface quality indicators requires simultaneous control of the
contact interaction between the tool and the workpiece, as
well as the thermal cooling mode.
Burr formation mechanisms | Burr formation in Ti-6Al-4V is a result of a combination of
when drilling Ti-6Al-4V under | plastic deformation at the exit, high cutting temperature, and
(Debard et he influence of thermomechan- | cutting edge wear
al., 2025) | Ihe influenc g edge wear.
ical conditions and the state of
the cutting edge.

The formation of a built-up edge is a key manifestation of this interaction, significantly
affecting the stability of the process and tool wear. These features are of particular importance
in the machining of multilayer stacks, where the previous interaction with the composite mate-
rial layer additionally determines the state of the cutting edge.

Physics of cutting CFRP/titanium alloy stacks

Fundamentally more complex cutting conditions characterize the machining of multilayer
CFRP/titanium alloy stacks compared to machining homogeneous materials. This is due to the
sequential interaction of the cutting tool with layers that differ significantly in mechanical, ther-
mophysical, and tribological properties (Franz et al., 2022; Xu et al., 2023). During the cutting
process, the tool initially interacts with the composite layer, which is characterized by a brittle
fracture mechanism and the intense abrasive action of the reinforcing fibers. As a result, the
cutting edge becomes blunt and its microgeometry changes. The state of the cutting edge di-
rectly affects the subsequent interaction of the tool with the titanium layer (Chowdhury et al.,
2017). A sharp change in cutting conditions occurs as the cutting tool transitions through the
material boundary. The change in the mechanism of material destruction, the nature of contact
interaction and heat generation creates unstable operating conditions for the tool. At the layer
boundary, the superposition of abrasive and adhesive wear mechanisms is observed (Alonso et
al., 2019). In the titanium layer, cutting occurs under conditions of increased contact stresses
and temperatures, which are formed by considering the previous abrasive wear of the cutting
edge. Blunting of the tool after cutting carbon fiber plastic results in an increase in the contact
area and intensification of the adhesive interaction between the tool and the titanium alloy,
creating favorable conditions for growth (Alvarez et al., 2011). A feature of package cutting is
that the formation of growth does not occur under the “classical” conditions characteristic of
cutting solid titanium alloys. The initial state of the cutting edge, changed by the abrasive action
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of the composite layer, determines the morphology of the growth and the nature of its interac-
tion with the tool (Luo et al., 2019).

A vital zone from the point of view of process physics is the boundary between the com-
posite and metal layers. It is here that the maximum instability of cutting forces and an increase
in cutting temperature are observed. Fluctuations in forces and temperature negatively impact
the state of the cutting edge, contributing to the intensification of tool wear (Chen et al., 2025).
The physics of cutting stacks is also influenced by the technological parameters of the process,
specifically cutting speed, feed and cooling conditions. These factors affect the processes in the
composite and titanium layers differently. Optimal modes for one material do not always ensure
process stability when processing a package in a different material. This complicates the choice
of technological parameters and requires compromise solutions (Fig. 1, Fig. 2) (Xu et al., 2023).
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(Xu et al., 2023)

The cutting direction and the sequence of layers have a significant impact on the physics
of the cutting process. In the case of drilling, when the tool sequentially processes the composite
material and then the titanium alloy, the effect of preliminary wear of the cutting edge is most
pronounced. These features must be considered when analyzing the wear and build-up pro-
cesses (An et al., 2020).
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Summarizing the results presented, it can be noted that the physics of cutting the “carbon
fiber-titanium alloy” packages is determined by the combined action of abrasive and adhesive
mechanisms, as well as the instability of thermomechanical conditions in the material interface
zone. Such conditions form a specific nature of the cutting tool wear and create prerequisites
for the features of build-up edge formation that differ from the processes characteristic of cut-
ting homogeneous materials.

Wear mechanics and build-up edge formation

The wear of the cutting tool during the mechanical processing of a CFRP/titanium alloy
stack is complex and multifactorial, due to the sequential interaction of the tool with layers of
materials that differ significantly in mechanical and tribological properties. In the composite
layer, the dominant mechanism influencing the cutting edge is abrasive wear caused by the
action of rigid reinforcing fibers. The abrasive action of the fibers leads to a gradual blunting
of the cutting edge and a change in its microgeometry. The change in the microgeometry of the
cutting tool will manifest itself in an increase in the radius of the cutting edge, which quickly
and significantly alters the conditions of interaction between the tool and the processed mate-
rial. Thus, the cutting of the titanium layer of the package occurs with a tool that is already
somewhat blunted, initially forming more unfavorable conditions for cutting the titanium alloy
(Aydin & Nalbant, 2020). Two primary wear mechanisms accompany the machining of tita-
nium alloys. Adhesive and thermomechanical wear are dominant, which are caused by high
contact stresses on the cutting edge due to the high strength of the titanium alloy and increased
cutting temperature, contributing to the adhesion of particles of the processed material to the
cutting edge (Sharma et al., 2025).

A characteristic consequence of the combination of high contact stresses, low thermal con-
ductivity, and high chemical activity in the cutting zone when drilling carbon fiber-titanium
alloy packages is the formation of growth on the cutting edge of the drill (Chowdhury et al.,
2017; Zhu et al., 2025). The combination of the conditions described above, in particular high
cutting temperature and low thermal conductivity, leads to the fact that a significant part of the
energy in the zone of plastic deformation is converted into heat, which, in combination with the
chemical activity of the titanium alloy, leads to the adhesive transfer of its particles to the cut-
ting edge of the tool. The unstable nature of the growth as a phenomenon leads to a cyclic
process of growth formation and detachment, which significantly worsens the microgeometry
of the drill for the next drilling cycle (Oliaei & Karpat, 2017; Salguero et al., 2011).

In addition to the conditions directly in the cutting zone, the formation of growth is influ-
enced by the conditions of the strip removal from the cutting zone, as it worsens the thermody-
namic conditions of the drilling process. Thus, preventing the formation of growth is an essen-
tial technological task in the processing of packages consisting of carbon fiber-titanium alloy.
To date, two main directions for preventing growth using minimal lubrication (MQL) and cry-
ogenic technologies have emerged (Yang et al., 2025; Zhu et al., 2025). The use of combined
cooling schemes, which combine LCO: and MQL cooling, improves chip removal and reduces
the intensity of adhesive transfer in titanium alloys (Rodriguez et al., 2024).

The mechanics of wear and built-up edge formation during the machining CFRP/Ti alloy
stacks are attributed to the combined effects of the abrasive action of carbon fibers, high cutting
temperatures, and the high chemical activity of the titanium alloy under conditions of high con-
tact loads. The consensus in scientific publications regarding the problematic nature of studying
the impact of growth on the drilling process due to the abrasive effect of carbon fiber makes
this aspect of the physics of cutting composite materials a relatively understudied area. Thus,
further research aimed at a systematic analysis of wear mechanisms and build-up edge for-
mation during drilling of CFRP/Ti alloy stacks is advisable.
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Conclusions.

1. Machining CFRP/ Ti alloy stacks is characterized by more complex cutting conditions
compared to the machining of homogeneous materials, due to significant differences in the
physical, mechanical, and thermophysical properties of the layers of the stacks.

2. The physics of the cutting process of carbon fiber is characterized by a combination of
brittle fracture of the fiber-matrix bond material and intense abrasive action of the fibers, which
intensifies the wear process of the cutting edge of the drill due to the deterioration of its micro-
geometry.

3. The physics of the cutting process of titanium alloys is characterized by a combination
of thermomechanical and thermochemical factors that contribute to the built-up edge formation
and can cause detachment of sections of the cutting edge during its separation, which signifi-
cantly worsens the operating conditions of the tool and reduces its tool life.

4. It was determined that the mechanics of cutting tool wear during package processing is
complex and cannot be reduced to the sum of wear mechanism factors typical for cutting carbon
fiber and titanium alloys, since it has a stochastic, non-linear nature.

5. The generalization of the review results showed insufficient research into the processes of
build-up formation during drilling of CFRP/ Ti alloy stack, which limits the possibilities of creating
physically based models of tool wear and substantiating rational technological parameters.

Acknowledgments

This research was supported by the Slovak research project “Research into Innovative,
Unconventional Methods of Preparation of Cutting Edge Microgeometry to Increase the Tool
Life of Cutting Tools” (VEGA 1/0266/23). The current paper was prepared during a research
stay within the framework of the National Scholarship Program of the Slovak Republic (NSP
SAIA). The article was prepared with the assistance and technical support of the non-govern-
ment organization “INDUSTRY 5.UA”.

Statement on the use of generative Al and Al-based technologies in the process
of writing the text of the article
During the writing of this material, the authors used ChatGPT to check English grammar
and to write an extended annotation. After using this tool/service, the authors reviewed and
edited the content and take full responsibility for the content of the publication.

References

1. Aamir, M., Tolouei-Rad, M., Giasin, K., & Nosrati, A. (2019). Recent advances in drilling of
carbon fiber-reinforced polymers for aerospace applications: a review. International Journal of
Advanced Manufacturing Technology, 105(5-6), 2289-2308. https://doi.org/10.1007/s00170-019-
04348-z

2. Abdelhafeez, A. M., Soo, S. L., Aspinwall, D. K., Dowson, A., & Arnold, D. (2015). Burr
formation and hole quality when drilling titanium and aluminium alloys. Cirpe 2015 - Understanding
the Life Cycle Implications of Manufacturing, 37, 230-235. https://doi.org/10.1016/j.procir.2015.08.019

3. Alonso, U., Calamaz, M., Girot, F., & Iriondo, E. (2019). Influence of flute number and stepped
bit geometry when drilling CFRP/Ti6AIl4V stacks. Journal of Manufacturing Processes, 39, 356-370.
https://doi.org/10.1016/j.jmapro.2019.02.006

4. Alvarez, M., Salguero, J., Sanchez, J. A., Huerta, M., & Marcos, M. (2011). SEM and EDS
Characterisation of Layering TiOx Growth onto the Cutting Tool Surface in Hard Drilling Processes of
Ti-Al-V Alloys. Advances in Materials Science and Engineering, 2011, 10, Article 414868.
https://doi.org/10.1155/2011/414868

5. Alvarez-Alcon, M., de Lacalle, L. N. L., & Fernandez-Zacarias, F. (2020). Multiple Sensor
Monitoring of CFRP Drilling to Define Cutting Parameters Sensitivity on Surface Roughness,
Cylindricity and Diameter. Materials, 13(12), 17, Article 2796. https://doi.org/10.3390/mal13122796

90


https://doi.org/10.1007/s00170-019-04348-z
https://doi.org/10.1007/s00170-019-04348-z
https://doi.org/10.1016/j.procir.2015.08.019
https://doi.org/10.1016/j.jmapro.2019.02.006
https://doi.org/10.1155/2011/414868
https://doi.org/10.3390/ma13122796

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 4(42), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

6. An, Q. L., Dang, J. Q., Li, J. L., Wang, C. Y., & Chen, M. (2020). Investigation on the cutting
responses of CFRP/Ti stacks: With special emphasis on the effects of drilling sequences. Composite
Structures, 253, 13, 112794, https://doi.org/10.1016/j.compstruct.2020.112794

7. Arjun, N., Alper, U., Suhasini, G., & Jawahir, I. S. (2022). Analysis of surface integrity in
drilling carbon fiber reinforced polymer composite material under various cooling/lubricating
conditions. Journal of Manufacturing Processes, 82, 124-137.
https://doi.org/10.1016/j.jmapro.2022.07.065

8. Astakhov, V. P. (2024). High-productivity drilling tools: Design and geometry. CRC Press.
https://doi.org/10.1201/9781003263296

9. Astakhov, V. P., & Shvets, S. V. (2020). Technical Resource of the Cutting Wedge is the
Foundation of the Machining Regime Determination. International Journal of Manufacturing Materials
and Mechanical Engineering, 10(2), 1-17. https://doi.org/10.4018/ijmmme.2020040101

10.Aydin, E., & Nalbant, M. (2020). The effect of drill point angles on drillability in CFRP/AI-
7075 stacking drilling. Journal of the Faculty of Engineering and Architecture of Gazi University, 35(2),
917-931. https://doi.org/10.17341/gazimmfd.548419

11.Balan, A. S. S., Kannan, C., Jain, K., Chakraborty, S., Joshi, S., Rawat, K.,...Thakur, V. K.
(2021). Numerical Modelling and Analytical Comparison of Delamination during Cryogenic Drilling
of CFRP. Polymers, 13(22), 15, 3995. https://doi.org/10.3390/polym13223995

12.Beal, A, Kim, D., Park, K. H., Kwon, P., & Asme. (2011). A comparative study of carbide tools
in drilling of cfrp and cfrp-ti stacks. Proceedings of the Asme International Manufacturing Science and
Engineering Conference 2011, 1, 145-+.

13.Benezech, L., Landon, Y., & Rubio, W. (2012). Study of Manufacturing Defects and Tool
Geometry Optimisation for Multi-Material Stack Drilling. In M. Karama (Ed.), Innovating Processes
423, 1-11. Trans Tech Publications Ltd. https://doi.org/10.4028/www.scientific.net/AMR.423.1

14.Chaosheng, L., Niancong, L., Lei, C., Wuyu, C., Yanzong, L., & Miaoke, Z. (2024). Analysis
of the effects of different milling strategies on helical milling of unidirectional CFRP under minimum
quantity lubrication. Journal of Manufacturing Processes. https://doi.org/10.1016/j.jmapro.2024.10.072

15.Chealvan, S. H., Krishnaraj, V., & Abd Rahim, E. (2022). High speed cryogenic drilling of Ti-
6Al-4V alloy under high pressure coolant conditions. Proceedings of the Institution of Mechanical
Engineers Part B-Journal of Engineering Manufacture, 236(12), 1633-1642, Article
09544054221080025. https://doi.org/10.1177/09544054221080025

16.Chen, C., Zhao, Q., Wang, A., Zhang, J., Qu, Q., & Shi, Z. (2023). Numerical Study of Step
Drill Structure on Machining Damage in Drilling of CFRP/Ti Stacks. Materials, 16, 6039.
https://doi.org/10.3390/mal6176039

17.Chen, J., Zhang, X., Xue, Z., Yan, Y., Fan, X., An, Q.,...Ko, T. J. (2025). Multi-material stage-
specific analysis and WSTVF based feature engineering for enhanced tool wear monitoring in CFRP/Ti
stacks  drilling. = Mechanical ~ Systems and  Signal  Processing, 234,  112829.
https://doi.org/10.1016/j.ymssp.2025.112829

18.Chowdhury, M. S. I, Chowdhury, S., Yamamoto, K., Beake, B. D., Bose, B., Elfizy,
A.,...Veldhuis, S. C. (2017). Wear behaviour of coated carbide tools during machining of Ti6Al4V
aerospace alloy associated with strong built up edge formation. Surface & Coatings Technology, 313,
319-327. https://doi.org/10.1016/j.surfcoat.2017.01.115

19.Debard, B., Rey, P. A., & Cherif, M. (2025). Investigation of burr formation in Ti-6Al-4V
drilling. Journal of Manufacturing Processes, 142, 482-493.
https://doi.org/10.1016/j.jmapro.2025.03.108

20.Franz, G., Vantomme, P., & Hassan, M. H. (2022). A Review on Drilling of Multilayer Fiber-
Reinforced Polymer Composites and Aluminum Stacks: Optimization of Strategies for Improving the
Drilling Performance of Aerospace Assemblies. Fibers, 10, 78. https://doi.org/10.3390/fib10090078

21.Fu, Q., Wu, S. J,, Li, C. H,, Xu, J. Y., & Wang, D. Z. (2022). Delamination and chip breaking
mechanism of orthogonal cutting CFRP/Ti6Al4V composite. Journal of Manufacturing Processes, 73,
183-196. https://doi.org/10.1016/j.jmapro.2021.11.015

22.Geng, D., Liu, Y., Shao, Z., Zhang, M., Jiang, X., & Zhang, D. (2020). Delamination formation
and suppression during rotary ultrasonic elliptical machining of CFRP. Composites Part B: Engineering,
183, 12. https://doi.org/10.1016/j.compositesb.2019.107698

91


https://doi.org/10.1016/j.compstruct.2020.112794
https://doi.org/10.1016/j.jmapro.2022.07.065
https://doi.org/10.1201/9781003263296
https://doi.org/10.4018/ijmmme.2020040101
https://doi.org/10.17341/gazimmfd.548419
https://doi.org/10.3390/polym13223995
https://doi.org/10.4028/www.scientific.net/AMR.423.1
https://doi.org/10.1016/j.jmapro.2024.10.072
https://doi.org/10.1177/09544054221080025
https://doi.org/10.3390/ma16176039
https://doi.org/10.1016/j.ymssp.2025.112829
https://doi.org/10.1016/j.surfcoat.2017.01.115
https://doi.org/10.1016/j.jmapro.2025.03.108
https://doi.org/10.3390/fib10090078
https://doi.org/10.1016/j.jmapro.2021.11.015
https://doi.org/10.1016/j.compositesb.2019.107698

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 4(42), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

23.Hassan, A. A., Soo, S. L., Aspinwall, D. K., Arnold, D., & Dowson, A. (2020). An analytical
model to predict interlayer burr size following drilling of CFRP-metallic stack assemblies. Cirp Annals-
Manufacturing Technology, 69(1), 109-112. https://doi.org/10.1016/j.cirp.2020.04.038

24.Hassan, M. H., Abdullah, J., & Franz, G. (2022). Multi-Objective Optimization in Single-Shot
Drilling of CFRP/AI Stacks Using Customized Twist Drill. Materials, 15(5), 25, Article 1981.
https://doi.org/10.3390/mal15051981

25.Hiremath, A., Malghan, R. L., Bolar, G., & Polishetty, A. (2025). Comprehensive machinability
assessment of Ti6Al4V alloy during drilling and helical milling using sustainable dry condition.
International Journal on Interactive Design and Manufacturing (1JIDeM), 19, 1987-2002.
https://doi.org/10.1007/s12008-024-01964-2

26.Jia. (2020). Multi-margin drill structure for improving hole quality and dimensional consistency
in drilling Ti/CFRP stacks. Journal of Materials Processing Technology, 276, 9.

27Jia, Z. Y., Chen, C., Wang, F. J., Zhang, C., & Wang, Q. (2020). Analytical model for
delamination of CFRP during drilling of CFRP/metal stacks. International Journal of Advanced
Manufacturing Technology, 106(11-12), 5099-5109. https://doi.org/10.1007/s00170-020-05029-y

28.Jinyang, X., Norbert, G., Jiaxin, S., Vijayan, K., & Samsudeensadham, S. (2023). A review on
CFRP drilling: fundamental mechanisms, damage issues, and approaches. Journal of Materials
Research and Technology, 24, 9677-9707. https://doi.org/10.1016/j.jmrt.2023.05.023

29.Jinyang, X., Youkang, Y., Davim, J. P., Linfeng, L., Min, J., Norbert, G., & Ming, C. (2022). A
critical review addressing drilling-induced damage of CFRP composites. Composite Structures, 294,
115594. https://doi.org/10.1016/j.compstruct.2022.115594

30.John, K. M., Thirumalai Kumaran, S., Kurniawan, R., & Ahmed, F. (2022). Evaluation of thrust
force and delamination in drilling of CFRP by using

3l.active spring restoring backup force. Materials Today: Proceedings, 49(2), 269-274.
https://doi.org/10.1016/j.matpr.2021.02.033

32.Kim, D., & Ramulu, M. (2004). Drilling process optimization for graphite/bismaleimide-
titanium alloy stacks. Composite Structures, 63(1), 101-114. https://doi.org/10.1016/s0263-
8223(03)00137-5

33.Kolesnyk. (2020). Experimental study of drilling temperature, geometrical errors and thermal
expansion of drill on hole accuracy when drilling CFRP/Ti alloy stacks. Materials, 13(14), 17.

34.Li, E. M., Zhou, J. T., Yang, C. S., Zhao, J. H., Li, Z. Y., Zhang, S. S., & Wang, M. W. (2023).
Part machining deformation prediction based on spatial-temporal correlation learning of geometry and
cutting loads. Journal of Manufacturing Processes, 92, 397-411.
https://doi.org/10.1016/j.jmapro.2023.02.042

35.Li, M. J., Huang, M. J., Chen, Y. W., Kai, W., & Yang, X. J. (2019). Experimental study on
hole characteristics and surface integrity following abrasive waterjet drilling of Ti6Al4V/CFRP hybrid
stacks. International Journal of Advanced Manufacturing Technology, 104(9-12), 4779-47809.
https://doi.org/10.1007/s00170-019-04334-5

36.Luo, B., Zhang, K. F.,, Liu, S. N., Cheng, H., & Wang, R. X. (2019). Investigation on the
interface damage in drilling low-stiffness CFRP/Ti stacks Chinese Journal of Aeronautics, 32(9), 2211-
2221. https://doi.org/10.1016/j.cja.2019.04.017

37.Martin, R., & Evans, D. (2000). Reducing costs in aircraft: The metals affordability initiative
consortium. JOM, 52, 24-28.

38.0liaei, S. N. B., & Karpat, Y. (2017). Investigating the influence of friction conditions on finite
element simulation of microscale machining with the presence of built-up edge. International Journal
of Advanced Manufacturing Technology, 90(1-4), 819-829. https://doi.org/10.1007/s00170-016-9456-9

39.Peterka, J., & Pokorny, P. (2014). Influence of the Lead Angle from the Vertical Axis Milling
on Effective Radius of the Cutter. Precision Machining Vii, 581, 44-49.
https://doi.org/10.4028/www.scientific.net/KEM.581.44

40.Poor, D. I., Geier, N., Pereszlai, C., & Xu, J. Y. (2021). A critical review of the drilling of CFRP
composites: Burr formation, characterisation and challenges. Composites Part B-Engineering, 223, 17,
109155. https://doi.org/10.1016/j.compositesb.2021.109155

41.Priarone. (2017). Diamond drilling of carbon fiber reinforced polymers: Influence of tool grit

92


https://doi.org/10.1016/j.cirp.2020.04.038
https://doi.org/10.3390/ma15051981
https://doi.org/10.1007/s12008-024-01964-2
https://doi.org/10.1007/s00170-020-05029-y
https://doi.org/10.1016/j.jmrt.2023.05.023
https://doi.org/10.1016/j.compstruct.2022.115594
https://doi.org/10.1016/j.matpr.2021.02.033
https://doi.org/10.1016/s0263-8223(03)00137-5
https://doi.org/10.1016/s0263-8223(03)00137-5
https://doi.org/10.1016/j.jmapro.2023.02.042
https://doi.org/10.1007/s00170-019-04334-5
https://doi.org/10.1016/j.cja.2019.04.017
https://doi.org/10.1007/s00170-016-9456-9
https://doi.org/10.4028/www.scientific.net/KEM.581.44
https://doi.org/10.1016/j.compositesb.2021.109155

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 4(42), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

size and process parameters on workpiece delamination. Procedia CIRP, 66, 181-186.

42.Prisco, U., Impero, F., & Rubino, F. (2019). Peck drilling of CFRP/titanium stacks: effect of
tool wear on hole dimensional and geometrical accuracy. Production Engineering-Research and
Development, 13(5), 529-538. https://doi.org/10.1007/s11740-019-00915-1

43.Rodriguez, 1., Arrazola, P. J., Cuesta, M., & Pu“savec, F. (2024). Hole quality improvement in
CFRP/Ti6Al4V stacks using optimised flow rates for LCO2 and MQL sustainable cooling/lubrication.
Composite Structures, 329, 117687. https://doi.org/10.1016/j.compstruct.2023.117687

44.Salguero, J., Batista, M., Sanchez, J. A., & Marcos, M. (2011). An XPS Study of the Stratified
Built-Up Layers Developed onto the Tool Surface in the Dry Drilling of Ti Alloys. Modelling of
Machining Operations, 223, 564-+. https://doi.org/10.4028/www.scientific.net/AMR.223.564

45.Shariar, F., Karagiizel, U., & Karpat, Y. (2025). A hybrid model to analyze stress distributions
at the tool and workpiece interface during drilling of thick CFRP laminates considering thermal effects.
The International Journal of Advanced Manufacturing Technology. https://doi.org/10.1007/s00170-
025-15717-2

46.Sharma, P., Mishra, S. K., & Ramkumar, J. (2025). Damage mechanisms and wear progression
of advanced AITiSiN coatings deposited on WC/Co cemented carbide cutting tools for machining under
cryogenic conditions. CERAMICS INTERNATIONAL, 51(27), 54530-54548.
https://doi.org/10.1016/j.ceramint.2025.09.183

47.Shixiong, W. U., Xiaojian, M. E. I., Yimin, L. I. N., Xiaowei, Z., Chengyong, W., & Chaolin,
T. A. N. (2025). Surface integrity in titanium alloy cutting: A comprehensive review. Journal of
Manufacturing Processes. https://doi.org/10.1016/j.cja.2025.103903

48.Shu, L. M., Li, S. H., Fang, Z. L., Kizaki, T., Kimura, K., Arai, G.,...Sugita, N. (2021). Study
on dedicated drill bit design for carbon fiber reinforced polymer drilling with improved cutting
mechanism. Composites Part a-Applied Science and Manufacturing, 142, 17, Article 106259.
https://doi.org/10.1016/j.compositesa.2020.106259

49.Soori, M., & Arezoo, B. (2023). Dimensional, geometrical, thermal and tool deflection errors
compensation in 5-Axis CNC milling operations. Australian Journal of Mechanical Engineering, 15.
https://doi.org/10.1080/14484846.2023.2195149

50.Vijayathithan, M., & Anil, M. (2025). Predictive modelling of tool wear in CFRP drilling using
acoustic emission sensors under dry and cryogenic conditions. Wear, 570, 205930.
https://doi.org/10.1016/j.wear.2025.205930

51.Wang. (2021). Novel chip-breaking structure of step drill for drilling damage reduction on
CFRP/Al stack. Journal of Materials Processing Technology, 291, 9.

52.Wang, Q., & Jia, X. L. (2021). Optimization of cutting parameters for improving exit
delamination, surface roughness, and production rate in drilling of CFRP composites. International
Journal of Advanced Manufacturing Technology, 117(11-12), 3487-3502.
https://doi.org/10.1007/s00170-021-07918-2

53.Wong, F. R. (2008). Effect of drill geometry of uncoated tool when drilling titanium alloy Ti-
6Al-4V (Master’s thesis). In.

54.Xu, J. Y., Ji, M., Davim, J. P., Chen, M., El Mansori, M., & Krishnaraj, V. (2020). Comparative
study of minimum quantity lubrication and dry drilling of CFRP/titanium stacks using TiAIN and
diamond coated drills. Composite Structures, 234, 13, Article 111727.
https://doi.org/10.1016/j.compstruct.2019.111727

55.Xu, J. Y., Kolesnyk, V., Li, C. P., Lysenko, B., Peterka, J., & Gupta, M. K. (2023). A critical
review addressing conventional twist drilling mechanisms and quality of CFRP/Ti stacks. Journal of
Materials Research and Technology-Jmr&T, 24, 6614-6651. https://doi.org/10.1016/j.jmrt.2023.04.226

56.Xu, J. Y., Li, C., El Mansori, M., Liu, G. Y., & Chen, M. (2018). Study on the Frictional Heat
at Tool-Work Interface when Drilling CFRP Composites. 46th Sme North American Manufacturing
Research Conference, Namrc 46, 26, 415-423. https://doi.org/10.1016/j.promfg.2018.07.049

57.Xu, J. Y., Mkaddem, A., & El Mansori, M. (2016). Recent advances in drilling hybrid FRP/Ti
composite: A state-of-the-art review. Composite Structures, 135, 316-338.
https://doi.org/10.1016/j.compstruct.2015.09.028

58.Yang, D., Liu, G., & Li, X. (2025). Cryogenic Temperature-Dependent Machining Forces and

93


https://doi.org/10.1007/s11740-019-00915-1
https://doi.org/10.1016/j.compstruct.2023.117687
https://doi.org/10.4028/www.scientific.net/AMR.223.564
https://doi.org/10.1007/s00170-025-15717-2
https://doi.org/10.1007/s00170-025-15717-2
https://doi.org/10.1016/j.ceramint.2025.09.183
https://doi.org/10.1016/j.cja.2025.103903
https://doi.org/10.1016/j.compositesa.2020.106259
https://doi.org/10.1080/14484846.2023.2195149
https://doi.org/10.1016/j.wear.2025.205930
https://doi.org/10.1007/s00170-021-07918-2
https://doi.org/10.1016/j.compstruct.2019.111727
https://doi.org/10.1016/j.jmrt.2023.04.226
https://doi.org/10.1016/j.promfg.2018.07.049
https://doi.org/10.1016/j.compstruct.2015.09.028

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 4(42), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

Surface Integrity of Ti-6Al-4V Titanium Alloy. Advanced Engineering Materials.
https://doi.org/10.1002/adem.202502270

59.Yu, J. J., Pan, Z. X., Ye, W, Li, Q. C., & Wu, Z. Y. (2023). Dynamic temperature field and
drilling damage mechanism of plain woven carbon/glass hybrid composites. COMPOSITE
STRUCTURES, 304, 116375, Article 116375. https://doi.org/10.1016/j.compstruct.2022.116375

60.Yuanxiao, L., Feng, J., Zigiang, Z., Xue, W., & Ying, N. (2024). A prediction model for drilling
temperature of CFRP/Ti stacks and green cooling strategy considering chip ejection process. Journal of
Materials Processing Tech., 329, 118424, https://doi.org/10.1016/j.jmatprotec.2024.118424

61.Zhang. (2022). Effect of embedded delamination on the compression performance of carbon
fiber reinforced composites. Composite Structures, 281, 115063.

62.Zhu, Z., Shih, A. J., & Chen, L. (2025). Cutting edge temperature and drill wear in dry and
minimum quantity lubrication environmentally-friendly drilling of the titanium alloy. Journal of
Materials Research and Technology, 39, 9517-9525. https://doi.org/10.1016/].jmrt.2025.12.010

Cnucoxk BUKOPUCTAHUX JI3KepeJt

1. Aamir, M., Tolouei-Rad, M., Giasin, K., & Nosrati, A. (2019). Recent advances in drilling of
carbon fiber-reinforced polymers for aerospace applications: a review [Review]. International Journal
of Advanced Manufacturing Technology, 105(5-6), 2289-2308. https://doi.org/10.1007/s00170-019-
04348-z

2. Abdelhafeez, A. M., Soo, S. L., Aspinwall, D. K., Dowson, A., & Arnold, D. (2015). Burr
formation and hole quality when drilling titanium and aluminium alloys [Proceedings Paper]. Cirpe
2015 - Understanding the Life Cycle Implications of Manufacturing, 37, 230-235.
https://doi.org/10.1016/j.procir.2015.08.019

3. Alonso, U., Calamaz, M., Girot, F., & Iriondo, E. (2019). Influence of flute number and stepped
bit geometry when drilling CFRP/Ti6AIl4V stacks [Article]. Journal of Manufacturing Processes, 39,
356-370. https://doi.org/10.1016/j.jmapro.2019.02.006

4. Alvarez, M., Salguero, J., Sanchez, J. A., Huerta, M., & Marcos, M. (2011). SEM and EDS
Characterisation of Layering TiOx Growth onto the Cutting Tool Surface in Hard Drilling Processes of
Ti-Al-V Alloys [Article]. Advances in Materials Science and Engineering, 2011, 10, Article 414868.
https://doi.org/10.1155/2011/414868

5. Alvarez-Alcon, M., de Lacalle, L. N. L., & Fernandez-Zacarias, F. (2020). Multiple Sensor
Monitoring of CFRP Drilling to Define Cutting Parameters Sensitivity on Surface Roughness,
Cylindricity  and Diameter  [Article]. Materials, 13(12), 17,  Article  2796.
https://doi.org/10.3390/mal3122796

6. An,Q.L. Dang,J. Q. Li,J. L,Wang, C.Y., & Chen, M. (2020). Investigation on the cutting
responses of CFRP/Ti stacks: With special emphasis on the effects of drilling sequences [Article].
Composite Structures, 253, 13, Article 112794. https://doi.org/10.1016/j.compstruct.2020.112794

7. Arjun, N., Alper, U., Suhasini, G., & Jawahir, 1. S. (2022). Analysis of surface integrity in
drilling carbon fiber reinforced polymer composite material under various cooling/lubricating
conditions. Journal of Manufacturing Processes, 82, 124-137.
https://doi.org/10.1016/j.jmapro.2022.07.065

8. Astakhov, V. P. (2024). High-productivity drilling tools: Design and geometry. CRC Press.
https://doi.org/10.1201/9781003263296

9. Astakhov, V. P., & Shvets, S. V. (2020). Technical Resource of the Cutting Wedge is the
Foundation of the Machining Regime Determination [Article]. International Journal of Manufacturing
Materials and Mechanical Engineering, 10(2), 1-17. https://doi.org/10.4018/ijmmme.2020040101

10. Aydin, E., & Nalbant, M. (2020). The effect of drill point angles on drillability in CFRP/AI-
7075 stacking drilling [Article]. Journal of the Faculty of Engineering and Architecture of Gazi
University, 35(2), 917-931. https://doi.org/10.17341/gazimmfd.548419

11. Balan, A. S. S., Kannan, C., Jain, K., Chakraborty, S., Joshi, S., Rawat, K.,...Thakur, V. K.
(2021). Numerical Modelling and Analytical Comparison of Delamination during Cryogenic Drilling
of CFRP [Article]. Polymers, 13(22), 15, Article 3995. https://doi.org/10.3390/polym13223995

94


https://doi.org/10.1002/adem.202502270
https://doi.org/10.1016/j.compstruct.2022.116375
https://doi.org/10.1016/j.jmatprotec.2024.118424
https://doi.org/10.1016/j.jmrt.2025.12.010
https://doi.org/10.1007/s00170-019-04348-z
https://doi.org/10.1007/s00170-019-04348-z
https://doi.org/10.1016/j.procir.2015.08.019
https://doi.org/10.1016/j.jmapro.2019.02.006
https://doi.org/10.1155/2011/414868
https://doi.org/10.3390/ma13122796
https://doi.org/10.1016/j.compstruct.2020.112794
https://doi.org/10.1016/j.jmapro.2022.07.065
https://doi.org/10.1201/9781003263296
https://doi.org/10.4018/ijmmme.2020040101
https://doi.org/10.17341/gazimmfd.548419
https://doi.org/10.3390/polym13223995

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 4(42), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

12. Beal, A, Kim, D., Park, K. H., Kwon, P., & Asme. (2011). A COMPARATIVE STUDY OF
CARBIDE TOOLS IN DRILLING OF CFRP AND CFRP-TI STACKS [Proceedings Paper].
Proceedings of the Asme International Manufacturing Science and Engineering Conference 2011, Vol
1, 145-+.

13. Benezech, L., Landon, Y., & Rubio, W. (2012). Study of Manufacturing Defects and Tool Geometry
Optimisation for Multi-Material Stack Drilling. In M. Karama (Ed.), Innovating Processes (Vol. 423, pp. 1-
11). Trans Tech Publications Ltd. https://doi.org/10.4028/www.scientific.net/ AMR.423.1

14. Chaosheng, L., Niancong, L., Lei, C., Wuyu, C., Yanzong, L., & Miaoke, Z. (2024). Analysis
of the effects of different milling strategies on helical milling of unidirectional CFRP under minimum
quantity lubrication. Journal of Manufacturing Processes. https://doi.org/10.1016/j.jmapro.2024.10.072

15. Chealvan, S. H., Krishnaraj, V., & Abd Rahim, E. (2022). High speed cryogenic drilling of Ti-
6AIl-4V alloy under high pressure coolant conditions [Article]. Proceedings of the Institution of
Mechanical Engineers Part B-Journal of Engineering Manufacture, 236(12), 1633-1642, Article
09544054221080025. https://doi.org/10.1177/09544054221080025

16. Chen, C., Zhao, Q., Wang, A., Zhang, J., Qu, Q., & Shi, Z. (2023). Numerical Study of Step
Drill Structure on Machining Damage in Drilling of CFRP/Ti Stacks. Materials, 16, 6039.
https://doi.org/10.3390/mal16176039

17. Chen, J., Zhang, X., Xue, Z., Yan, Y., Fan, X., An, Q.,...Ko, T. J. (2025). Multi-material stage-
specific analysis and WSTVF based feature engineering for enhanced tool wear monitoring in CFRP/Ti
stacks  drilling. Mechanical ~ Systems and  Signal Processing, 234,  1128209.
https://doi.org/10.1016/j.ymssp.2025.112829

18. Chowdhury, M. S. 1., Chowdhury, S., Yamamoto, K., Beake, B. D., Bose, B., Elfizy,
A.,...Veldhuis, S. C. (2017). Wear behaviour of coated carbide tools during machining of Ti6Al4V
aerospace alloy associated with strong built up edge formation [Article]. Surface & Coatings
Technology, 313, 319-327. https://doi.org/10.1016/j.surfcoat.2017.01.115

19. Debard, B., Rey, P. A., & Cherif, M. (2025). Investigation of burr formation in Ti-6Al-4V drilling.
Journal of Manufacturing Processes, 142, 482-493. https://doi.org/10.1016/j.jmapro.2025.03.108

20. Franz, G., Vantomme, P., & Hassan, M. H. (2022). A Review on Drilling of Multilayer Fiber-
Reinforced Polymer Composites and Aluminum Stacks: Optimization of Strategies for Improving the
Drilling Performance of Aerospace Assemblies. Fibers, 10, 78. https://doi.org/10.3390/fib10090078

21. Fu, Q., Wu, S. J,, Li, C. H,, Xu, J. Y., & Wang, D. Z. (2022). Delamination and chip breaking
mechanism of orthogonal cutting CFRP/Ti6Al4V composite [Article]. Journal of Manufacturing
Processes, 73, 183-196. https://doi.org/10.1016/j.jmapro.2021.11.015

22. Geng, D., Liu, Y., Shao, Z., Zhang, M., Jiang, X., & Zhang, D. (2020). Delamination formation
and suppression during rotary ultrasonic elliptical machining of CFRP. Composites Part B: Engineering,
183, 12. https://doi.org/10.1016/j.compositesb.2019.107698

23. Hassan, A. A., Soo, S. L., Aspinwall, D. K., Arnold, D., & Dowson, A. (2020). An analytical
model to predict interlayer burr size following drilling of CFRP-metallic stack assemblies [Article].
Cirp Annals-Manufacturing Technology, 69(1), 109-112. https://doi.org/10.1016/j.cirp.2020.04.038

24. Hassan, M. H., Abdullah, J., & Franz, G. (2022). Multi-Objective Optimization in Single-Shot
Drilling of CFRP/AI Stacks Using Customized Twist Drill [Article]. Materials, 15(5), 25, Article 1981.
https://doi.org/10.3390/mal5051981

25. Hiremath, A., Malghan, R. L., Bolar, G., & Polishetty, A. (2025). Comprehensive machinability
assessment of Ti6Al4V alloy during drilling and helical milling using sustainable dry condition.
International Journal on Interactive Design and Manufacturing (1J1DeM), 19, 1987-2002.
https://doi.org/10.1007/s12008-024-01964-2

26. Jia. (2020). Multi-margin drill structure for improving hole quality and dimensional consistency
in drilling Ti/CFRP stacks. Journal of Materials Processing Technology, 276, 9.

27. Jia, Z. Y., Chen, C., Wang, F. J., Zhang, C., & Wang, Q. (2020). Analytical model for
delamination of CFRP during drilling of CFRP/metal stacks [Article]. International Journal of
Advanced Manufacturing Technology, 106(11-12), 5099-5109. https://doi.org/10.1007/s00170-020-
05029-y

95


https://doi.org/10.4028/www.scientific.net/AMR.423.1
https://doi.org/10.1016/j.jmapro.2024.10.072
https://doi.org/10.1177/09544054221080025
https://doi.org/10.3390/ma16176039
https://doi.org/10.1016/j.ymssp.2025.112829
https://doi.org/10.1016/j.surfcoat.2017.01.115
https://doi.org/10.1016/j.jmapro.2025.03.108
https://doi.org/10.3390/fib10090078
https://doi.org/10.1016/j.jmapro.2021.11.015
https://doi.org/10.1016/j.compositesb.2019.107698
https://doi.org/10.1016/j.cirp.2020.04.038
https://doi.org/10.3390/ma15051981
https://doi.org/10.1007/s12008-024-01964-2
https://doi.org/10.1007/s00170-020-05029-y
https://doi.org/10.1007/s00170-020-05029-y

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 4(42), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

28. Jinyang, X., Norbert, G., Jiaxin, S., Vijayan, K., & Samsudeensadham, S. (2023). A review on
CFRP drilling: fundamental mechanisms, damage issues, and approaches. Journal of Materials
Research and Technology, 24, 9677-9707. https://doi.org/10.1016/j.jmrt.2023.05.023

29. Jinyang, X., Youkang, Y., Davim, J. P., Linfeng, L., Min, J., Norbert, G., & Ming, C. (2022). A
critical review addressing drilling-induced damage of CFRP composites. Composite Structures, 294,
115594. https://doi.org/10.1016/j.compstruct.2022.115594

30. John, K. M., Thirumalai Kumaran, S., Kurniawan, R., & Ahmed, F. (2022). Evaluation of thrust
force and delamination in drilling of CFRP by using

31. active spring restoring backup force. Materials Today: Proceedings, 49(2), 269-274.
https://doi.org/10.1016/j.matpr.2021.02.033

32. Kim, D., & Ramulu, M. (2004). Drilling process optimization for graphite/bismaleimide-
titanium alloy stacks. Composite Structures, 63(1), 101-114. https://doi.org/10.1016/s0263-
8223(03)00137-5

33. Kolesnyk. (2020). Experimental study of drilling temperature, geometrical errors and thermal
expansion of drill on hole accuracy when drilling CFRP/Ti alloy stacks. Materials, 13(14), 17.

34. Li, E. M., Zhou, J. T., Yang, C. S., Zhao, J. H., Li, Z. Y., Zhang, S. S., & Wang, M. W. (2023).
Part machining deformation prediction based on spatial-temporal correlation learning of geometry and
cutting  loads  [Article]. Journal of  Manufacturing  Processes, 92, 397-411.
https://doi.org/10.1016/j.jmapro.2023.02.042

35. Li, M. J., Huang, M. J,, Chen, Y. W, Kai, W., & Yang, X. J. (2019). Experimental study on
hole characteristics and surface integrity following abrasive waterjet drilling of Ti6Al4V/CFRP hybrid
stacks [Article]. International Journal of Advanced Manufacturing Technology, 104(9-12), 4779-4789.
https://doi.org/10.1007/s00170-019-04334-5

36. Luo, B., Zhang, K. F., Liu, S. N., Cheng, H., & Wang, R. X. (2019). Investigation on the
interface damage in drilling low-stiffness CFRP/Ti stacks [Article]. Chinese Journal of Aeronautics,
32(9), 2211-2221. https://doi.org/10.1016/j.cja.2019.04.017

37. Martin, R., & Evans, D. (2000). Reducing costs in aircraft: The metals affordability initiative
consortium. JOM, 52, 24-28.

38. Oliaei, S. N. B., & Karpat, Y. (2017). Investigating the influence of friction conditions on finite
element simulation of microscale machining with the presence of built-up edge [Article]. International
Journal of Advanced Manufacturing Technology, 90(1-4), 819-829. https://doi.org/10.1007/s00170-
016-9456-9

39. Peterka, J., & Pokorny, P. (2014). Influence of the Lead Angle from the Vertical Axis Milling
on Effective Radius of the Cutter [Proceedings Paper]. Precision Machining Vii, 581, 44-49.
https://doi.org/10.4028/www.scientific.net/KEM.581.44

40. Poor, D. I., Geier, N., Pereszlai, C., & Xu, J. Y. (2021). A critical review of the drilling of CFRP
composites: Burr formation, characterisation and challenges [Review]. Composites Part B-Engineering,
223, 17, Article 109155. https://doi.org/10.1016/j.compositesb.2021.109155

41. Priarone. (2017). Diamond drilling of carbon fiber reinforced polymers: Influence of tool grit
size and process parameters on workpiece delamination. Procedia CIRP, 66, 181-186.

42. Prisco, U., Impero, F., & Rubino, F. (2019). Peck drilling of CFRP/titanium stacks: effect of
tool wear on hole dimensional and geometrical accuracy [Article]. Production Engineering-Research
and Development, 13(5), 529-538. https://doi.org/10.1007/s11740-019-00915-1

43. Rodriguez, 1., Arrazola, P. J., Cuesta, M., & Pusavec, F. (2024). Hole quality improvement in
CFRP/Ti6Al4V stacks using optimised flow rates for LCO2 and MQL sustainable cooling/lubrication.
Composite Structures, 329, 117687. https://doi.org/10.1016/j.compstruct.2023.117687

44. Salguero, J., Batista, M., Sanchez, J. A., & Marcos, M. (2011). An XPS Study of the Stratified Built-
Up Layers Developed onto the Tool Surface in the Dry Drilling of Ti Alloys [Proceedings Paper]. Modelling
of Machining Operations, 223, 564-+. https://doi.org/10.4028/www.scientific.net/ AMR.223.564

45. Shariar, F., Karagiizel, U., & Karpat, Y. (2025). A hybrid model to analyze stress distributions
at the tool and workpiece interface during drilling of thick CFRP laminates considering thermal effects.
The International Journal of Advanced Manufacturing Technology. https://doi.org/10.1007/s00170-
025-15717-2

96


https://doi.org/10.1016/j.jmrt.2023.05.023
https://doi.org/10.1016/j.compstruct.2022.115594
https://doi.org/10.1016/j.matpr.2021.02.033
https://doi.org/10.1016/s0263-8223(03)00137-5
https://doi.org/10.1016/s0263-8223(03)00137-5
https://doi.org/10.1016/j.jmapro.2023.02.042
https://doi.org/10.1007/s00170-019-04334-5
https://doi.org/10.1016/j.cja.2019.04.017
https://doi.org/10.1007/s00170-016-9456-9
https://doi.org/10.1007/s00170-016-9456-9
https://doi.org/10.4028/www.scientific.net/KEM.581.44
https://doi.org/10.1016/j.compositesb.2021.109155
https://doi.org/10.1007/s11740-019-00915-1
https://doi.org/10.1016/j.compstruct.2023.117687
https://doi.org/10.4028/www.scientific.net/AMR.223.564
https://doi.org/10.1007/s00170-025-15717-2
https://doi.org/10.1007/s00170-025-15717-2

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 4(42), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

46. Sharma, P., Mishra, S. K., & Ramkumar, J. (2025). Damage mechanisms and wear progression
of advanced AITiSiN coatings deposited on WC/Co cemented carbide cutting tools for machining under
cryogenic  conditions  [Article]. CERAMICS INTERNATIONAL, 51(27), 54530-54548.
https://doi.org/10.1016/j.ceramint.2025.09.183

47. Shixiong, W. U., Xiaojian, M. E. L., Yimin, L. I. N., Xiaowei, Z., Chengyong, W., & Chaolin,
T. A. N. (2025). Surface integrity in titanium alloy cutting: A comprehensive review. Journal of
Manufacturing Processes. https://doi.org/10.1016/j.cja.2025.103903

48. Shu, L. M., Li, S. H., Fang, Z. L., Kizaki, T., Kimura, K., Arai, G.,...Sugita, N. (2021). Study
on dedicated drill bit design for carbon fiber reinforced polymer drilling with improved cutting
mechanism [Article]. Composites Part a-Applied Science and Manufacturing, 142, 17, Article 106259.
https://doi.org/10.1016/j.compositesa.2020.106259

49. Soori, M., & Arezoo, B. (2023). Dimensional, geometrical, thermal and tool deflection errors
compensation in 5-Axis CNC milling operations [Article; Early Access]. Australian Journal of
Mechanical Engineering, 15. https://doi.org/10.1080/14484846.2023.2195149

50. Vijayathithan, M., & Anil, M. (2025). Predictive modelling of tool wear in CFRP drilling using
acoustic emission sensors under dry and cryogenic conditions. Wear, 570, 205930.
https://doi.org/10.1016/j.wear.2025.205930

51. Wang. (2021). Novel chip-breaking structure of step drill for drilling damage reduction on
CFRP/Al stack. Journal of Materials Processing Technology, 291, 9.

52. Wang, Q., & Jia, X. L. (2021). Optimization of cutting parameters for improving exit
delamination, surface roughness, and production rate in drilling of CFRP composites [Article].
International Journal of Advanced Manufacturing Technology, 117(11-12), 3487-3502.
https://doi.org/10.1007/s00170-021-07918-2

53. Wong, F. R. (2008). Effect of drill geometry of uncoated tool when drilling titanium alloy Ti-
6Al-4V (Master’s thesis). In.

54, Xu, J. Y., Ji, M., Davim, J. P., Chen, M., El Mansori, M., & Krishnaraj, V. (2020). Comparative
study of minimum quantity lubrication and dry drilling of CFRP/titanium stacks using TiAIN and
diamond coated drills [Article]. Composite Structures, 234, 13, Article 111727.
https://doi.org/10.1016/j.compstruct.2019.111727

55. Xu, J. Y., Kolesnyk, V., Li, C. P., Lysenko, B., Peterka, J., & Gupta, M. K. (2023). A critical
review addressing conventional twist drilling mechanisms and quality of CFRP/Ti stacks [Review].
Journal of Materials Research and Technology-Jmr&T, 24, 6614-6651.
https://doi.org/10.1016/j.jmrt.2023.04.226

56. Xu, J. Y., Li, C., El Mansori, M., Liu, G. Y., & Chen, M. (2018). Study on the Frictional Heat
at Tool-Work Interface when Drilling CFRP Composites [Proceedings Paper]. 46th Sme North
American Manufacturing Research Conference, Namrc 46, 26, 415-423.
https://doi.org/10.1016/j.promfg.2018.07.049

57. Xu, J. Y., Mkaddem, A., & EI Mansori, M. (2016). Recent advances in drilling hybrid FRP/Ti
composite: A state-of-the-art review [Review]. Composite Structures, 135, 316-338.
https://doi.org/10.1016/j.compstruct.2015.09.028

58. Yang, D., Liu, G., & Li, X. (2025). Cryogenic Temperature-Dependent Machining Forces and
Surface Integrity of Ti—6Al4V Titanium Alloy. Advanced Engineering Materials.
https://doi.org/10.1002/adem.202502270

59. Yu, J. J,, Pan, Z. X., Ye, W,, Li, Q. C., & Wu, Z. Y. (2023). Dynamic temperature field and
drilling damage mechanism of plain woven carbon/glass hybrid composites. COMPOSITE
STRUCTURES, 304, 116375, Article 116375. https://doi.org/10.1016/j.compstruct.2022.116375

60. Yuanxiao, L., Feng, J., Zigiang, Z., Xue, W., & Ying, N. (2024). A prediction model for drilling
temperature of CFRP/Ti stacks and green cooling strategy considering chip ejection process. Journal of
Materials Processing Tech., 329, 118424. https://doi.org/10.1016/j.jmatprotec.2024.118424

61. Zhang. (2022). Effect of embedded delamination on the compression performance of carbon
fiber reinforced composites. Composite Structures, 281, 115063.

97


https://doi.org/10.1016/j.ceramint.2025.09.183
https://doi.org/10.1016/j.cja.2025.103903
https://doi.org/10.1016/j.compositesa.2020.106259
https://doi.org/10.1080/14484846.2023.2195149
https://doi.org/10.1016/j.wear.2025.205930
https://doi.org/10.1007/s00170-021-07918-2
https://doi.org/10.1016/j.compstruct.2019.111727
https://doi.org/10.1016/j.jmrt.2023.04.226
https://doi.org/10.1016/j.promfg.2018.07.049
https://doi.org/10.1016/j.compstruct.2015.09.028
https://doi.org/10.1002/adem.202502270
https://doi.org/10.1016/j.compstruct.2022.116375
https://doi.org/10.1016/j.jmatprotec.2024.118424

TEXHIYHI HAYKU TA TEXHOJIOT T Ne 4(42), 2025
TECHNICAL SCIENCES AND TECHNOLOGIES

62. Zhu, Z., Shih, A. J., & Chen, L. (2025). Cutting edge temperature and drill wear in dry and
minimum quantity lubrication environmentally-friendly drilling of the titanium alloy. Journal of
Materials Research and Technology, 39, 9517-9525. https://doi.org/10.1016/j.jmrt.2025.12.010.

Jara nepioro HaaxopkeHHs ctarTi g0 Buganas: 19.10.2025
JlaTa npuitHATTS cTaTTi 10 APYKY micis peren3yBanns: 05.11.2025

VK 621.9

Bimanii Konecnux', Onexcanop Bepeznak?

'kanauIaT TEXHIYHKUX HAyK, DoUeHT Kadenpu TexHooris MamMHOOY Iy BaHHsI BEPCTATU Ta IHCTPYMEHTH
Cymcbkuit nepxaBuuii yHiBepcuteT (Cymu, Ykpaina), 'O « CKIM Ingyctpis 5.10A» (Cymu, Ykpaina)
E-mail: v.kolesnik@tmvi.sumdu.edu.ua. ORCID: https://orcid.org/0000-0002-0417-3801

Zacnipant kageapy TeXHONOTIT MAIMMHOOY IyBaHHS BEPCTATH Ta iHCTPYMEHTH.
Cymcbkuit nepxaBuuii yaisepeutet (Cymu, Ykpaina)
E-mail: o.bereznyak@tmvi.sumdu.edu.ua. ORCID: https://orcid.org/0000-0002-0417-3801

TEPMOMEXAHIYHI TA TPUBOJIOI'TYHI ACIIEKTH PIBAHHA
BATATOIIIAPOBUX MAKETIB «BYTIJIEINIACTUK-TUTAHOBUI CILJIAB»

Mexaniune obpobnenns 6azamowaposux nakemis «8yeaeniacmuk—mumanosull Cniae» € OOHIEI0 3 HAUOIIbW CKIAOHUX
i HAYKOBO AKMYANBHUX 3a0aY CYUACHO20 asiabyoysanHts. [loeOnanHa mamepianis i3 NPUHYUNOBO PISHUMU QI3UKO-MEXAHIUHUMU
61ACMUBOCIIAMU 3YMOBIIOE ICIOMHY HEOOHOPIOHICMb MEePMOMEXAHIYHUX | MPUOOLOIUHUX YMO8 V 30HI pisanHa. Take noeo-
HAaHHA  YCKIAOHIOE KEPYBAHHA Npoyecom ma 3a0e3neyeHus AKocmi oopobnenHs. Y cmammi 6UKOHAHO AHANIMUYHULL 02180
CYYACHUX HAYKOBUX O0CTIONHCEHD, NPUCBAYEHUX Qi3uyi npoyecy pi3aHHs 8y2enIacuKie, mumaHo8ux Cniagie ma ix naxkemis.

Posensinymo ocHO8HI MexanizMu pyluHY8aHHsL 8Y2NIeNIACMUKIS, 30KpeMa KPUXKULL 31aM 80JIOKOH, 0e2padayiio NOAIMEPHOT
mampuyi ma poswapyeannsi. Okpemo npudineno yeazy ocoOnu8OCmAM pi3aHHs MUMAHOBUX CNIA8i8. 30Kpema, npudineHo
y8azy 6Nau8y GUCOKUX KOHMAKMHUX HANPYICEHb, BUCOKOT meMnepamypu pizanHs ma ao2e3itiHoi 63aemMo0ii iHcmpymenma Ha
npoyec hopmMysants CmMpYysCKU ma SAKicms 06pobrenol nosepxui. Busnaueno, wjo ocobausicmio Qizuku pizanHs naKemis «gy-
2NIeNIACTUK—MUMAHOBULL CHAABY, € 83AEMHULL GNIIUG UWLAPIE HA MEXAHIKY QOPMYBAHHI CIPYIHCKU, NO8 A3AHULL 3 NOCTIO0BHICIIO
00pOONeHHA Wapie, CUTOBUMU MA MEMNEPAMYDHUMU HABAHMANCEHHAMU IHCIMPYMEHMY.

Ipoananizoeano mexanizmu 3HOUIEHHS THCMPYMEHMA Ma QOPMYBAHHA HAPOCMY NIO GNIUEOM MeMNepamypu pPi3auHs,
mepms Ha KOHMAKMHUX NOBEPXHSAX, MAMEPIATY | NOKPUMMS THCIMPYMEHMA, a MAKOHC MeMoOi8 0X0I00MHCEHHS Ma 3MAWEHHS.
Ha ocnogi oensidy nimepamypnux 0dicepen 6U3HAYeHo, o, NONPU 3HAYHY KITbKICMb 00CHIONCeHb, NUMAHHS (DOPMYBAHHS HA-
pocmy npu ceepONiHHI 0OMBOPIE Y NAKEMAax «8y21eniacmuk — MUmaHo8uil CHaasy 3anuuiaiomscs He0OCMAamHb0 GUEHEHUMU,
0COOMUBO 3 YPAXYBAHHAM MINCUAPOBOL 63AEMOIIL Ma 3MIHHO20 XapaKmepy npoyecy pi3anHs npu nepexooi IHCMmpyMeHmy 3
wapy 8yeneniacmuKa y wap mumanosozo cnaagy.. Ompumani y3a2aibHenHs MOJICYmsb 6ymu 6UKOPUCIAHT SIK HAYKO8e NioTpy-
HMA 0151 NOOANBUUUX OOCTIONCEHb | BOOCKOHANEHHSA MEXHON02Il MEXAHIYHO20 00poOIeHHs ba2amouaposux 3 €OHAHb 3 UKO-
PUCMAHHAM NOTIMEPHUX KOMROZUYTIHUX MAMEPIanis, MUmano8ux ma airoMiHIESUX CNIA6is.

Knrwuoei cnosa: syeneniacmux, mumanosuil cnias, 6azamowaposi nakemu, Mexamiune oopoonenns, izuxa pisanus,
3HOWLYBAHHA ITHCIPYMEHNTY, Hapicm.
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