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Abstract. The study examines the dramatic drop in the efficiency of
a cutting tool. The specific tool is part of machine used for cutting
envelopes of paper for medical products packaging. Two similar
pieces, selected after breaking down in service, were examined in
depth. Historical data was collected. The tool temperature range
during operation and the material hardness were measured. The
fracture surfaces as well as the surrounding areas were carefully
inspected. Chemical analysis was performed in order to identify the
tool and coating materials. Results showed that components were
made of different steels: D2 and Vanadis 6. The coating material
also differs. Samples were selected and prepared for optical and
electron microscopy. The condition of the cutting edges and the
heat-treated microstructure were considered. Thickness, quality and
homogeneity of the coatings were also inspected. Both tools failed
by fatigue mode under different conditions. The fracture mechanism
and its principal causes are discussed. The reasons of failure for
both cutting tools are examined and compared. Poor designs
associated with improper handling have led to the components
breakage. Appropriate recommendations are given in order to
eliminate similar situations and to improve the cutting performance.

1 Introduction

An engineering product is designed and manufactured to perform specific functions and
serve certain needs over a predetermined period of time, named service life [1]. Cutting
tools have been developed and used in all industrial applications. The cutting performance
usually depends on tool design, selected material, manufacturing conditions, heat
treatments, material to be processed, operating conditions and maintenance [2]. These
factors determine the tool lifetime, which in turn affects its final price. When a tool stops
operating prior to its expected service life, it is considered to have failed. Failure analysis
examines the reasons of damage in order to report and restore any errors [3]. These causes

Carmen Medrea: cmedtrea@puas.gr

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).



MATEC Web of Conferences 188, 04026 (2018) https://doi.org/10.1051/matecconf/201818804026
ICEAF-V 2018

may be classified as catastrophic (mainly attributed to faulty design and improper storage),
manufacturing (due to defective material or manufacturing process) and operational defects
(due to loading conditions, material handling, or reconditioning) [4]. Steel producers for
tools develop low impurity and high performance materials to match the various market
demands. Optimization of the manufacturing process improves the wear resistance, surface
roughness and tool life [5]. New coating technologies are implemented in order to increase
the service life of cutting tools [6]. Despite the continuous development of tool materials
and the continuous improvement of production processes and tests, tools continue to fail.
Occasionally they suffer from edge chipping and breakage during shearing under dynamic
situation. Study of failures constitutes a useful guide for designers, manufacturers or users
of the specific cutting tools.

Depending on their use, tool steels are intended for hot working, cold working, high-
speed processing and measuring or testing instruments [7]. Cold work steels have been
developed and used for more than a century [8]. This group of materials still has extensive
use due to their specific properties; high hardness, high compressive strength, satisfactory
tensile strength, wear resistance, good surface quality and good hardenability are commonly
selected for cold working applications [9]. Failure of cold working steels has some
particularities and suitable techniques have been suggested. Investigations on different
worn-out tools have been conducted, regarding the failure mechanisms under specific
conditions [10]. It has been shown that the premature failure of cold working tools is not
always a consequence of their low operating capacity. Poor material selection or heat
treatment method could affect negatively the working conditions [11]. The selection of new
materials and appropriate heat treatments led to productivity improvement and delayed or
even prevented failures [12]. High levels of hardness and adequate lubrication of contacting
surfaces have been also recommended [13]. The decisive role of the sharp cracks formed
due to poor EDM was underlined in a case of pipeline failure [14]. The elimination of
critical defects inserted by EDM (electrical discharge machining) was studied focusing on
machining conditions optimization [15]. The effect of a geometrical configuration on tool
stress conditions was analysed and the role of finite edge radius on tool fracture during
micro-cutting was underlined [16, 17]. An approach considering the tool wear has
determined the optimal replacement time for metal cutting tools [6]. The concept of critical
damage value (CDV) calculated through finite element method (FEM) simulation, was
introduced in order to avoid failure in cold tooling [18]. Computational procedures were
proposed to predict the cutting performance in the case of coated tools [19]. From the other,
tool re-manufacturing prior to its mature failure is an economic and ecological alternative
[20]. Increased tool service life could be also achieved by reducing the stress conditions of
the tool during operation [21]. The tool cost in metal cutting has been estimated to reflect
about 30% of the overall product cost [22], and therefore an increased tool service life can
assure cost-effective production [23]. The analysis of every failure case-study could lead to
a better understanding of failure mechanisms and decrease errors during production and
handling of cutting tools.

This paper examines and compares the reasons of failure of two cutting tools; and
provides suggestions in order to prevent similar damages.

2 Experimental

Two pieces were selected for examination. Historical data and recorded background were
collected. The pieces were optically inspected. Chemical analysis was performed using
optical transmition spectroscopy. Hardness was measured on the surface, along the entire
length of the components and under its coating on the area with the greatest diameter. The
coating was removed using a lathe. Samples were selected and cut by electro-discharge
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machining (EDM). The central stem of the tool was fragmented and samples were taken
from the cross section. Representative samples were prepared for the examination of the
cutting edge of the tool, the area close to the failure point and other parts of the stem. After
suitable processing, they were investigated by means of optical microscopy. The condition
of the cutting edges, the material structure and the quality of the heat treatment were
examined. The fracture surfaces were subjected to scanning electron microscopy (SEM).
Prior to examination, the specimens were cleaned using ultrasound sonicator bath. The
thickness, quality and homogeneity of the coating were also inspected.

3 Results and discussions

Specific machines are used for cutting paper envelopes intended for medical products
packaging. The cutting tools exhibit premature cutting incapacity. Two components brake
down during operation. These pieces were collected and exanimated. The cutting tools have
the same geometry and dimensions and are coated on most of their surface. Both tools
broke at the second diameter change, next to the support points (Fig.1).

(a) 50mm (b) 50mm

Fig. 1. General aspect of the two fractured tools.

The first tool (Fig.1, a) was made of AISI D2 steel and was coated with TiN (golden
yellow colour). It fractured during operation on the right hand side. There was no
information concerning the material and the coating of the second tool (Fig.1,b) which
fractured at the same point, but on the left hand side. The damage occurred during assembly
on the main machine, as the component was led on the bearings. It lasted longer, as
compared to the first one.

Results from the chemical analysis (Table 1) confirmed the base and coating material of
the first tool, i.e. AISI D2 steel and TiN respectively [24]. AISI D2 is one of the most
common steels for cold working applications, widely used for cutting tools and forming
dies [25]. The second tool was made of powder metallurgy steel (Tablel). The composition
found approached the chemical composition of Uddeholm VANADIS 6 tool steel, whereas
the coating material was Al-TiN [26]. VANADIS 6 is a high performance PM cold working
steel. Nowadays, many cold-working tool steels are produced by powder metallurgy (PM)
methods due to their improved cutting performance [27].

Table 1. Chemical analysis of the tool materials

Element [ %]
C Si Mn Cr Mo \4
AISI D2 e Flr.st Tuttmg to.(ﬂ 1.49 0.28 0.26 10.18 0.69 0.81
cutting tool | T OMINA [023‘]“1’051“0“ 1.45-1.65 | 03-04 | 03-0.6 | 11-13 | 0.7-1.0 | 0.7-1.0
PM Second cutting tool 2.15 1.20 0.43 6.44 1.59 4.27
VANADIS 6 Uddeholm nominal
cutting tool | composition [26] 2.1 1.0 04 | 68 | 15 5.4
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According to the company, the components under examination are the only ones that
failed by fracture. Nevertheless, cracks on the cutting surface have been detected
frequently, resulting in premature tool replacement. The service life of the tools is estimated
to 3,000,000 cuts for conventional steels and 5,000,000 cuts for powder metallurgy steels. It
was estimated that the overall average number of goods produced was only 1,126,707 units
per tool, underling a dramatic reduction in tool performance (62% for D2 tools and 77.5%
for PM tools). Paper is a soft material, difficult to cut because it gets trapped easily and
blocks the cutting system [28]. Continuous operation of a paper-cutting machine is only
ensured when tolerance of the distance between the paper and the cutting parts is kept small
and stable. When a tool ceases to cut due to wear and tear of its edges, it is sent for
sharpening. The tools can be sharpened up to 10 times before their final removal from the
production line. According to the working personnel, the tools are not subjected to stress
relieving after sharpening and the effective number of cuts falls after every machining
procedure. The machine operates 16 hours per day, at a cutting speed of 250-260 rotations
per minute. Stress is not relieved between operating shifts or consecutive days.

The tools have a cylindrical complex shape with several changes in diameter. At the
support points, where the tool failed, the cross-sectional reduction reaches approximately
70% (Fig.2)”. Furthermore, optical inspection reveals lack of radii. The radius influences
significantly both the cutting speed and the tool working life [29]. Its deficiency favours
stress concentration, making points of change in diameter susceptible to fracture.

Fig. 2. Cross-sectional changing points close to the fracture area: (a) The first tool (D2 steel), (b) The
second tool (Vanadis 6 steel).

The cutting tools usually operate at room temperature. The temperature measurements,
carried out during operation, indicated values between 38°C and 45°C. The highest
temperatures were found in the centre of the tool; on the cutting edge areas. The
temperature range is expected and should not affect negatively the tool efficiency.

Hardness measurements were carried out at several points along the tools axes (Fig. 3).
The tool of AISI D2 steel exhibits a uniform hardness of 57-58 HRC, on both coated and
uncoated areas (Table 2). There is no difference between the coated and uncoated areas
even though the coating layer should increase the tool’s surface hardness. This fact can be
attributed to a very thin coating layer. On the contrary, the hardness of the PM tool is 60-
62HRC at the support points (positions 7, 8 and 10 in Fig. 3) and on the uncoated areas
(positions 5 and 6 in Fig.3), whereas in the central coated area is 64-66HRC. In this case
the coating increased the surface hardness, as expected.

(5) (3)
oo
1(9) i lm

T(10) T(Bl
b
(6) (4)

Fig. 3. Hardness measurement points.
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In fact, the smaller the cross section, the higher the hardness loss observed. In this case,
the presence of coating is associated with much higher hardness values.

Table 2. Average hardness along the cutting tool

Hardness [HRC]
DO |BD|G|O® DO O |0
AISI D2 Coat.mgcovered 57 | 58 | 58 | 57 58 | 57 | 58 58
cutting tool Without the 57 58
coating
. Coating covered 64 | 65 66 | 66 | 60 | 60 | 35 60
PM cutting
tool Without the 60 | 60
coating

A dramatic decrease in hardness was detected at point 9 of PM tool. The specific area
corresponds to the broken part of the shaft and actually represents the hardness of a ring-
shaped component. The ring, which was revealed during sample cutting (Fig. 4), was made
of a different material. The particular configuration does not appear in the tool design
drawings, indicating that its presence probably intended to remedy a machining mistake.

(a) (b)

Fig. 4. Fragment from the support point of PM tool: (a) cut sample and (b) detached ring-shaped
component.

Cross sectional samples from the cutting edges of both tools were used for
metallographic analysis. The D2 cutting tool has a typical fine grained structure with
characteristic carbides in the matrix (Fig. 5a). The coating is practically invisible, without
any obvious diffusion zone. The PM tool exhibits a much more uniform and fine grained
structure (Fig. 5b), with evident white layer and diffusion zone (Fig.5c). In both tools wear
of the cutting edges exceeded the coating depth. Although the PM tool performed more cuts
compared to the D2 one, its cutting edges exhibit better wear resistance.

Fi. 5. Microstruct e cuttingAedge ross section: (a AISI D ee, () PM ste'f:i,. (é) Detail of
the PM steel cutting surface. The diffusion zone is clearly visible.

Closer SEM examination revealed a thin coating layer, 1-2 um thick, in the case of D2
tool (Fig.6 a). The structure of the base metal is characteristic of hardened and tempered
steel, with carbide concentrations (Fig.6 b). The thickness of the coating in PM tool is 7-
8um (Fig.6 c), and the steel structure includes very thin, round and uniformly distributed
carbides (Fig.6 d).
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Fig. 6. SEM micrographs on the cross section of the cutting edges: (a,b) AISI D2 steel ,(c,d) PM steel.

Visual inspection of the fracture surfaces reveals significant differences in the fracture
mode of the two pieces (Fig.7). D2 fragment has a wide rough surface. The fracture
developed progressively in three stages, characteristic of fatigue. The crack initiated from
the circumference and propagated uniformly towards the centre. During crack propagation
part of the surface was seeped out (point I in Fig. 7a). In the centre, a crater occupying 30%
of the total section constitutes the area of final detachment, leading to gradation (point II in
Fig. 7a). The absence of any reduction in area reveals that no plastic deformation prior to
failure has occurred.

The fracture surface of the PM fragment is mainly smooth with only a narrow area, at
the bottom right, being rough. Fracture developed in three stages is evidenced by the
corresponding gradation. The left side area protrudes out the rest of the surface (Point I on
Fig.7b). The fracture initiated from this area and followed a helical path. The smooth
appearance is due to flattening by friction between the two surfaces, as the tool continued to
function after breaking. The detachment represents approximately 10% of the total area,
indicating that the cutting tool was not overloaded (Point II in Fig. 7b). Characteristic
features such as beachmarks associated with fatigue can be observed (Fig. 7c).

Fig. 7. Fracture surfaces of tool fragments: (a) D2 steel, (b) PM
fracture surface (image under stereoscope).

steel, (c¢) Detail of the PM steel

The two components were failed due to fatigue, but the evolution stages of the fracture
differed. SEM fractography revealed the three fracture stages. The external area of D2 tool
exhibits a thin brittle zone (Fig. 8a). The intermediate layer, subjected to high tension, was
locally deformed and created folds (Fig. 8b). Although the folds resemble to beach-marks,
they are created due to local high, periodic stresses. The central area experienced violent
brittle fracture, creating a local crater, full of secondary cracks (Fig. 8c).
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Fig. 8. SEM micrographs of D2 tool showing the three fracture stages: (a) External area, (b)
Intermediate layer with folds, (c) Detachment area with crater and secondary cracks.

The corresponding fracture stages in PM tool, unlike D2, the fracture instantiates at a
higher level than the rest of the surface (Fig. 9a). Upon crack propagation beach-marks are
formed in the intermediate zone (Fig. 9b). As far as the detachment area is concerned, the
high density of brittle aspects associated with absence of secondary cracks, is in accordance

with the structure of hardened PM steel (Fig. 9c¢).
s E G0 B

SEI 28k 188 188 X X5
i ; X 7% >

Fig. 9. SEM micrographsof PM toolshowin te three fracture stages: (25 Uneven externl area, (b)
Beach-marks formed during crack propagation, (c) Crater of detachment area.

3 Conclusions

A number of design and treatment flaws would explain the acute reduction of life span of
the examined components. Both tools failed due to fatigue but the fracture mechanism
differed in each case. Lack of stress relief radii was observed in both D2 and PM tools.
Radius has significant influence on tool service life and should be predicted from the design
stage. Pronounced cross-sectional differences lead to local stress accumulation results in
stress concentration and non-uniform loading, making the tool susceptible to cracking.

Both tools have been hardened uniformly. Designer should have suggested an
appropriate heat treatment in order to reduce the hardness at the support points. It is
estimated that a local hardness of 40 HRC, instead of 58 HRC, would increase elasticity
and reduce the probability of fracture [21].

In the PM tool, a manufacturing defect, kept unmentioned by the machine shop, was
detected. A ring-shaped component, made of a softer material, had been attached to the left
side of the supporting system, inducing non-uniform loading conditions. In this case, the
failure is mainly attributed to the manufacturing process.

The toll’s poor performance could also be attributed to insufficient maintenance. In fact,
the company does not keep relevant records. When not functioning, the cutting tools remain
on the machine and are not protected in any way, whilst tension is never released between
the successive operating cycles. It worth noting that cutting edge sharpening induces
stresses on the tool surface, decreasing its fatigue resistance. This effect could be prevented
applying stress relieving (i.e. heating for 8 hours at 180° -200°C and then air-cooling).

In conclusion, poor design associated with improper handling is considered the main
cause of the failure. In the specific PM cutting tool the break down was essentially hastened
by a machining defect.
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