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Abstract In this article, we described a detailed analysis
of the composition of elements remaining on the amor-
phous carbon-treated grinding wheel active surface
(GWAS) after reciprocal internal cylindrical grinding of
Titanium Grade 2® alloy. For this purpose, the scanning
electron microscope (SEM) combined with energy-
dispersive X-ray spectroscope (EDS) techniques were
used. The SEM imaging and observation of selected
fragments of active surface of 1-35 x 10 x 10-SG/
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F46G10VTO grinding wheel was mainly carried out
by use of two advanced microscopy systems: JSM-
5500LV (JEOL Ltd., Tokyo, Japan) and Auriga® (Carl
Zeiss Microscopy GmbH, Jena, Germany). During EDS
measurements, the Octane plus (EDAX, Inc., Mahwah,
NJ, USA)—a high-accuracy silicon drift detector (SSI)
was used. Conducted SEM-EDS analysis shows that ap-
plied impregnation method ensure the presence of im-
pregnate in a grinding wheel body, also in subsequent
work cycles of tool. Observed Ti cloggings on the
GWAS appear solely on dulled vertices of active abra-
sive grains, which demonstrates the limited impact of
the impregnate in the zone of direct contact between
abrasive grains and machined workpiece surface.
However, lack of extensive cloggings of the intergranu-
lar spaces indicating an effective removal of long duc-
tile chips of Ti from grinding zone aided by the intro-
duction of an amorphous carbon.

Keywords SEM - EDS - Grinding process - Impregnated
grinding wheel - Hard-to-cut materials - Titanium grade 2
alloy - Amorphous carbon

Nomenclature

AOI Area of interest

BEI Backscattered electron detector

EDS Energy-dispersive X-ray spectroscopy
FIB Focused ion beam

GWAS  Grinding wheel active surface

HVM  High vacuum mode
LVM Low vacuum mode
SDD Silicon drift detector

SEI Secondary electron image
SEM Scanning electron microscopy
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SESI Secondary electron secondary ion

a, Axial engagement, mm

ay Dressing allowance, mm

. Working engagement (machining allowance), mm

Qe tor Total working engagement (machining allowance),
mm

ay Feed engagement, mm

by Width of the grinding wheel measured parallel to
the wheel axis, mm

b,, Workpiece width, mm

d, Grinding wheel outer diameter, mm

d,, Workpiece diameter, mm

hy Grinding wheel inner diameter, mm

iy Number of dressing passes

ng Grinding wheel rotational speed, min ™’

Ny Grinding wheel rotational speed while dressing,
min~'

n,, Workpiece rotational speed, min !

Oy Diamond dresser mass, kt

Ocr Grinding fluid flow rate, L min !

Iy Grinding time, s

Ua SEM microscope accelerating voltage, V

Via Axial table feed speed while grinding, mm s~

Vi Axial table feed speed while dressing, mm s~

Vs Radial table feed speed while grinding, mm min !

Vs Grinding wheel peripheral speed, m s

Vi Workpiece peripheral speed, m s ™!

Vi Volume of bond in the grinding wheel, %

Vg Volume of abrasive grains in the grinding wheel, %

Vs, Volume of pores in the grinding wheel, %

1 Introduction

Titanium (Ti) is an element of atomic number 22. It occurs in
two allotropic forms: Ticx and Tif3. Variation « is crystallized
at room temperature in a hexagonal configuration and at
a temperature of 882.5 °C is converted to a high temperature
Tif crystallizing in the regular system. Ti is characterized by
a very low thermal conductivity of 11.4 W m ™' K™, which is
3—4 times smaller than for iron and up to 16 times lower than
for copper. In soft state, Ti has a tensile strength R, = 460—
590 MPa. Titanium has a high ductility and excellent corro-
sion resistance to sea water, chlorides, organic acids, and air
atmosphere; no oxidation at 200 °C and has a high creep
resistance at high temperature. Pure, unalloyed titanium is
used mainly in the construction, which is required to have
high corrosion resistance. These include chemical equipment
and rigs working in the surrounding seawater as well as ele-
ments used in medical technology and watch making, what
described Leyens and Peters in the work [1].

Large industrial importance is given in particular titanium
alloys. It results from twofold lower density as compared with
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iron alloys and high strength of up to 1400 MPa. This provides
the significant advantage with respect to iron alloys because of
the strength-to-weight ratio. Titanium alloys have also a lower
modulus of elasticity than steel or nickel-based superalloys
which translates into approx. twice as much elasticity.
Leyens and Peters in the work [1] listed the most important
industries which use titanium alloys. These include, among
others:

—  Chemical industry (reactors, tanks, heat exchangers, ap-
paratus precise);

—  Petrochemical industry (installations and equipment in
the refineries);

—  Power industry (condensers, steam condensers, heat ex-
changers, steam turbines in power plants, and power
plants);

—  Shipbuilding industry (seawater pump, valves, hulls of
submarines, and bathyscaphes);

— Automotive industry (exhaust systems, suspension com-
ponents, drive shafts, springs, control arms);

— Aecrospace industry (coverage hull, chassis, parts of
rockets and shuttles, construction of wings, and helicop-
ter rotors);

—  Medical industry (implants, bone fasteners, surgical in-
struments, test equipment, wheelchairs);

— Sports equipment industry (bicycle frames, steering
wheels, golf clubs and hockey, mountaineering equip-
ment, tennis rackets, accessories, and other sailboats).

Titanium and its alloys, characterized and described in nu-
merous works [5-9], belong to so-called hard-to-cut materials.
This is mainly due to:

—  Low coefficient of thermal conductivity, thereby the heat
generated in the cutting zone is not dissipated and focused
on the edges and vertices of the cutting blade;

— High temperature (in the cutting zone exceeding even
1100 °C) leads to the heavy wear of blade and its plastic
deformation;

— High temperature in the cutting zone, causing also the
strengthening phenomenon and growth of cutting
resistance;

—  The strong chemical affinity of titanium for tool mate-
rials, which promotes adhesion of chips to the cutting
tools and, consequently, their rapid blunting and
chipping;

— High elasticity of titanium, resulting in deflection
and vibrations during machining, which affects on
momentary changes in the depth of cut. At small
depths of cutting, cutting by blade no longer takes
place, only plastic deformation, which results in
strengthening of the workpiece material and increas-
ing of its strength and hardness.
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The main factors affecting the grindability of titanium and
its alloys, detailed studies, and discussions in a number of
works [2-9], include, among others:

—  High ductility;

—  High values of coefficients of friction;

—  Susceptibility to strengthen during grinding due to high
temperatures;

—  The chemical reactions between the surface of the object
and the abrasive grain.

As aresult of titanium alloys, high ductility during grinding
ductile chips are formed with large size and irregular shapes.
These types of chips, forming in high temperatures (above
1000 °C) have a high propensity to clogging of the abrasive
tools active surface. This phenomenon is further enhanced by
the high intensity of abrasive wear of the abrasive grains ver-
tices, which is a result of their thermal and thermo-fatigue
wear. To counteract this phenomenon, the grinding process
is carried out at lower speeds of wheel, with values from one
third to half the speed used in conventional grinding.
Lowering the grinding speed also favors the formation of re-
sidual stresses with smaller values in the workpiece surface,
but in turn, causes a rapid blunting of abrasive grains, espe-
cially when grinding wheels with Al,O5 abrasive grains are
used, as what was described in the works [2-9].

Another way of counteracting the phenomenon of clogging
of the grinding wheel active surface (GWAS) by ductile chips
of titanium is the application of abrasive tools with modifica-
tions of its construction. The most common are the use of
multiporous and impregnated grinding wheels, widely de-
scribed in the works [10—13].

Multiporous wheels have increased volume of intergranu-
lar free spaces between abrasive grains, which make it easy to
transport chips from the grinding zone, as well as the intro-
duction of grinding fluid into the contact zone between the
wheel and the machined surface. The second of above-
mentioned modifications (impregnation of abrasive tools)
consist of introduction of anti-adhesive and lubrication agents
which actively influence the conditions in the grinding zone,
as what was discussed by Webster and Tricard [14] as well as
Chirkov [15]. Impregnation of the grinding wheels is one of
the easiest ways to modify standard tools and effectively in-
fluence the chemical conditions in the zone of contact between
active vertexes of abrasive grains and the workpiece surface in
order to counteract the phenomenon of clogging. In literature,
descriptions of the use of various impregnating substances
(sulfur, paraffin, wax, graphite, molybdenum disulfide, sili-
cone) introduced by gravity or pressure methods into the
wheel body can be found and became the subject of a numer-
ous patent applications [16-21]. The results of experimental
studies carried out using of various impregnating substances
were presented also in earlier works [22-24].

In this article, we describe the results of investigations
concerning a new type of impregnation substance—carbon
in the amorphous form. Other forms of carbon (graphite) is
often used as a solid lubricant in grinding technology, which
was widely presented in numerous works [25-31], because of
its properties, as shown in the work [32]. In crystals of graph-
ite, carbon atoms in one plane are linked by strong atomic
bonds while in a plane perpendicular to it, the bonds are much
weaker, Van der Waals type. This means that the graphite is
soft and splintery making it a good lubricant, which was con-
firmed by Pierson in the work [32]. The amorphous carbon,
like the graphite, is characterized by low reactivity and authors
proposed the use of this variety of coal as an impregnating
substance. The conducted experimental studies, the results of
which were published in the work of Nadolny et al. [33], show
that the use of amorphous carbon as an impregnating sub-
stance effectively impact on limitation of share of cloggings
GWAS after grinding process of hard-to-cut materials.
However, to determine the basic phenomena of physical and
chemical nature that determine the obtained favorable effect, it
was necessary to carry out detailed analysis of the composi-
tion of elements remaining after grinding on the GWAS. For
this purpose, the scanning electron microscope (SEM) com-
bined with energy-dispersive X-ray spectroscope (EDS) tech-
niques were used and this article provides a wide set of anal-
ysis obtained as well as their analysis.

2 Methodology of experimental studies
2.1 Main goal and basic assumptions

The aim of this study was to precise identify composition of
the elements and their participation on the amorphous carbon-
treated GWAS after grinding process of the Titanium
Grade 2® alloy. To obtain this goal a representative sample
of active surface of 1-35 x 10 x 10-SG/F46G10VTO grinding
wheel was selected and examined with the use of advanced
SEM-EDS techniques. Examined fragment represented ap-
proximately one fifth of the wheel circumference. For the
surface EDS analysis, three areas of this GWAS fragment
were randomly selected.

2.2 Grinding wheels

Grinding wheel type 1 was made from microcrystalline
sintered corundum (sol-gel alumina) SG™ abrasive
grains number 46 and a special glass-crystalline bond,
presented by Herman and Markul [34, 35]. The general
description of the grinding wheel used in the experi-
mental studies is given in Table 1.

@ Springer
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Table1 General description of grinding wheel used in the experiments

1-35 x 10 x 10-SG/F46G10VTO
1 — flat grinding wheel

Technical designation
Grinding wheel type

External diameter d, = 35 mm, width
bg = 10 mm, inner diameter
hy =10 mm

Dimensions

Abrasive grain type Microcrystalline sintered corundum

(sol-gel alumina) sG™ by Norton (USA)
Abrasive grain fracture no. 46

Hardness class G

Structure no. 10

Bond Vitrified (glass-crystalline)
Volume of grains (V) 42.0 %

Volume of bond (V) 11.5 %

Volume of pores (V,,) 46.5 %

I —
0kV 500 um

a) Abrasive Free intergranullar
grain

Mag.: 50x
Ua =

Free intergranullar : 50%

3 I —
space 20 kV

500 pm

&

I Amorphous «
carbon

™ L 7

2.3 Grinding wheel impregnation process

Grinding wheels used for the investigations were modi-
fied by a process of impregnate using amorphous carbon
as an impregnating substance. Carbon in the amorphous
form was introduced into the grinding wheel body by
thermal decomposition of organic compounds, in the case
carbohydrates, according to the author’s method described
in the patent application no. P. 395441 [36]. In this meth-
od of impregnation of abrasive tools with vitrified bond,
the grinding wheel is saturated with molten or dissolved
organic compound in the form of a carbohydrate or an
organic acid. The next process step consists in calcining
without air, causing decomposition of the introduced com-
pound with separation and deposition of carbon in the
pores of the impregnated wheel. Time of impregnation

Glass-crystalline
[ bond

Abrasive Mag.: 200x ———

[ grain

Ua=20kV 100 um

—

Amorphous

carbon grain 50 um

Glass-crystalline
bond

Fig. 1 SEM micrographs of the GWAS 1-35 x 10 x 10-SG/F46G10VTO obtained by the use of JISM-5500LV SEM microscope produced by JEOL
Ltd., before (a, b) and after the introduction an amorphous carbon impregnating substance (¢, d)
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process conducted using proposed method directly de-
pends on the mass of the substrate which undergoes de-
composition. Calcination process is carried out to com-
plete decomposition of the substrate. In the case of de-
scribed impregnation process of grinding wheels, the ap-
proximate time of impregnation was about 60 min.

In Fig. 1, SEM micrographs of the GWAS with micro-
crystalline sintered corundum abrasive grains and glass-
crystalline bond before (Fig. 1a, b) and after the introduc-
tion an amorphous carbon impregnating substance (Fig. lc,
d) were presented. In Fig. 1a (size = 2.55 x 1.91 mm, mag.
50x) and Fig. 1b (size = 0.64 x 0.48 mm, mag. 200x) is
clearly visible a clean (non covered) grinding wheel struc-
ture with its characteristic components. The result of im-
pregnation process (layer of an amorphous carbon is visible
as a dark gray areas) can be observed in Fig. lc
(size = 2.55 x 1.91 mm, mag. 50%) as well as in higher
magnification in more details in Fig. 1d (size:
0.25 x 0.19 mm, mag. 500x%).

During preparation of the grinding wheel for work, weight
gain resulting from the introduction of impregnate in the form
of amorphous carbon into tool body was also measured. The
measurement results were given in Table 2.

During dressing, carbon layer is removed from the abrasive
grain vertexes but it is still present in the free intergranular
spaces. Applied impregnation method provides applying to
the grinding wheel active surface a carbon layer having
a thickness of about 20 wm [33].

2.4 Workpiece material

The experimental studies were carried out using
Titanium Grade 2° as workpiece material. This alloy
was selected from so-called hard-to-cut materials be-
cause of it properties, like high ductility and elasticity,
small thermal conductivity, as well as propensity to
temperature strengthening during machining. Titanium
Grade 2® is one of the most widely used titanium
alloys. It is highly corrosion resistant, perfectly weld-
able, and does not lose its structure « after heat treat-
ment. It is widely used in the construction of drilling
platforms, chemical industry devices, and in the produc-
tion of various types of apparatus [1]. The

Table 2 Changes in the weight of the grinding wheels due to the
impregnation process

Grinding wheel Weight before  Weight after The increase
treatment treatment in mass
Amorphous carbon-treated 17.23 g 1828 g 6.09 %

grinding wheel

Table 3  Chemical composition of the Titanium Grade 2% alloy [1]

Material Material ~ Standard Chemical composition
no. and percentage of elements
Titanium 3.7035  UNSR50400 C (0.08) + Fe (0.25)
Grade 2®* ASTM B861  + 0O(0.25 max) + Ni (0.03)

+ H (0.015 max) + Ti
(Balance)

*Material is produced by Special Metals Corporation (USA) and distrib-
uted by Bibus Metals (Switzerland)

characteristics of the used workpiece material was giv-
en in Tables 3 and 4.

2.5 Grinding process conditions

Grinding tests were carried out using an experimental position
built upon the basis of an universal grinding machine RUP
28P (Mechanical Works Tarnow SA, Tarnow, Poland)
equipped with a high-speed spindle EV-70/70-2WB
(FISHER Spindle Group AG, Herzogenbuchsee,
Switzerland). A detailed description of grinding conditions,
including scheme of process kinematics, used the parameters
of dressing cut, and grinding process were shown in Table 5.

2.6 Observation-measurement methods and systems

In order to achieve the main goals of experimental studies
in a wide range of the SEM-EDS observations and mea-
surements, a proper research apparatus was selected. The
SEM imaging and observation of selected fragments of

Table 4  Physical properties of the Titanium Grade 2° alloy [1]

Parameter name Titanium Grade 2®
Density 451 gem?
Hardness, Knoop 170

Hardness, Rockwell B 80

Hardness, Vickers 145

Tensile strength, ultimate 344 MPa
Tensile strength, yield 275410 MPa
Elongation at break 20 %

Reduction of area 35 %

Modulus of elasticity (in tension) 105 GPa
Compressive modulus 110 GPa
Poisson’s ratio 0.37

Izod impact 114-17117J
Fatigue strength (1E + 7 cycles, unnotched) 300 MPa
Fatigue strength (30,000 cycles, unnotched) 425 MPa
Fracture toughness (K(Q); annealed) 66 MPa m'?
Shear modulus 45 GPa
Thermal conductivity 164Wm' K"
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Table 5 Description of grinding conditions

Reciprocal peripheral internal cylindrical grinding

Grinding wheel

Cross-section

Grinding process ~
gp of machining layer

———— Workpiece

Universal grinding machine: RUP 28P (Mechanical Works Tarnow SA, Tarnow, Poland),
Grinding machine | High-speed spindle: EV-70/70-2WB (FISHER Spindle Group AG, Herzogenbuchsee,
Switzerland) with max. rotation 60,000 min™', power of machine cutting 5.2 kW
Grinding wheel 1-35x10x10-SG/F46G10VTO

Dresser: single grain diamond dresser with mass: O, = 1.25 kt,

Grinding wheel rotational speed while dressing: n,, = 10,000 min™

Dressing allowance: a, = 0.0125 mm

Axial table feed speed while dressing: vy = 10 mm-s™

Number of dressing passes: iy =6

Grinding wheel peripheral speed: v, = 18 m-s

Axial table feed speed: vy, = 20 mm-s™'

Grinding Total working engagement (machining allowance): a, ,,, = 0.15 mm

parameters Workpiece peripheral speed: v,,= 1.1 m-s”

Grinding time #, = 90 s (for single machined opening)

Grinding fluid flow rate: Ogr= 4.0 L-min™'

5% water solution of Syntilo RHS (Castrol, Liverpool, Great Britain) oil given by flood
method

Internal cylindrical surface of rings, made of Titanium Grade 2" alloy,

internal diameter: d,, = 56 mm, width: 5,, = 20 mm

Grinding wheel
dressing parameters

Grinding fluid

Workpieces

active surface of 1-35 x 10 x 10-SG/F46G10VTO grind-  microscopy systems: JSM-5500LV (JEOL Ltd., Tokyo,
ing wheel was mainly carried out by use of two advanced  Japan) and Auriga® (Carl Zeiss Microscopy GmbH,

Table 6  Characteristics of observation-measurement systems used in the experimental studies

No. Instrument type Model Producer Configuration and features
1. SEM microscope JSM- JEOL Ltd. (Tokyo, Japan) Components: detectors: SEI, BEL specimen stage: eucentric goniometer
5500LV Features: magnification range = 18-300,000% (in 136 steps), vacuum

pressure in the specimen chamber: 10-270 Pa (lowest 1 Pa), accelerating
voltage = 0.5-30 kV (53 steps), resolution: for SEI (using HVM) 4.0 nm
(AV =30 kV, WD = 6 mm), for BEI (using LVM) 5.0 nm (AV = 30 kV,
WD = 8 mm) at an adjustable pressure of 10 to 270 Pa, evacuation time: for
HVM approx. 100 s, for LVM approx. 90 s

Software: dedicated JEOL software

2. SEM-FIB Auriga® Carl Zeiss Microscopy GmbH Components: GEMINI® column (SEM), Cobra column (FIB), detectors: SE
CrossBeam® (Jena, Germany) (in-lens), Everhart-Thornley SE + SESI (chamber), specimen chamber with
workstation 15 accessory ports, specimen stage: 6-axis super eucentric motorized stage

Features (SEM): magnification range = 12—1,000,000x, accelerating voltage
= 0.1-30 kV, resolution (SEM) = 1.0 nm (AV = 15 kV) and 1.9 nm

(AV =1 kV)
Software: SmartSEM®
3.  SDD series EDS Octane plus EDAX, Inc. (Mahwah, Features: active surface: up to 100 mm?>, count rates: up to 1.6 Mcps/800 keps,
detector NJ, USA) resolution = 123 eV, Peak stability = <1 eV up to 100 kcps

Software: TEAM™ EDS software suite

@ Springer
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Instrument type: SEM-FIB CrossBeam® workstation | Model: Auriga® | Producer: Carl Zeiss Micro%copy GmbH

In-lens SE
detector

/4

=

1

’

space
Focused lon
Beam (FIB)

Examined sample
6-axis super eucentric

motorized stage

Magnification: 99x | Acc. voltage: 0 kV | Signal A:
TV | WD: 1.3 mm | FIB mode: imaging

<R AN

Vast cloggmg of Titanium |

' —
100 pm

£ Area of amorphous carbon
T .
impregnate substance

A small piece of
| abrasive grain SG™
10 um

AOI: 1 | Magnification: 2000x | Acc. voltage: 10 kV | Image size:
0.10%0.06 mm | Signal A: SESI | WD: 4.0 mm | FIB mode: imaging

Vast clogging of Titanium

Grade 2" alloy

L
Amorphous carbon
mpregnate subst‘mu

.@n«[,
s et -

AOI: 3 | Magnification: 2000x | Acc. voltage: 10 kV | Image size:
0.10x 0.06 mm | Signal A: SESI | WD: 4.0 mm | FIB mode: imaging

10 pm

Fig. 2 Collection of selected results obtained for the amorphous carbon
impregnated GWAS 1-35 x 10 x 10-SG/F46G10VTO after the reciprocal
internal cylindrical grinding of Titanium Grade 2® alloy (sample 1) by the
use of Auriga® SEM-FIB CrossBeam® produced by Carl Zeiss
Microscopy GmbH: a detailed view of vacuum chamber of the main
instrument; b SEM micrograph (size = 0.64 x 0.33 mm, mag. 287%) of

* AOH‘ PEERR Area of amorphous
| %4 carbon impregnate

~ substance

Free intergranular

Single abrasive
grain SG™

e —
50 um

ge size: 0.64x0.33 mm |

i Vast clogging of Titanium
Grade 2" alloy

d)

Glass-crystalline ’x)
bond

—
'%i .[_._\, 10 um

| Acc. voltage: 10 kV | Image size:
0.10x0.06 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging

AOI: 2 | Magnification: 2000

~ Dulled active abrasive P
Jgrain SG™ vertex

Vast clogging of Titanium

Grade 2" alloy

P

e —
10 pm

.‘L
{ x

AOL: 4 | Magnification: 2000% | Acc. voltage: 10 kV | Image size:
0.10x0.06 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging

a vast panorama of examined GWAS with marked four AOI’s; ¢ SEM
micrograph (size = 0.10 x 0.06 mm, mag. 2000x) of AOI 1 extracted from
Fig. 2b; d SEM micrograph (size = 0.10 x 0.06 mm, mag. 2000x) of AOI
2 extracted from Fig. 2b. ¢) SEM micrograph (size = 0.10 x 0.06 mm,
mag. 2000x) of AOI 3 extracted from Fig. 2b, f) SEM micrograph
(size = 0.10 x 0.06 mm, mag. 2000x) of AOI 4 extracted from Fig. 2b
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Jena, Germany). During EDS measurements, the Octane
plus (EDAX, Inc., Mahwah, NJ, USA)—a high accuracy
silicon drift detector (SSI) was used. The main part of the
studies were carried out in laboratories of the Institute of
Surface and Thin Film Technology, University of Applied
Sciences Technology, Business and Design (Wismar,
Germany), whereas the additional works were carried
out in the Laboratory of Electron Microscopy and the
Structural Research, Central Laboratory of the Faculty
of Technology and Education, Koszalin University of
Technology (Koszalin, Poland). The detailed information
related with research apparatus used in the experimental
studies are given in Table 6.

3 Results and discussion

General results of the grinding process (surface roughness
parameters, grinding power, and analysis of the GWAS clog-
gings after grinding) were described in one of the earlier
works of the authors [33]. At this point, the results of detailed
SEM-EDS analysis of the amorphous carbon impregnated ac-
tive surface of 1-35 x 10 x 10-SG/F46G10VTO grinding
wheel after the reciprocal internal cylindrical grinding of
Titanium Grade 2® alloy were given. In Fig. 2, the collection
of selected SEM micrographs obtained by the use of Auriga®
SEM-FIB CrossBeam® produced by Carl Zeiss Microscopy
GmbH for one of the two analyzed fragments of the above-

Instlument type: SEM-FIB CrossBeam” workstation | Model: Auuga | Producer: Carl Zeiss Mlcroscopy (nan

Magnification: 172x | Acc. voltage: 10 kV | Image size:
2.46x 0.95 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging

B
( >

100 pm

1

Instrument type: SDD series EDS detector | Model: Octane plus | Producer: EDAX, Inc.

Area of amorphous carbon. ¢)

§ impregnate substance

Vast clogging of Titanium
Grade 2" alloy

SG™ gabrasiv A
abrasive ) 100 pm

grain

Glass-crystalline
bond

AOI: 1 | Magnification: 342% | Acc. voltage: 10 kV | Image size:
0.95 x 0.59 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging

Fig. 3 Collection of selected results obtained for the amorphous carbon
impregnated GWAS 1-35 x 10 x 10-SG/F46G10VTO after the reciprocal
internal cylindrical grinding of Titanium Grade 2® alloy (Sample 1) by
the use of Auriga® SEM-FIB CrossBeam® workstation produced by Carl
Zeiss Microscopy GmbH and Octane plus EDS detector produced by
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Area of amorphous carbon
impregnate substance

Vast clogging of Titanium
Grade 2" alloy

A

Glass-crystalline SG™ abrasive
100 pm

bond grain

."

X
AOI: 1 | Analysis: microanalysis EDS — elements map | Software:
TEAM™ | Producer: EDAX, Inc.

EDAX, Inc.: a SEM micrograph (size = 2.46 x 0.95 mm, mag. 172x%)
of a vast panorama of examined GWAS with marked AOI 1; b SEM
micrograph (size = 0.95 x 0.59 mm, mag. 342x) of AOI 1 extracted
i i 1 with

visible a vast clogging of the Titanium Grade 2® alloy
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Ti: 13%

Fig. 4 Individual elements and their percentage extracted from element map (Fig. 3c) obtained by the use of TEAM™ software by EDAX, Inc.:
a carbon; b oxygen; ¢ sodium; d magnesium; e aluminum; f silicon; g potassium; h calcium; i titanium

mentioned abrasive tool placed in a vacuum chamber (Fig. 2a)
and marked as sample 1, were presented. The output SEM
micrograph (size = 0.64 x 0.33 mm, mag. 287x) show vast
panorama of examined GWAS with centrally located a single
abrasive grain SG clogged by the machined material
(Fig. 2b). On this relatively large-sized clogging

Fig. 5 EDS spectrum with an
elements contained in the

analyzed amorphous carbon —
impregnated GWAS 296M
1-35 x 10 x 10-SG/F46G10VTO
after the reciprocal internal e o
cylindrical grinding of Titanium 22M Ak
Grade 2° alloy by the use of s
Octane plus EDS detector 148M j ‘K’ K
produced by EDAX, Inc. for 111Mm
Sample 1, AOI 1 0.74M

0.37M

0.00M

0.0

(area = 31.48 mm?, perimeter = 0.85 mm,
length = 0.26 mm, width = 0.17 mm), four areas of interest
(AOI) were marked. The detailed SEM imaging of those AOIs
were presented in Fig. 2c, f. AOI 1 (size = 0.10 x 0.06 mm,
mag. 2000x) shows a situation where a small piece of a single
abrasive grain SG™ (size = 0.023 x 0.014 x 0.003 mm) were

Sample: 1 | AOIL: 2 | Magnification: 298x | Acc. voltage: 20 kV | Takeoff: 83.5 |
Live time: 26091.5 s | Amp time: 7.68 ps | Resolution: 128.6 eV

Bloment Welght  Aomic, gy B
CK 39.98 51.28 700.8 7.56
OK 40.32 38.82 852.5 9.17
NaK 343 23 196.5 7.32
MgK 0.48 0.31 492 6.01
AIK 6.95 3.97 890 441
SiK 2.01 1.1 278.1 3.89
KK 0.25 0.1 28.6 1.58
CaK 0.26 0.1 25.1 1.53
TiK. 6.31 2.03 494.7 14

6.5 78 91 104 117 130

@ Springer



2302

Int J Adv Manuf Technol (2017) 90:2293-2308

torn out from the abrasive tool during grinding process of
hard-to-cut Titanium Grade 2% and connected with the clog-
ging of its alloy formed on the GWAS (Fig. 2¢). Detailed view
of the upper (AOI 2) and lower (AOI 3) fragment of the vast
clogging area was presented in Fig. 2d, e
(size = 0.10 x 0.06 mm, mag. 2000x), respectively.
Figure 2f (size = 0.10 x 0.06 mm, mag. 2000%) presents this
same upper fragment of the vast clogging area (AOI 4) with
a clearly visible details of relatively long and flat dulled active
abrasive grain SG' vertex.

For EDS analysis, a fragment of the GWAS
(size = 2.46 x 0.95 mm, mag. 172%) presented in Fig. 3a
was selected. From this fragment, an AOI 1
(size = 0.95 x 0.59 mm, mag. 342x) was extracted, interesting

due to the fact, that included a relatively vast clogging of
Titanium Grade 2® alloy located in a center of marked AOI
(Fig. 3b). For the AOI 1, the microanalysis EDS (Fig. 3c) by
the use of TEAM" software (EDAX, Inc., Mahwah, NJ,
USA) was carried out. During microanalysis EDS, a Smart
Element Mapping module of the TEAM' software was used
for precise identifying composition of the elements and their
percentage in selected fragment of the GWAS. The obtained in
an automatic mode elements map (Smart Element maps) was
presented in Fig. 3c, whereas a percentage calculated for in-
dividual elements in Fig. 4. For the fast identification and
location within the analyzed AOI, each element has been
highlighted in a different color. A collection of such kind of
results was presented in Fig. 4.

Instlument type: SEM-FIB CrossBeam” workstation | Model: Auuga | Producer: Carl Zeiss Microscopy GmbH

Magnification: 172x | Acc. voltage: 10 kV | Image size:
2.46x 0.95 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging

Clogging of
Titanium
Grade 2" alloy
Amorphous =
carbon -\
SG™ abrasive \—-
grain %.’{
Glass-crystalline s‘\\ »
bond g \
AOI: 2 | Magnification: 342x | Acc. voltage: 10 kV | Image size:
0.95%0.59 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging

—
. 100 pm

Fig. 6 Collection of selected results obtained for the amorphous carbon
impregnated GWAS 1-35 x 10 x 10-SG/F46G10VTO after the reciprocal
internal cylindrical grinding of Titanium Grade 2°® alloy (sample 1) by the
use of Auriga® SEM-FIB CrossBeam® workstation produced by Carl
Zeiss Microscopy GmbH and Octane plus EDS detector produced by

@ Springer

Clogging of =
Titanium
Grade 2" alloy
Amorphous
carbon

SG™ abrasive ———

grain J
Glass-crystalline

bond

—
100 pm

.\L
X
AOI: 2 | Analysis: microanalysis EDS — elements map |
Software: TEAM™ | Producer: EDAX, Inc.

EDAX, Inc.: a SEM micrograph (size = 2.46 x 0.95 mm, mag. 172x%)
of a vast panorama of examined GWAS with marked AOI 2; b SEM
micrograph (size = 0.95 x 0.59 mm, mag. 342x) of AOI 2 extracted
from Fig. 6a, ¢) microanalysis EDS—elements map of the AOI 2 with
visible a vast clogging of the Titanium Grade 2®
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The analysis of Fig. 4 shows that in AOI 1, a large concen-
tration of carbon (31 %), oxygen, and aluminum (both 17 %)
as well as titanium (13 %) was observed. The concentration of
the rest of elements was smaller and occurred in a range from
7 to 3 %. A high percentage of the amorphous carbon,
highlighted by violet (Fig. 4a), on the GWAS indicate its rel-
atively large concentration and even distribution even after the
grinding process. A similar distribution was also observed for
the aluminum, highlighted by blue (Fig. 4e), and silicon,
highlighted by light violet (Fig. 4f). The distribution of titani-
um, highlighted by azure (Fig. 41), was more uneven. On AOI
1 was clearly visible both a large concentration areas and
a numerous of a small randomly located titanium-clogged
areas. The analysis from the Fig. 4 closely correspond with
EDS spectrum containing also an elemental composition of
AOI 1 presented in Fig. 5. Fig. 6a presented the same, such as
in Fig. 3a, fragment of the GWAS (size = 2.46 x 0.95 mm,
mag. 172%). From this fragment, another AOI—AOI 2
(size = 0.95 x 0.59 mm, mag. 342x) was extracted, which

0: 17%

le)aﬁ B\

presents a lower area (Fig. 6b) of the abrasive grain SG™
clogged by Titanium Grade 2° alloy from Fig. 3b. For this
AOI 2, the microanalysis EDS (Fig. 6¢) was also carried out.
The procedure realized by the use of TEAM' software was
the same as in the previous analysis and include obtained in an
automatic mode elements map with percentage calculated for
individual elements (Fig. 7). In this case, a large concentration
of aluminum (25 %), carbon (21 %), oxygen (17 %), as well as
titanium (11 %) was observed. The concentration of the rest of
elements was smaller and occurred in a range from 9 to 4 %.

A percentage of the carbon, highlighted by violet (Fig. 7a),
was 10 % less than in AOI 1 (Figs. 3c, 4a), which confirms its
even distribution. The significant presence of carbon indicates
high efficiency of applying the method of impregnation,
which allowed to introduction amorphous carbon to intergran-
ular spaces in the whole volume of the vitrified grinding
wheel. Even distribution of the impregnate is necessary for
the proper operation of the grinding wheel, both to the
balancing of the tools, as well as with regard to ensuring the

T W

ik % b
"k »’
b '3;

Al: 25%
h)

Ti: 11%

Fig. 7 Individual elements and their percentage extracted from element map (Fig. 6¢) obtained by the use of TEAM™" software by EDAX, Inc.:
a carbon; b oxygen; ¢ sodium; d magnesium; e aluminum; f silicon; g potassium; h calcium; i titanium
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Fig. 8 EDS spectrum with an
elements contained in the
analyzed amorphous carbon
impregnated GWAS

1-35 x 10 x 10-SG/F46G10VTO
after the reciprocal internal
cylindrical grinding of Titanium
Grade 2® alloy by the use of
Octane plus EDS detector
produced by EDAX, Inc. for
Sample 1, AOI 2

3.69M

3.28M

287M

2.05M

1.64M

123M

0.82M;

041M

0.00M!
00

participation of impregnating substances in the grinding pro-
cess, even after subsequent cycles of dressing. A similar dis-
tribution was also observed for the aluminum, highlighted by
blue (Fig. 7e), and oxygen, highlighted by red (Fig. 7b). The

Instrument type: SEM-FIB CrossBeam®

A%
<

Magnification: 66x | Acc. voltage:
Signal A: SESI | WD: 4.3

—
100 pm

AOI: 1 | Magnification: 100% | Acc. voltage: 5 kV | Image size:
2.10x1.35 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging |

Fig. 9 Collection of selected results obtained for the amorphous carbon
impregnated GWAS 1-35 x 10 x 10-SG/F46G10VTO after the reciprocal
internal cylindrical grinding of Titanium Grade 2°® alloy (sample 2) by the
use of Auriga® SEM-FIB CrossBeam® produced by Carl Zeiss
Microscopy GmbH: a SEM micrograph (size = 3.20 x 1.01 mm, mag.

@ Springer

workstation | Model: Auriga® | Producer: Carl

Sample: 1 |AOL 2 | M
Live time: 272

fication: 342x | Acc. voltage: 20 kV | Takeoff: 83.5 |
| Amp time: 7.68 ps | Resolution: 128.6 eV

Element “"],“f"“‘ ‘\"g“’““‘ Net Int. Eff:""
CcK 4142 5305 5853 7.84
0K 3717 3574 6865 9.18
NaK 361 242 1904 715
MgK 0.69 044 639 5.82
AIK 951 542 1090 429
SiK 2.09 L15 2492 409
KK 024 0.09 232 1.76
CaK 0.18 0.07 153 1.86
TK 5.08 163 3494 139
Kkp Tike
K Ka ¢, KB
CaKa Tikg
39 52 65 78 91 104 17 130

distribution of titanium, highlighted by azure (Fig. 7i), was
uneven and similar to distribution of this element presented
for AOI 1 (Fig. 41). The analysis from Fig. 7 closely corre-
spond with EDS spectrum containing also an elemental

Zeiss Microscopy GmbH

ok

o B
Single abrasive
grain SG™ = B

\.

carbon impregnate |, s

substance
ey,

Free intergranular
space

5 kV | Image size: 3.20x1.01 mm |
mm | FIB mode: imaging

2 4
¥ /Area of amorphous &

carbon impregnate %
substance !

Single abrasive
grain SG™

.‘ g }_
X

50 pm
AOI: 2 | Magnification: 296% | Acc. voltage: 5 kV | Image size:
0.71x0.45 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging |

/4 I Wi A
Dulled active abrasiv:
grain SG™ vertex

66x) of a vast panorama of examined GWAS with marked AOI; b SEM
micrograph (size =2.10 x 1.35 mm, mag. 100x) of AOI 1 extracted from
Fig. 9b. ¢ SEM micrograph (size = 0.71 x 0.45 mm, mag. 296x) of AOI 2
extracted from Fig. 9b
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Instrument type: SDD series EDS detector | Model: Octane plus | Producer: EDAX, Inc.

”

Clogging of —
Titanium & 4
Grade 2" alloy

SG™ abrasive '
grain
Amorphous §
carbon

L il
AOI: 2 | Magnification: 100x | Acc. voltage: 5 kV | Image size:

Clogging of
Titanium !
Grade 2" alloy |~ S&”

T,
SG™ abrasive ——J' .

grain a8
Amorphous
carbon

L

AOQOI: 2 | Analysis: microanalysis EDS — elements map |

2.22x 1.47 mm | Signal A: SESI | WD: 4.1 mm | FIB mode: imaging Software: TEAM™ | Producer: EDAX, Inc.

c)

Fig. 10 Collection of selected results obtained for the amorphous carbon
impregnated GWAS 1-35 x 10 x 10-SG/F46G10VTO after the reciprocal
internal cylindrical grinding of Titanium Grade 2% alloy (Sample 2) by
the use of Auriga® SEM-FIB CrossBeam® workstation produced by Carl

Na: 4%

Zeiss Microscopy GmbH and Octane plus EDS detector produced by
EDAX, Inc.: a SEM micrograph (size = 2.22 x 1.47 mm, mag. 100x)
of AOIL; b microanalysis EDS—elements map of the AOI 2; ¢ elements
and their percentage of the analyzed AOI 2
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composition of AOI 2 presented in Fig. 8. Other elements
shown in both the EDS analysis for AOI 1 and AOI 2 repre-
sented a material of the abrasive grain composed of micro-
crystalline Al,Os, as well as compounds contained in the vit-
rified glass-crystalline structure. The bond used for the con-
struction of the grinding wheels is one of the ceramic materials
of the CMAS (CaO-MgO-Al,05-Si0,) [37]. It should be em-
phasized that the final result of the analysis was affected by the
pollution which result from the grinding process, e.g., grind-
ing fluids [34, 35].

For imaging and analysis of other fragment of the GWAS,
marked as a sample 2, Auriga® SEM-FIB CrossBeam® pro-
duced by Carl Zeiss Microscopy GmbH was also used. The
output SEM micrograph (size = 3.20 x 1.01 mm, mag. 66X)
shows a vast panorama of examined GWAS without any clog-
ging areas (Fig. 9a), which were observed for sample 1—AOI
1 and AOI 2 (Fig. 3b, 6b). This GWAS was generally devoid
of visible pollution, allowing to present its characteristic ele-
ments, such as: a single abrasive grains SG', areas of con-
centrate of the amorphous carbon impregnate substance, and
randomly located free intergranular spaces. From SEM micro-
graph (Fig. 9a), an AOI 1 (size =2.10 x 1.35 mm, mag. 100x%)
was extracted with interesting area including a single abrasive
SG"" covered by impregnating substance (Fig. 9b). The AOI 1
was magnified and presented as an AOI 2
(size = 0.71 x 0.45 mm, mag. 296x) in Fig. 9c. For this
AOI, the microanalysis EDS (Fig. 10b) was carried out. In
this case, the same procedures were used such as in previous
analysis carried out for Sample 1/AOI 1 and Sample 1/AOI 2.

In this AOI, a large concentration of carbon (38 %), oxygen
(24 %), as well as aluminum (14 %) was observed. The con-
centration of the rest of elements was smaller and occurred in
arange from 8 to 2 %. A percentage of the carbon, highlighted
by violet (Fig. 10c), was from 7 to 17 % higher in relation to
sample 1/AOI 1 and sample 1/AOI 2, respectively. The im-
pregnating substance in this AOI was properly introduced,
which was characterized by its even distribution. As previous-
ly mentioned, AOI 1 was free from areas clogged by Titanium
Grade 2°. The percentage of this alloy, highlighted by azure

Fig. 11 EDS spectrum with an
elements contained in the
analyzed amorphous carbon
impregnated GWAS

1-35 x 10 x 10-SG/F46G10VTO

1.60M
144M

1.28M|

after the reciprocal internal 1M &
cylindrical grinding of Titanium 0.96M
Grade 2® alloy by the use of 0.80M
Octane plus EDS detector 0.64M
produced by EDAX, Inc. for 048M
Sample 2, AOI 2 032M

0.16M;

0.00M:
0.0
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(Fig. 10c) was relatively small (6 %), in relation to carried out
earlier analysis. From CMAS, the highest value was obtained
for aluminum (14 %), for silicon (8 %), as well as for calcium
and magnesium (2 %). The analysis from Fig. 10 closely cor-
respond with EDS spectrum containing also an elemental
composition of AOI 1 presented in Fig. 11.

During the grinding process of titanium, which is a very
reactive material, using an abrasive wheel, the thin passive
layer of titanium oxides/hydroxides is created. In addition, it
has to be pointed that for that abrasive treatment, a high tem-
perature is accompanied. Therefore the coolant Castrol
Syntilo RHS, which contains organic compounds such as:
diethanolamine; 2,2'-iminodiethanol, acid ethoxylates, car-
boxylic acids with amines, 2,2'-iminobis(ethanol), and
2-(2-butoxyethoxy)ethanol, was also used. In environment
containing a lot of organic carbon-hydrogen compounds with
accompanying of high temperature, the titanium parts can form
chemical compounds with carbon as well as with hydrogen,
which unfortunately cannot be detected by the EDS method.

4 Conclusions

Conducted SEM-EDS analysis allowed for the unambiguous
identification of the distribution of chemical elements on the
analyzed three areas of amorphous carbon-treated grinding
wheel active surface after reciprocal internal cylindrical grind-
ing of Titanium Grade 2® alloy. This enabled the determina-
tion of the percentage and the shape and arrangement of clog-
gings which resulted from Ti chips adhesion to the GWAS. In
this study, it was also very important to determine the share of
impregnating substance (amorphous carbon) on the GWAS
after the grinding process.

The most important conclusions that can be drawn from the
research carried out include the following:

— Applied impregnation method ensure in an effective way
the presence of impregnate in a grinding wheel body, also
in subsequent work cycles of tool;

Sample: 2 | AOI: 2 | Magnification: 95% | Acc. voltage: 20 kV | Takeoff: 83.5 |

Live time: 83.5 s | Amp time: 7.68 ps | Resolution: 12.

Element “‘],':fl“' ‘“‘f,‘:““ Net Int ;
CK 4495 542 6327 652
OK 4535 4105 6342 9.04
NaK___ 321 2.02 111 743
MgK 037 022 27 621
AK 121 0.65 947 442
SIK 1.79 093 1647 338
KK 022 0.08 152 209
CaK 022 0.08 132 235
TiK 252 076 1219 155

K KB
K Ko Ca KB kax

CaKa LTi KB
39 52 65 78 91 104 117 130



Int J] Adv Manuf Technol (2017) 90:2293-2308

2307

— Analysis shows that share of carbon on the GWAS is
relatively high: in the range of 21-38 %;

—  Participation of Ti on the GWAS was from 6 up to 13 %
for the area with vast clogging (sample 1, AOI 2);

—  Observed Ti cloggings on the GWAS appear solely on
dulled vertices of active abrasive grains, which demon-
strates the limited impact of the impregnate in the zone of
direct contact between abrasive grains and machined
workpiece surface;

— Lack of extensive cloggings of the intergranular spaces
indicating an effective removal of long ductile chips of Ti
from grinding zone—it can be assumed that this phenom-
ena is aided by the introduction of an anti-adhesive im-
pregnating substance;

—  Elements identified on the GWAS with the use of SEM-
EDS technique correspond to the knowledge about the
chemical structure of the components of evaluated grind-
ing wheel.

The authors in the next works are planning to conduct
analyzes of the active surfaces of grinding wheels impregnat-
ed with other impregnating substances (including graphite,
silicone, molybdenum disulfide MoS,, and hexagonal boron
nitride hBN) after grinding process of hard-to-cut materials.
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