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APRESENTACAO

A Engenharia Mecénica pode ser definida como o ramo da engenharia que aplica
os principios de fisica e ciéncia dos materiais para a concepcgao, andlise, fabricagédo e
manuten¢do de sistemas mecénicos. O aumento no interesse por essa area se da
principalmente pela escassez de matérias primas, a necessidade de novos materiais que
possuam melhores caracteristicas fisicas e quimicas e a necessidade de reaproveitamento
dos residuos em geral.

Nos dias atuais a busca pela redugéo de custos, aliado a qualidade final dos produtos
€ um marco na sobrevivéncia das empresas, reduzindo o tempo de execugéo e a utilizagdo
de materiais.

Neste livro sdo apresentados trabalho tedricos e praticos, relacionados a area
de mecénica e materiais, dando um panorama dos assuntos em pesquisa atualmente. A
caracterizagdo dos materiais &€ de extrema importancia, visto que afeta diretamente aos
projetos e sua execugéo dentro de premissas técnicas e econémicas.

De abordagem objetiva, a obra se mostra de grande relevancia para graduandos,
alunos de p6s-graduacéo, docentes e profissionais, apresentando tematicas e metodologias
diversificadas, em situagdes reais. Sendo hoje que utilizar dos conhecimentos cientificos
de uma maneira eficaz e eficiente € um dos desafios dos novos engenheiros.

Boa leitura!

Henrique Ajuz Holzmann
Jodo Dallamuta
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CAPITULO 2

CORRELATION BETWEEN THE TOPOGRAPHY
OF THE TOOL’S WORN SURFACE AND THE
RESULTING WORKPIECE ROUGHNESS IN THE
MILLING PROCESS OF THE INCONEL 718
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ABSTRACT:  Topographic  characterization
techniques are widely used for functional
control of surface wear. The use of scanning
electron microscopy (SEM) provides high-
resolution images compared to optical systems
that use the interaction of the visible light with
the sample surface, that optimizes topographic
characterization calculations. This work uses SEM
in conjunction with image processing techniques
to evaluate and correlate the topography from the
wear scars at the rake face of cemented carbide
tools and the resulting surface topography of
an Inconel 718 workpiece in the face milling
process. To study the influence of tool wear, tools
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with different flank wear levels (from 0.1 to 0.4
mm) artificially generated by electric discharge
machining (EDM) were used. The trials were
carried out under finishing, moderate and rough
machining conditions, and under dry, flood and
minimum lubrication (MQL) conditions. Images
acquired by SEM (using secondary electrons)
of the worn rake face of the cutting tools were
used for calculating the topographic parameters.
The results show that the topography of the wear
marks on the cutting tool is related to the results of
the topography of the workpieces. This innovative
approach suggests that if tool wear mechanisms
can be characterized by its roughness parameters,
these results could be used to model the resulting
roughness at the workpiece, with the reciprocal
being also true.

KEYWORDS: Surface topography, Cutting
forces, Tool wear, Inconel 718.
11 INTRODUCTION

According to Popper?, althoug

phenomenologically  correlations do  not
necessarily translate into causality, knowing
the interactions between variables it is a good
start for a deeper understanding of the studied
phenomenon. In the machining tribosystem,
those interactions are especially complex even
among the other manufacturing process, as
almost all variables are interdependent, leading
to chaotic interactions.

The tool wear is one of the key indicators

of a system machinability 2. This variable can
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be measured by many methods such as interferometry 2, optical microscopy “, scanning
electron microscopy °, and monitored using many techniques such as acoustic emission
8, vibration 7, electric power consumption & The wide variety of techniques employed in
the study of this phenomenon is not only the proof its complexity but also of the scientific
community many doubts and little certainties about the tribological mechanisms existing in
the chip-tool interface.

If analyzed properly the tool wear mechanism is like the fossil register of a machining
process, and according to Astakhov ° can be directly correlated to variables such as
cutting forces and temperature, machining parameters and chemical affinity of the tool and
workpiece material. The tool wear standards for continuous '° and interrupted " quantify
the wear mostly as a measurement of its dimensions such as the average flank wear (VB),

maximum flank wear (VB , crater wear (KT) and notch wear (VN) as main indicators.

Bmen)
However, the analysis of the tool wear mechanism in both continuous 2 and interrupted
8 at lower ' or higher ' material removal rates is usually qualitative, using microscopy
techniques. Although the main patterns of each wear mechanism are well known, this type
of analysis leaves room for dubious interpretations and is not compatible with the scientific
rigour required today for process modelling.

This paper aims at a new approach to correlate surface texture parameters at the
rake face of a tool used in the milling process of Inconel 718 at different average flank wear
values with the surface roughness parameters of the machined surface. This quantitative
approach to the surface texture of the worn rake face of the tool leads to considerable
high correlation with the roughness profile of the machined workpiece and with the cutting
forces. This result demonstrates that even in a highly chaotic system such as the cutting
interface if the right surface characterization parameters were chosen, correlations between
the topographic characteristics of the surface could be drawn. The results also open the
possibility to be the basis of new mathematical models for a more complete simulation of

the surfaces interactions and resulting profiles in the machining process.

21 EXPERIMENTAL METHODS AND MATERIALS

2.1 Workpiece Material

In this study was used as workpiece of Inconel 718 manufactured by Villares Metals
S.A., under the trade name VAT718A®, with the chemical composition shown in Table 1. The
Inconel was in the aged condition, having its microstructure shown in Figure 1. Figure 1a
illustrates the presence of twinned grain boundaries as well as a highly oriented precipitated
carbide formation. Those precipitates had his elemental composition evaluated using
scanning electron microscopy and backscattered electrons (SEM-BSE) maps, as shown
in Figure 1b. The precipitates are mostly composed of niobium, being probably being high
hardness niobium carbides, as reported by Favero Filho, Da Silva et al. ®.
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Ni Cr Fe Nb Mo Ti Al C Co
5290 18,48 18,88 51T 294 098 0,54 0,032 0,04

Table 1. Chemical composition of the Inconel 718 (% Weight).

The mechanical properties of the material were illustrated in Figure 2, with the yield
and ultimate tensile strength provided by the manufacturer and the hardness of the material
measured by the authors using a Vickers hardness indentation. The material bulk hardness
was measured under a 100 kgf load, and the separated hardness of the matrix and the
precipitated carbides under 0.5 kgf load. The matrix hardness was around 18% higher than
the bulk hardness, as the microhardness have more influence in the surface oxide layer '°.
The niobium precipitate presented around two times the hardness of the bulk material and it
is one of the factors that contribute to the low machinability of the material.

Figure 1 — (a) Optical microscopy of the microstructure of the Inconel 718 (etched with Kallings
2). (b) SEM-BSE maps using backscattered electrons of the precipitated carbides, with green for
niobium, blue for chromium and red for nickel.
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Figure 2 — Mechanical properties of the Inconel 718.
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2.2 Cutting tool

For the machining tests was used a Sandvick class “S15” (GC 1030) cemented
carbide tool (WC-Co), model: 490R-140408M-PM 1030. The inserts were coated using
physical vapour deposition (PVD) with TiAIN and TiN PVD. The inserts were placed on
a Sandvick® Coromill 490 cutter body with capacity for 5 inserts and a diameter of 63
mm but only one insert was used in each trial. The tool flank wear (VBB) was artificially
manufactured via electrical discharge machining, with the tool used om a negative polarity
under 110 V, 40 A and pulse time of 100 ps. The tool was classified under 4 conditions as
shown in the Table 2, new (no wear), type A (VBB = 0.40 + 0.15 mm), type B (VBB = 0.70 +
0.10 mm), type C (VBB = 1.00 + 0.10 mm) and type D (VBB = 1.40 + 0.150 mm).

Wear type VBg (mm)  Main cutting edge Rake face
Wear Type A 0.40=0.15 m
Wear Type B 0.70+0.10 1

Wear Type D 1.40+£0.15

Wear Type C 1,00+ 0.10 m

Table 2. Classification of wear produced by EDM.

2.3 Machining Tests

The machining tests were performed on a Bridgeport Discovery® 760 CNC 3-axis
machining center, manufactured by ROMI, with a resolution on the x, y and z axes of 1 pm.
The machining center was adapted as an open tribometer, in a similar configuration of that
used by Silva, Ruzzi et al. 7. Before each trial, the workpiece was pre-machined to and
Rz = 2.515 + 0.220 ym, ensuring a similar tribosystem for each repetition. The evaluated
machining parameters were shown in Table 3, being classified under the finish, moderate
and rough cutting conditions, for a constant cutting length of 40 mm. Each condition was
performed under dry, MQL (6 bar and 50 mi/h) and flood (2.4 I/min) conditions. To ensure
reproducibility were made two repetitions for each condition.

Engenharia Mecanica: Inovagdes Tecnologicas de Elevado Valor Capitulo 2 _



Condition Ve (m/min) f(mm/rev) ap (mm)

Finish 70.0 0.10 0.25
Moderate 40.0 0.15 0.40
Rough 35.0 0.20 0.60

Table 3. Machining parameters.

2.4 Roughness parameters

After the machining trials the tools were cleaned using Nital 5% for 1 hour, and the
surface texture of the worn regions were measured via scanning electron microscopy using
secondary electrons (SEM-SE) in a TM3000 scanning electron microscope manufactured by
Hitachi, as illustrated in Figure 3. For each tool three regions with 200x200 um? of the rake
face were taken, as the wear was mainly concentrated in this region of the tool, as illustrated
in Figure 3b. This SEM-SE image were than plotted in 3D using the software MontainsMap®,
using the SEM image reconstruction module, as illustrated in Figure 3c,d,e. The roughness
of the machined surface was measured using a Surtronic S-100 portable surface finish &
roughness measurement tester, manufactured by Taylor Hobson. To ensure reproducibility
three measurements with 9.6 mm of length (Figure 4) were made for each trial.

Figure 3. Creation of a 3D profile from the SEM-SE images. (a) SEM-SE image of the rake face
wear; (b) Rake face wear at higher magnification and the indication of the regions transformed
in 3D profiles. (c) 3D profile of the region 1; (d) 3D profile of the region 2; (e) 3D profile of the
region 3.
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Figure 4. Example of a roughness profile from the workpiece after dry rough machining using a
wear type A tool.

The surface texture of the tool rake surface was evaluated according to the 1ISO
25178 '8, and divided in amplitude, functional, spatial, hybrid, functional (volume), feature
and functional (stratified surfaces) parameters, as detailed in Table 4. The roughness of the
machined workpiece was evaluated according to ISO 4287 ' in amplitude, material ratio,
spacing and peak parameters, and detailed in Table 5.
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Categorie

Height

Functional

Spatial

Hybrid

Functional
(Volume)

Feature

Functional
(Stratified Surfaces)

Parameter

Sq (um)
Ssk
Sku

Sp (um)
Sv (um)
Sz (pm)
Sa (pm)
Smr (%)
Smc (um)

Sxp (pm)

Sal (um)
Str

Std (°)
Sdq

Sdr (%)

Vm (pm?/um?)

Vv (pm*/pm?)
Vmp (pm?*/pm?)
Vme (pm*/pm?)

Vve (um*/pm?)

Vvv (pm?/um?)
Spd (1/pm?)
Spc (1/um)

Sk (um)

Spk (um)
Svk (pum)
Smrl (%)

Smr2 (%)

Name Description
Standard deviation of the heights distance
from the mean plane.
Skewness Symmetry of the distribution.
Kurtosis Sharpness of the distribution.
Maximum value from the mean plane of
the surface.

Root mean square

Maximum peak

5 Minimum value from the mean plane of

Maximum valley the surface.

Distance between maximum and minimum
height

Mean of the heights distance from the
mean plane.
Percentage of cross-sectional area of the
surface at a determined high.

The high that gives a determined material

ratio.

Difference of heights at the area material

Maximum height
Arithmetical mean
Area material ratio

Inverse area material ratio

G AaCIE ratio values p% and q%.
Auto-correlation length Horizontal distance in the direction
Texture aspect ratio Uuniformity of the surface texture
Texture direction Angle which the angular spectrum is the
largest.

Root mean square gradient Root mean square of slopes at all points.
Ratio between the area’s additional surface
Developed interfacial area ratio added by the texture and the planar
definition area.

Material volume Volume of matgrial per unit of area
between a material ratio of 0% to p%.
Volume of space per unit of area between
a material ratio of 0% to p%.

Peak material volume Volume of material at a material ratio p%.
Represents the difference between the void
volume at a material ratio p% and q%.
Represents the difference between the
Core material volume material volume at a material ratio p% and
q%.

Represents the void volume of dale at an
area material ratio p%.

Void volume

Core void volume

Dale void volume

Density of peaks Number of peaks per unit of area.
e Arithmetic mean of the curvature of the
Aritimetic mean peak curvature
peaks.
Difference of heights at material ratio
Core roughness depth values 0% and 100% on the equivalent
line.
Reduced peak height Mean height of peaks above the core
surface
e Mean depth of valleys below the core
surface

Percentage of surface at the intersection of
the core surface and the peak height.
Percentage of surface at the intersection of
the core surface and the valley height.

Peak material portion

Valley material portion

Table 5. Surface roughness parameters of the workpiece according to ISO 4287 .
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Categorie Parameter Name Description

Rp (um) Maximum peak height Maximum height of the profile above the mean line.
Rv (pm) Maximum valley height Maximum depth of the profile above the mean line.
Difference in high between the average of the five highest

187 (1) gn-pmin st peaks and five lowest valleys.
Re (um) i lnsfieiit @it proitile Average values of Fhe dlstz'mce between the peaks and
- neighbouring valleys.
IODHINCE Rt (um) Maximum profile height =~ Vertical distance between the highest peak and lowest valley.
Ra (um) Arithmetic average height Arithmetic average of the profile.
Root mean square .. .
Rq (pm) . Standard deviation of the surface heights.
Rsk Skewness Profile symmetry.
Rku Kurtosis Profile sharpness.
Renr (%) gt s Ratio between the length of 1.:he prgﬁli elements in relation to a
Material Ratio material ratio ¢%.
RO Profile section height Height difference in section height, matching the two material
” difference ratios ¢% and q%.
RSm (mm) Mean width Mean of the length of profile elements,
Spaci o .
pacing Rdq () R smeem apEre ale Root mean square for thel‘ls?lcgzﬁl slope within the sampling
Peak RPc (1/mm) Peak count Number of roughness profile peaks per unit of length.

To evaluate the correlations is proposed the representation shown in Table 6. The

average values of iartificially manufactured tool wear (Table 4) will be correlated using the
Pearson index with the roughness parameters of the workpiece (Table 5), in a similar way
that was proposed by Da Silva, Da Silva et al. . The direct correlations will have the
corresponding cell coloured in green and the inverse correlation in red. The color palette will
be directly related to the strength of the correlation, with deeper and lighter colors meaning
correlations closer to, respectively, 100% and 0%. The overall percentual correlation of a

parameter class will also be presented in a cell at the opposing side of the table.

Roughness
parameters of the
machined workpiece
/ cutting force

Parameter class 8

Roughness
parameters of the
rake face of the tool

Parameter X Parameter Y

Weaker inverse
Parameter A Pearson’s correlation

Parameter class o
Weaker direct

Parameter B Pearson’s correlation
between B and X

Average correlation for the parameter class 3

Table 6. Example of how the correlations will be presented for the average values of each input

variable.
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31 RESULTS AND DISCUSSION

3.1 Correlations in relation to the tool wear condition

Table 7 presents the correlations between the amplitude parameters of the machined
surface (Figure 4) and the roughness parameters of the rake face of the tool (Figure 3) in
relation to the average values for each of the different tool wear conditions (Table 2). In
general, the workpiece amplitude surface roughness parameters resulted in above 70%
correlations with the worn tool roughness parameters. This relatively high correlation can
be explained by the influence of the main cutting-edge wear on the stresses and strains
at the cutting interface, as similarly reported by Musfirah, Ghani et al. 2'. An even greater
discrepancy was found between the roughness of the rake face of the tool with the average
correlation of the Rsk and Rku (52.5%) and the other amplitude parameters (77.5%).

The amplitude parameters of the workpiece and height parameters of the tool
presented an overall 72% correlation, with most parameters presenting above 90%
correlation except for the skewness and kurtosis of each surface. These results indicate
that parameters more focused on the actual height of peaks and valleys are more suited
for modelling the relations between the wear at the rake face of the tool and the workpiece
surface roughness than the third (skewness) and fourth (kurtosis) central moments of the
distribution, with are more related with the dispersion of the profile amplitude.

In general, the spatial and functional (stratified surfaces) were the only tool wear
surface roughness parameters with lower than 70% correlation with the amplitude of the
workpiece profile. This can be explained by the fact that the wear at the main cutting edge
is directly related with the contact pressures at the cutting interface 22 increasing the region
in with the real contact area is equal to the apparent. As the spatial parameters are related
with the texture direction and the functional (stratified surfaces) with the bearing area and
increasing real contact area will make the differences regarding these classes of parameters
irrelevant in relation to the material flow.

The highest correlations (above 80%) were found for the hybrid and functional volume
classes of surface roughness parameters for worn rake face of the tool. As the increased
tool wear at the main cutting-edge has a known relation with higher cutting pressures 2,
and increase in the volume of the wear patterns of the tool was already expected to be
related with an increased amplitude of the roughness profile at the workpiece. As the hybrid
parameters are correlated with the uniformity of the workpiece, the higher contact pressured
and overall harsher cutting conditions caused by the increased tool wear (Table 2) lead to
more non-uniform wear of the rake surface, with can cause unbalance in the chip formation
and consequently higher amplitude of the roughness profile at the workpiece.
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ISO

Functional

Height

(Stratified  Feature Functional (Volume) Hybrid Spatial Functional

Surfaces)

25178

Vm (um?/um?) | S S
Vv (pm*/pm?)

Vve (um/pum?) [T
Vv (um/um?) S S -_--- 48.6%

1SO 4287 Amplitude
Parameter Rp (um)Rv (um)Rz (um)Rc (pm) Rt (um) Ra (um)Rq (um) Rsk  Rku

Sq (um) G 150NN G5 12503 ST ISTS IS -51.4% 37.8%

Ssk 34.6% -19.5% 1.6% -19.1% -18.3% 21.5% 15.3% [G8I8%|

Sku TR -52.9% [S650% =57.1%I ['=55.7% | E600% F6TO% 14.1% 5.1%
Sp (um) 95.1%  90.4% | 97.9% £5612% 44.2% 72.0%
Sv (um)
Sz (pm)

Sa () RO NSOURN NGO 930197 WSG99 NSO IOR0RA -+9.9% 36.2%

Smr (%) [PS65ETN -27.6% -34.3% (SR IS
Sme (ym) [516%) [BS167) [S10%) S6S04N ISRHTR SRR -1 35.0% 73.4%
sxp (wm)  [STSH0N (SIS0 G 650 [NESHE0N [SHEHa BSSH -c0.6% 47.1%
Sal (um)  JE6MTAN 30.5% [46.0% 33.1% 19.2% 28.0% -33.6%
Str ----_---- 55.2%
Std (°) 25.2% -41.6% -36.6% -38.6% | =55.4% | -21.3% -26.2% [56.1%
Sdq --------- 0430

Sdr (%) ---------

BRI -42.1% 30.4%
--48.8% 34.8%
Vmp

L 0,
() 42.1% 30.4%

Vine 82.1%
0,
mem | | [ | | e

47.5% 33.4%
Spd (1/pm) |G [E7415% SO IO 645 RGO MESNRA 325 -17.9% _
0
Spe (1/pm) [505115%) F516% [6212%] [ 5175 [-91.0%) 932%4] 67.0% -67.1%
Sk (um)  [66:2%1 [86.4% [875% " 67.5% £79.5% 63.1%
Spk(um)  63.5% [BI4% 77.3% 1864% "BI7% " 66.5% 69.4% -76.1% 56.8%
Svk (um)  ISEISOE IENS IS0 TS0 ISR SN0 IS S7458% 667% 62.0%
Smrl (%)  -23.3% [-44.7% -37.8% -40.5% [E582% 1 -21.0% -26.6% [6218% 26257%
Smr2 (%)  20.0% 31.5% 28.1% 37.2% | 39.8% @ 15.8% 18.6% -46.3% 25.4%
72.0%

Table 7. Correlation between the rake face of the worn tool roughness parameters according to
ISO 25178 and the workpiece amplitude surface roughness parameters according to 1ISO 4287

in relation to the average values for tool wear condition.

The feature parameters of the rake face of the tool resulted in inverse correlation

with the amplitude of the roughness profile at the workpiece as the tool wear increases. The

inverse correlation between the number of peaks per area (Spd) and peak curvature (Spc)

at the rake face with the roughness of the workpiece can be explained by the higher contact

pressured in the cutting interface, with probably levelled the peaks reducing its humber

per area and curvature. In relation to the functional parameters only the (Smr) resulted in

a poor correlation with the amplitude of the roughness profile at the workpiece (53.3%), as

it describes the bearing area at the rake face, with has lower significance at higher contact

pressures, leading to a poor correlation with the workpiece roughness as the tool wear

increases.
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ISO 4287

1SO
25178

Parameter

Sq (pm)
Ssk
Sku

Sp (pm)

Sv (um)

Sz (um)

Sa (um)

Smr (%)

Smc (um)

Sxp (nm)
Sal (um)
Str
Std (°)
Sdq
Sdr (%)
Vm (pm*/pm?)
Vv (pm*/pm?)
Vmp (pm?/pm?)
Vme (pm?*/um?)
Vve (pm*/pm?)
Vv (um?/um?)
Spd (1/um?)
Spe (1/pm)
Sk (um)
Spk (um)
Svk (um)
Smrl (%)
Smr2 (%)

Height

Hybrid Spatial Functional

Functional
(Volume)

(Stratified  Feature

Functional
Surfaces)

Spacing
o s o
41.4% OIS  -39.9%

-32.6% 27.7% _ 0.3%
T o5 Al 49%
SR 32 O 418% 66.1%
DS 445 ORI 43.4%
SR SO 439% IR 42.6%
ESCE7N CCEE 305 IOEAE  352%

37.7% -18.8% -34.3% -41.8% 27.5%
-37.1%

73.0%

46.2% 43.0% 53.3%
36.6% -13.1% -14.2% -31.4% 6.2%
-29.4% 125% [492% 1 28.9% -41.9%

S T162% 61% 40.6%

Table 8. Correlation between the rake face of the worn tool roughness parameters according to
ISO 25178 and the workpiece amplitude surface roughness parameters according to 1ISO 4287
in relation to the average values for each tool wear condition.

As shown in Table 8, in general, only the material ratio parameters of the workpiece

surface resulted in overall good correlations with the roughness of the worn rake surface of the

tool. In a similar way, only the functional (volume) and hybrid parameters of the rake surface

resulted in good correlation with the surface roughness of the workpiece. The generally

inverse correlation between the Rmr of the workpiece and the roughness parameters of

the rake face can be explained by the fact that the higher the cutting pressured caused by

the increasing tool wear at the main cutting-edge also increasing the wear at the rake face.

This higher wear results in a more unstable chip flow and leads to poorer roughness at the

machined surface, what in turn leads to lower material ratio at ¢ = 1 um under the highest

peak, as the plastic deformation is favoured in relation to the pure shearing process. The

Rdc behaves inversely as it is more correlated with the bulk of the profile (height difference

between 20% and 80% of material ratios).
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The Rdq parameter of the spacing class also resulted in relatively good correlations
with the roughness of the rake face of the tool as the tool wear increases, (79.3%), indicating
that the changes in the slope of the workpiece roughness profile are directly correlated with
the increased wear at the rake face. In a similar way of the results found for the amplitude
parameters (Table 7) of the workpiece roughness profile, the hybrid and functional volume
parameters of the worn rake face also resulted in the better correlations as the wear at the

main cutting edge increases.

41 CONCLUSIONS

In this paper was discussed a novel approach to correlate the roughness parameters
of the worn rake face of cemented carbide cutting tools with the resulting surface roughness
of the workpiece, under different cutting atmospheres, machining parameters and tool wears
(VBB). The following conclusions could be drawn in relation to the correlations:

+ In relation to the input variables the overall highest correlations between the
rake face and workpiece roughness were found for the average values for the
cutting parameters.

+  The best class of parameter for modelling the roughness of the workpiece was
the Functional (volume) of the roughness at the worn surface of the tool, as it
averaged more than 80% correlation between the input variables with no avera-
ge lower than 70%.

«  The best class of parameter for modelling the roughness at the worn surface of
the tool was the amplitude parameter of the workpiece surface roughness.
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