Proceedings in
MANUFACTURING
SYSTEMS

¢ Proceedings in Manufacturing Systems, Vol. 5 (20N0) 4 ISSN 2067-9238

IDENTIFICATION OF INFLUENT FACTORS ON SURFACE INTEG RITY
IN NICKEL-BASE SUPERALLOY DRILLING
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Abstract: For the critical rotating components in aeronauficemdustry, the metallurgical quality
achieved after machining conditions could deterntiregr mechanical behavior in fatigue. To guarantee
this quality, the tools, materials and cutting ciiwhs are frozen during the validation processabgut-

up part following by an acceptable surface integriEven with the fixed parameters, perturbations ca
occur during the process and may have a direct chpaer the metallurgical quality through the appar
tion of anomalies, which could reduce the calcuatatigue life. The aim of this study is to defme
Process Monitoring technique able to detect thekiness affected by the machining taking into actoun
the flank wear effect. With the Pearson’s corr@atthe most influent factors are identified ancathat

a linear regression is used in order to define itihadel.
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1. INTRODUCTION Table 1

. . . Variables to correlate
The increase of turbine aero engines performance

(4]

requires materials with remarkable mechanical gtten
at high temperature, such as UDIMET720 or
INCONEL718. UDIMET® 720 shows important advan-
tages, in terms of corrosion resistance (Cr), meichh
properties and oxidation behaviour (Ti, Al and Go t
stabilizey phase). The material properties and the ma
chining characteristics lead Ezugwu [10] to clastiifis
material as “difficult-to-machine”. The low thermebn-
ductivity of this material leads to high cuttingrtpera-
tures at the rake face which accelerates tool flaakr.
The tendency of thg matrix to work hardening and the
rapid flank wear lead to a built-up edge formatiBnilt-
up edge has consequences on surface roughness [8].

Physical measures

Criteria ex-
tracted for each
physical measure

Surface integ-
rity anomalies
(examples)

Thickness of the

Spindle Power (P), Thermo-
Torque (Mz) Mean Value,_ mechanically
Forces (Fx, Fy ,Fz) Standard Devia- | - o o layer
Accelerellatio]ns tion [SD], RMS, smearing bu'rr
(Ax, Ay, Az), Skewness, Kurto- length ,n%i;:ro-
Spindle Current SIS hardness devia-
tion, etc

dle power and surface roughness or metallurgical

Respecting the surface integrity is one of the mos hanges are treated by Dutilh [2].

important requirements in aerospace
anomalies generated by machining could have an-infl

ence on the part fatigue behaviour. Some papers deg,

with the influence of the “white layers” or residua
stresses on fatigue life [6 and 7]. It was demastt that
anomalies such as smearing, shear band or heaway-dis
tion can reduce the fatigue life frodE+01to 1E+02
cycles [5] (Inconel 718 and TA6V samples where Wised
The detection of machining process anomalies usin
output signals from different systems shows in bt
years, one important area for the scientists addusers.
The physical measures are mostly used in ordepte c
trol the machining process. Spindle power changes,
brations signature and forces can detect tool flapkr
[3 and 4], the burr [1] or problems of the machioet
(spindle bearings). Some correlations betweesire
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industry. The

The different statistical methods (Design of Experi
ments for example) permit to quantify the influerafe
e cutting parameters on surface or subsurfacanfd
11]. Once the most important parameters are idedfif
the linear relations between the terms could berdet
mined with Pearson correlations and further, tihedr
regression can establish the relations betweerablas

9; Iiegarding the important number of physical meas-

urements, criteria and surface integrity anomabéspst
100 variables to correlate (Table 1), the choicstafisti-
cal methods is justified. Automating the analysbés
model will help us to see which factors have andmp
tant contribution to generate an unacceptable carfa
integrity and make further Process Monitoring pregds.
In the same direction, European Project ACCENT
(Adaptive Control of Manufacturing Processes fiNeaw
Generation of Jet Engine Components) tries to dgvel
new Process Monitoring systems to control the &bri
tion process and also to reduce the validationscost
Through an experimental approach, the impact of
machining disturbances on the surface integrityraond-
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Fig. 1. Experimental set up. ] ) o ) N
e In a first time [2], combining the cutting conditi®

o ] } ) ) o according to the classic criteria established by th
itoring signals is studied. Using a statistical noet, a French specification AFNOR E66-520 (Couple-Tool-

model is proposed for monitored in “real time” dfet Material) and the criteria of surface integrity, An-
thickness affected by the machining, taking intocamt ceptable Surface Integrity Domain is defined (ASID-
the flank wear behaviour. Fig. 2). This “window” was founded exploring differ-

ent values of the cutting speed and feed rate and r
2. EXPERIMENTAL WORK garding to the specific cutting forces Kc, the to@lar,

roughness, hole geometry, withautdissolution layer
and to minimize the distorted layer.
A second experimental campaign [12] treats the im-

2.1. Work material and equipment
The parts on which we carried out trials wét&0
mm forged bars, usually used as raw materials befor® | o X X
forging turbine discs. These bars have the samé hea Pact of a cutting fluid interruption on the surfanteg-
treatments as the discs (solution Heat Treatmedt an Mt @nd onthe Process Monitoring signals. _
aged) to obtain the nearest routine mechanicalestigs ~ * !N this paper, a new experimental campaign is cbnsi
to the original discs (same microstructure, samaingr ~ €red. Based on results of the first tests, nevstriere
size> 8 ASTM, and same hardnes#10 HV30). performed in order to understand the influence af m
The tool is a115.5 mm drill Iscar Chamdrill with an ~ €hining disturbances (hardening changes of the -mate

interchangeable TIiAIN coated carbide head. Thidl dri @l tool position defect or cutting fluid emulsio
has the particularity of having a very short margin variation) on the surface integrity and physicalasie

mm), which avoids anomalies generated by frictiatis urements. _ ,
along the hole. In order to study the influence of the cutting paea

The operation is a drilling in a pre-hd&l3 mm and ters and interactions between them on the ASIDtrihe
the length of the hole is 37 mm als were performed according to a Fractional Expen-
' tal Designwith 2 levels (1 or 2) for each one of the fives

2.2. EXPERIMENTAL SET-UP AND MEASURING ~ factors (cutting speed, feed rate, material harsingssi-
INSTRUMENTS tion defect and cutting fluid emulsion). We chosealias

All the trials were made on a HURON KX10 3-axis & factor with the interaction of order 4 to redube
vertical milling centre using an 18kW spindle mo#wd number of trials to 16 experiences and get'&Zesolu-
a Siemens 840D numerical controller. tion 5 plan. If the five parameters are noted, C, D, E,

The machine-tool was instrumented by a 4 compo-the alias structure is:

nent Kistler dynamometeFg, Fy, Fz andMz), and three A + BCDE B + ACDE C +A BDE D + ABCE
accelerometers placed following the directidhy andZ E + ABCD AB + CDE AC + BDE AD + BCE
(Fig. 1). The spindle power, the position Hfaxis, the AE + BCD, BC + ADE BD + ACE BE + ACD
spindle current intensity and the three axes cuirgen- CD + ABE; CE + ABD DE + ABC

sity are recorded through the Siemens Profibus.
Metallographic examinations were carried out on all  The hardness H1 is 6% under the hardness H2. This
the experiments with an optical microscope (Olympusyariation was generated by changing the agingrtreat

GX51), a scanning electron microscope (SEM-FEGpyt the microstructure is similar (grain size ahghase
JEOL 7000F) and a micro-hardness tester (SHIMADZU proportion).

HMV). The tool position defect was generated with anis ax
displacement compared to the pre-hole. The valug wa
2.3. Experimental procedure fixed at 0.05 mm which corresponds to twice thaigalf
The present paper is part of an important study orthe production limit.
drilling Nickel-base superalloys which takes placghe The emulsion variation was established as the limit

European Project ACCENT. It presents several s@ps, acceptable in production. The maximum percentage wa
follows: fixed according to the example of the industridaion.
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Table 2
Experimental Design
Position ::r:lgt
. i
No 'E:r:g Feed Material ﬁ\éleer the fluid
speed rate hardness | o emul-
[mm] sion %
1 Vel fl H1 0.05 7.5
2 Vcl fl H2 0 7.5
3 Vcl f2 H1 0 7.5
4 Vcl f2 H2 0.05 7.5
5 \vi fl H1 0 7.5
6 \ v fl H2 0.05 7.5
7 \ v f2 H1 0.05 7.5
8 \Yo f2 H2 0 7.5
9 Vcl fi H1 0 12.5
10 | va fi H2 0.05 12.5
11 | va f2 H1 0.05 12.5
12 | va f2 H2 0 12.5
13 | Ve2 fl H1 0.05 12.5
14 | Ve2 fl H2 0 12.5
15 | Ve2 f2 H1 0 12.5
16 | Va2 f2 H2 0.05 12.5

The cutting conditions parameters used in the indus

trial applications cannot be disclosed, so the idential
values are changed by indicative variables.

3. FRACTIONAL EXPERIMENTAL DESIGN
RESULTS

The surface integrity of each hole was charactdrize

by the thickness of thg dissolute layer (Fig. 3), the dis-
torted layer, the presence of plucking and smeatimg

burr and the micro-hardness value observed at 40 um

from the surface. For example, in

Fig. 3, a discontinuous thermo-mechanically affected

layer (8um) is presented.
The analysis of the experience plan shows thainthe
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Fig. 4. Pareto Chart for the main effects on tool flank wear

Fig. 5. Example of surface integrity anomalies due topibsi-
tion defect.

The analysis of the experimental plan shows that th
run out has an influence on the smearing and micro-
hardness but given the random distribution of thips

fluencing parameters on the two types of layers andcand the large dispersion of micro-hardness measure-

plucking are the emulsion, the hardness and cutiomg
ditions.

The main influential factors on flank wear are thg-
ting speed and the interaction between the hardmeds
position defect (Fig. 4). The evolution of the tdiaink
wear is significant (even three times between }ests

The position defect does not lead to global anasali
on the entire length of the hole or premature di=fran
of the tool, but local defects can be observed.(Big
This type of anomaly is not always visible.

v" dissolute layer

Fig. 3. Example ofy* dissolute layer.

ments, will not be consider in this study. The ajijen
of they' dissolute layer is connected with the evolution
of the emulsion and the material hardness.

The thickness of the' dissolute layer varies with the
cutting conditions and hence the cutting forcess (tb-
servation was also made during the study of thabest
lishment of the ASID).

Contrary to they' dissolute layer, the distorted layer
(corresponding to a layer where thephase are elon-
gated) is correlated with a more important hardn€ss
the other hand they evolve in the same sense éofettd
and emulsion. Those results have to be balancédthet
experimental examination methodology. In the cake o
the distorted layer, the examination is difficuftdait is
submitted to the appreciation of the examiner witiels-
sify holes by grades (5, 10, 15, 20 um distort&tBybe
this type of examination has to be completed byoaem
objective analysis as micro-hardness measurement.

The results obtained are very instructing and @ th
same time surprising (the emulsion which is the tmos
influent factor on the thermo-mechanically affected
layer) but could be due to the scattering regardireg
measures or maybe to the experimental design tppe.
deed the factor effects are not pure and evereiiriter-
actions orders 4 are neglected, the intenastimder 3
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Table 3
Miterial Hardness x Postion Examples for the linear matrix
' : Affected Flank Margin
s vanables | Clayer | wear | Wear
W x Position
m Position Emulsion Cutting speed | -0.01 0.53 0.4
mVcx Emulsion
. Feedrate 0.47 0.29 0.28
ol s Position ~0.09 0.31 0.39
W Mezterial Hardness x Emulsion
Emulsion -0.51 -0.16 0.28
_ Material Hard- 0.16 ~0.07 0.43
Fig. 6.Pareto chart of the effects on affected layer. ness
Mean Mz 0.55 0.66 0.49
SDx, 0.56 0.85 0.43
SDry 0.57 0.38 0.23
SDry 0.54 0.3 0.26
Flank Wear 0.62 1 0.33
sfessasssnass loo-._.-.__. .__;'I.._....-;.,....‘...._ Margin Wear 0.025 0.33 1
Distortod laver .' : Mean,sPinme 0.54 0.6 0.5
Olocl-l.onll-llc;-l-.-o--.-oao.q Meanpower 038 076 058
solute layer
= 12
63
ET 10 /i EH1
(o] R2=0,976
£33 H2
Fig. 7. Thickness of affected layer by drilling. 29
bl ]
(summed with interactions order 2) must be included %,g 4
the study. After that is difficult to determine whiis the £s 5 j/ 1
most influent between the interaction order 3 artbp?2. £ 1
Further analyses will be done in order to verifyl am- E o —
derstand better these relations. Torque Mz

Further, the sum of two types of layers (sum of the
distorted layer and thg dissolute layer) will be consid-
ered in this study (Fig. 7) in order facilitateute analy-
sis and to define a Process Monitoring technique &b
estimate in real time the thickness affected byditiéng
operation.

The first analyses of the experimental plan werdena
in order to understand the influence of the cuttpeg
rameters on the surface integrity. Now, the immddhe
parameters on the process monitoring signals véll b
study.

Among all the signals and the cutting conditions pa
rameters, the bests correlations could be madeeeetw
the Position and the Mean values Fy andFx (visible
by analyzing the experimental plan and at the stime
with Pearson Correlations — Table 3). The defect ha
been introduced artificially on the x axis andsitgiasy to
understand the contribution of the position follagiFx.
The fact to detect the defect on Fy suggests thathar
defect of position or run-out at least as impor@asitthe
one introduced. For the same reason, the defegpbsif
tion couldn’t be put in evidence by frequency asay ,

(observation of the frequency rotation and harmsnitt 4. PEARSON'S CORRELATIONS

shows that the position defect was not importaotugh Alongside the experimental plan analyses, another
in order to generate a meaningful variation of§bgface  statistical method was introduced in this studygt@n-
integrity and on the Process Monitoring signals. tify the different relations.

Fig. 8. Thickness evolution of dissolute layer vs. torqudz.

These experimental trials show that the ASID (Ac-
ceptable surface Integrity domain) defined for aoa-
text (one emulsion percentage, hardness), may eot b
exactly the same for another context. If we consagy
the tests for a 7.5% emulsion and that one compaits
results achieved for the second hardness couldbbe o
served a relation between the, Bbuple and the thick-
ness of the thermo-mechanically affected layer ésam
relation already observed by Dutilh [2] and Pef6h-—
Fig. 8). Nevertheless, this relation proves to deficmed
only for pieces presenting hardness H1. The cuttony
ditions explored do not permit to verify if the effs ob-
served have the same evolution of the thickneshdaal-
ness H2. This model does not take into accounddfiect
of position because we observed previously that ahie
does not have an influence on the thermo mechéical
affected layer.



A. Popa et al. / Proceedings in Manufacturing SysteVol. 5 (2010), No. 4 / 23236 235

The Pearson’s correlation matrix describes theeeorr 02
lations among the variables described (cutting mpara 018 i‘
ters, surface integrity criterion and the physioaas- o6 j‘\\a

ures). It is a square symmetridalx P matrix with the

f — —

£

£
diagonal elements equal to unity (correlations afi-v 8 on f\' ,,'\ .
ables with themselves). The correlation coefficiémj 2 oo AR \ ANES ) dvalues
represents the linear relationship between twoabtes g 006 | ~,/v“~4' T = Modd
and the values are betweeh and 1 (0- no correlation; 004
+1 high correlation). 002

o)

For each physical measure, different criteria vweete
tracted (Table 1) and with the surface integritpraa-
lies, a first matrix was defined. In order to azalythe
linear correlations between the terms of the mamare  Fig. 9. Comparison between measured values for the flarsk we
using a statistical approach (Pearson Correlatiand)a and the model.
new correlations matrix is fixed.

This method comes to confirm the results obtained b glankwear= a, +a,[Mean,, +a,[SD., +a,[Mean,,.,-(2)
analyzing the experimental plan. For example, thoet f

12 3 45 6 7 8 910111213141516

Trials

that the position defect doesn’t have an influeoicethe But, the power was obtained using the expression:
apparition of the thermo-mechanically affected faige Power= M, [62m+F, [V, .

shown by correlation coefficiemt, = 0.024. In the case ’ ’

of this study, when the Pearson’s Correlation edushe The coefficientsy, a,, azanda, are identified using a

intensity between two variables is not so importamé  multiple regression. Replacing the coefficientshwitieir
exactly to the fact that this statistical methocesloot  values and the power expression, the model will be:
take into account the interactions between vargable FlankWear= 0.02367-

5. MODEL Mean,, (0.0099+ 449107 [2mi[dy) + ©)

5
The linear matrix gives information about the fasto 00014680, - 449010 [F, IV .

which have to be considered in the different madels
Some high correlation coefficients can be obsemdte
Table 3 corresponding to affected layer column.

In order to define a model able to estimate thekthi
ness affected by the drilling operation, itis resegily to 1o yalues is 2.7% and a standard deviation of 20%
cpnsider only the terms having a high correlatioeffi- 2. Some trials have a high error and this coulesbe
cient Mz, SD-, SDry, SDx, andFlank Wear- Table 3). plained by the fact that the terms of the modelenao-
Also, for this model, the most important interane-  gen regarding the highest linear correlation coieffits
tween cutting parameters (FigF&@). 6 will be taken into  gnq the interactions between different cutting paters
account. The emulsion and the feed rate are importa .o neglected by the statistical method. As obsierva

factors in Fig. 6 and Table 3. TReaneowerhas an im- - o important error is registered for the tests g1
portant coefficient (Table 3) but will not be cathsied i |5rdness and no position defect (exactly the intiena
the study (it is already tested and is not imprgvihe presented in Fig. 4).

model). So, we can write the follow equation: Once the wear behaviour is known, the next step is

Affectedlayer =B, +p, CF [B, (Emulsion+ insert (2') in the expression of anomaly (13. T heeeféi-
cients By, Pz, Pa Bas Bs, Pe Bz, Bs, B, P10 @and Py were

B, Mean,;ng. + Bs (Mean,, + B, (5D, + (1)  founded using the multiple regression.

B, [SD, +Bs (B0, +B, Flank Wear+ Affectediayer = —7003-39731( f - 065[ Emulsion

B, IV, (Hardness 3, (HardnessPosition. 478[Mean,;, .+ 403[Mear,, - 41050, +

Regarding these terms, the emulsion, hardness and26[5D;, — 0164080, +278879[Flank Wear+
tool position can be measured befo_re the machmht_g, 5910°° V. [Hardness- 0366[HardnessPosition
torque, the forces along the three directions eambni- ¢
tored with a dynamometer. The spindle current can b The blue line represent the values measured for the
monitored using the NC of the machine tool, but theaffected layer thickness. This one is compared with
flank wear could be measured only at the end of thenodel obtained-red line. The mean error is 0.24% an
process. To reach the goal of this model, inst fime  the standard deviation 8.3%.

The results of the flank wear model are compared
with the measured values in Fig. 9.

Some remarks can be made regarding the Fig. 9:

1. The mean error between the model and the meas-

(4)

the tool wear flank should be expressed as a fumaf In Fig. 11, it is visible the correlation coefficie(R? =
process monitoring signals. 0.97) between the model and the measured values.
Coming back to the matrix correlations, we seaheh t This model could be a first step in order to depelo

most influent factors on the flank wear. Fastimodel, = some Process Monitoring tehcnics able to detect
three factors will be taken into account considggrine  anomalies in “real time”.

highest values (the standard deviation for thalafirce However, it is important to notice that this model
Fz and the mean value for the power and torque)nigavi could be used only for the cutting parameters teste
the expression: these tests. Even if the results obtained are ,goaybe
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0,2
0,18
0,16
0,14
0,12

0,1

Tool Flank Wear [mm)

0,04
0,02

wear was expressed as a function of PM signalstaed

introduced in the affected layer equation. In thd,ghe

thickness of layer affected is a function dependinty

h on physical measurements and cutting parameters.

i X,

0,08

0,06

— —— - Measured
values

R~
2 e

Moreover, the evolution of the affected layer wittle
torqueM, could be a way to monitor the machining. But,
it has to be taken into account the influence efittate-
rial hardness regarding the effects on the apparitf

; \‘;,’-.a

\ ;
S |

—m = Model

12 3 4 5 6 7 8 9 10111213 1415 16

anomalies.

Trials

Fig.
the affected layer thickness.

R2=0,9706

” (1]

Model
\
*

(2]

’ (3]

0 5 10 15 20 25 30 35

Measured values

Fig. 11.Correlation between model and measured values. [4]
the linear model is not the best the choice. Alao,
simplification for the model could be one of thexne
steps. But, a simplified model, leads to an impurta
error. For this reason, we have to find a way tpriowe

the model.

For instance, only global analsys were performed.
Futures researches will be focused on local arabysd
also the accelerometers signals will be considered.

The implementation of this process monitoring strat
egy in the industrial area it is difficult. Thetfitg of ma-
chine tools with dynamometers will generate higbtso
and therefore futures researches will try to defisy
systems more simples. As example, the dynamometer’'gs]
outputs E,, F,, F,andM ;) replaced with the signals from
NC of the machine tool (the current for the threesa
and the spindle power signal).

(5]

(6]

(7]

6. CONCLUSIONS [9]

This paper presents the results obtained from an ex
perimental campaign where some machining distur-
bances were tested (hardening changes of the alateri
tool position defect or cutting fluid emulsion \ation).
The trials were monitored with a four componentaaly
mometer, a Siemens signals recorder and threeeaecel
ometers. Metallurgical analyses were performed han t
holes produced, in order to identify and quantifyface
integrity anomalies.

Using a statistical approach, a model able to detec
the affected layer thickness by the drilling opieratvas
defined. For the monitoring systems outputs andasar
integrity anomalies were defined different criteNaith
the Pearson’s correlation, the most important factm
the affected layer were defined. One of the higheste-
lations corresponds to the flank wear. The toohKla
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