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Abstract. The article aims to describe methods for improving the surface quality and hole
accuracy in Ti/CFRP stacks by optimizing cutting methods and drill geometry. The research is
based on the fundamentals of machine building, theory of probability, mathematical statistics,
and experiment planning and manufacturing process optimization theories. Statistical
processing of experiment data was carried out by means of Statistica 6 and Microsoft Excel
2010. Surface geometry in Ti stacks was analyzed using a Taylor Hobson Form Talysurf i200
Series Profilometer, and in CFRP stacks - using a Bruker ContourGT-K1 Optical Microscope.
Hole shapes and sizes were analyzed using a Carl Zeiss CONTURA G2 Measuring machine,
temperatures in cutting zones were recorded with a FLIR SC7000 Series Infrared Camera.
Models of multivariate analysis of variance were developed. They show effects of drilling
modes on surface quality and accuracy of holes in Ti/CFRP stacks. The task of multicriteria
drilling process optimization was solved. Optimal cutting technologies which improve
performance were developed. Methods for assessing thermal tool and material expansion
effects on the accuracy of holes in Ti/CFRP/Ti stacks were developed.

1. Introduction

New generation aircrafts incorporate tons of CFRP in their structures. One of the main aircraft
construction tasks is to ensure durable connection of CFRP and metal parts. Those combinations are
referred to as hybrid stacks. The article describes technology development results for the hole
generation in hybrid stacks of MS-21 wing center section junctures. The hole diameter is 14 mm with
9 grade of accuracy, the total stack thickness is 35-45 mm. The stack consists of two Titanium layers
and one middle CFRP layer. The target surface roughness in Titanium is Ra 1.6.

Drilling of Ti/CFRP stacks is a hard process task. The researches [1-2] identified a significant
difference of the cutting mechanism with application of the Ti/CFRP edge tool. When machining
titanium, chip is generated due to plastic deformation of the cutting face [3]. Machining CFRP is
different due to the anisotropy of CFRP properties [1]. The main factor decreasing performance of
machining CFRP is an abrasive nature of the filler causing a fast tool wear and temperature rise in the
cutting zone which destroy a plastic binder. To minimize CFRP drawbacks, it is necessary to increase
cutting and feed rates. However, for Ti/CFRP stacks, this requirement generates doubts due to
significant heat radiation [4-6]. Owing to the proneness to water absorption, it is not allowed to use
liquids for cooling CFRP stacks [7]. Only a minimum quantity of lubricant (MQL) and compressed air
feeding can be used [8].

For the hole generation in CFRP/Ti stacks, hard metal tools with cutting parts with/without low-
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wear coating, PCD tools with cutting parts and o#pecial tools can be used. Suppliers of thoss too
are Precorp, Kennametal (USA), Sandvik CoromanCGHKESweden), Mapal (Germany) et al. As a
rule, the drilling does not ensure 10-11 gradeaasfugacy. Accuracy can be increased by hole trueing
and reaming in order to increase a hole generapeed rate.

To improve the surface quality and hole accuracYCFRP/Ti stacks, it is necessary to study
thermal effects on hole shapes, and optimize tiéngrprocess with regard to target parameters of
surface quality, accuracy and performance.

2. Variation in the hole shape due to the thermatxpansion

Let us calculate the longitudinal section profilevidtion due to thermal factors taking into account
that Titanium and CFRP have different linear expamsoefficients and local temperatures during the
cutting process. Based on the average temperatilmes; let us determine the thermal deformations
using high accuracy imaging IR equipment.

During the cutting, the tool edge interacting witile material heats up and increases its radial
length (see Figure la). Increase in a tool diamaf#éris a difference between final and initial
temperatures in the area of the main edge anearlexpansion coefficient for the tool material.

Part heating is less intensive as the rotating talkks one and the same radial position in time
intervals in which heat dissipates. Thermal defdiomaof the materiaAM (see Figure 1b) is a
difference between final and initial temperaturésthe material in the cutting zone and a linear
expansion coefficient.
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Figure 1. Deformations of the drilla); of the machined material (b) during the drilling

Thermal tool deformation increases a hole diameibile material deformation decreases it as the
thermal load reduction makes the material dimimstiolume. The resultant effect on the diameter in
the radial hole section i can be presented as:

Ai:A|—AM (1)

The longitudinal hole section profile deviation sad by thermal deformations is a half difference
between maximum and minimum valugiscalculated for all radial hole sections. At hdiepth h, the

longitudinal section profile deviation value canéxgressed as:
A= maxp<i<p Aj—Ming<i<p Ai. (2)

2
The maximum valud; can be observed at the moment when the tool kgatsut its expansion is
not compensated by the material expansion. A sectboresponding to the beginning of the drilling of
the first titanium layer meets this requirement.tidis moment, tool edges heat up, and the material
began heating up. The minimum valtsecan be observed at lower cutting temperatures vteiool
expansion is compensated by the expansion causéltebyaterial heating. It occurs in the section
corresponding to the cutting temperature in thepmsite material. After the holes in titanium stacks
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have been drilled, the temperature of drill edgesreases, and the work material heats up in the
cutting zone to steady-state temperature values.

Thus, for Ti/CFRP/Ti stacks, the longitudinal seotprofile deviation can be written as:
A= Arip (enter) —AcFrp (ss) (3)

2
whereAri; entery — €ffects of thermal deformations in the firsamium layer Acggrp (ss)effects of
thermal deformations in the CFRP layer at steadiestutting temperature values.

3. Effects of drilling parameters on hole quality
According to the analysis of research data, hateiracy is influenced by process parameters — guttin
speed and feed rates (key factors) and some aullifi@rameters (lubrication, cooling, chip removal)
[9-12]. Due to a complex nature of the effects oflidg parameters on hole accuracy and quality,
regression analysis and experiment planning metiheade used to reveal relations between input and
output parameters [2], [13-14]. Taking into accoilnait the tool life is within the range of 30-50dm®
[15], it is necessary to take measures to remoedrtipact of “the state of the cutting tool” on key
effects assessment. To this end, let us dividexperiment into separate blocks where the toot s¢at
considered unchangeable. Let us express the fdbtostate of the cutting tool” in the cutting lehg
of the tool and use a three-level factorial plaB-B[ with two key factors and one block factor. The
number of experiments is N=9, the number of rejpett is n=3. The plan is implemented using
Statistica 6. The order of experiments is randodhipeorder to prevent result corruption due to bias
errors.

Many relations can be presented as polynomial ensafl16]:

Y = cv%sPtY, 4)

where v — cutting speed rate; s — feed rate; ttingudepthic, a, 3, y — constant coefficients. The
cutting depth is a constant value, so it is elifedarom the equation. Cutting length | is introddan
the equation which can be written as:

Y = cvesPlY. (5)
By taking the logarithm, the equation (7) can bedirized and written as:
5\7 = bo + b1X1 + bZXZ + b3X3, (6)

wherey = InY; x4, X5, X3 — coded factor values v, s, | [27].
2(In%;-In%; )
i~ lnf(iB—lniiH + 1’ (7)
wherex, — natural valueg; ., X; , — natural values of the upper and lower levels.
To assess equation coefficients, experiment resatide written as:
¥ =bg + byxq + byxy + bsxs + bypx;X, + by X2 + byyx3 + bysx3 (8)
Cutting parameter optimization involves searchiogan extremum of the criterion of one type or
another or their combination. Statistica 6 impletaghe method for determining an optimum based
on the models developed as a result of the muilsitearanalysis of variances. Based on the

optimization methods, let us determine the best lgeheration parameters which meet target quality
and accuracy requirements.

4. Experimental methods and conditions

Experiments were carried out using a pneumaticnaatic feed drill Atlas Copco PFD-1500 which
allows discrete variations in feed and spindle tiotarates. Lubrication and cooling of the cutting
zone were carried out with Accu-Lube LB-5000 MQIubicant consumption was 0.3 g/min. Three-
layer stacks with structures similar to a MS-21eowring and center wing juncture were used. The
hybrid stack consists of two titanium (VT6 OST 2%8-76) layers and one middle CFRP layer (a
PRISM EP2400 RS binder; an IMS 24K carbonic banith &imonolayer thickness of 0.19 mm. The
layup pattern is symmetric, balanced; layer digetti are 0°, 90°, +45°, -45°). Stack sheets were
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joined with bolts. The stack was not taken to layter eliminate prediction errors. As a key cutting
tool, a Sandvik Coromant CoroDrill 86PT Series P} was used.
Variable process parameters were cutting speedemtirates. The additional parameter (block

factor) was the state of the cutting tool determias a cutting length by formula:
k mdh

he= 28, 5 9)
where d — tool diameter, h — hybrid stack thickness- feed in the i-th test of the experiment, k —
number of the test for which the cumulative cuttieiggth should be determined.

At the first stage, the samples were being kept te@mperature-controlled room at a temperaturéof 2
°C within 24 hours. Dimeter sizes and circularitgviitions were measured using a Carl Zeiss
CONTURA G2 Series measuring machine. The measuttsnveere carried out in different radial
sections by means of circular scanning of poinkben longitudinal section profile deviation values
were determined. Circularity deviations were meagim average sections of each stack layer.
Roughness parameters Ra and Rz in titanium sam@es measured using a Taylor Hobson Form
Talysurf i200 Series profilometer with a diamondied probe of 2 micrometer in a radius. Four hole
elements were measured at straight angles. To zmalpfilographs, a Gaussian filter was used. A
bandwidth is 300:1 (by ISO), a sampling length .8 &im. CFRP roughness was controlled using a
Bruker ContourGT-K1 Series profilometer. Rectangueanning zones of X4 mm in size were
selected by four hole elements. As a result, thikaasi had the XFRP surface topography (see Figure
2) with calculated Ra and Rz. An average value eaésulated by four stated roughness values.

To determine thermal effects on the hole accuracyisual access to the drilling zone was created
using a FLIR SC7000 Series Infrared Camera instatea distance of 700 mm from the cutting zone
at the level of a drill axis in a horizontal plaa@d at an angle of 40 degrees to the sample suffae

Figure 3a). Canted shooting allows simultaneousrdieg of tool edge and sample surface material
temperatures (see Figure 3b).

.....

a b
Figure 3. Temperature recording in the cutting zoag @ — drill; 2 — sample; 3 — clamp; 4 —
support; 5 — conductor; 6 —AFD bush; 7 — AFD hdad: AFD spindle; 9 — infrared camera;
cutting temperature recording zones for (b): 16k t® — material
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5. Experimental results
Standard results of drilled hole shape measurenagatshown in Figure 4a.
[ Direction of drilling

Titanium CFRP

Titanium

12,040

12,030 T T T

- \—’-\’——ﬁ_’—//“\\

12,010

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Depth of hole, mm

Hole diameter, mm

-«Hole diameter —Drill diameter

b
Figure 4. Shape of the longitudinal hole section profitg; (hole model (b) (s=0.05 mm/min;
v=15.08 m/min; 1=190 m)

Figure 4 shows that drilled holes in titanium beectone-shaped due to the described thermal effects.
Hole diameters increase at the drill enter poitite Tioles in CFRP have constant diameters due to
steady-state cutting temperatures and insignifieffiects of a linear CFRP expansion coefficient. At
the end of the drilling of CFRP and at the begignaf the drilling of the second titanium layer,
increase in diameter caused by the thermal drjjaagion at the beginning of the drilling of titamiu

occurs.
Regression models for hole shape accuracy andceurdaghness were developed taking into

account the following factor&; (cutting speed rate VX, (feed rates)X; (block factor — cutting
length I). Natural and standard levels of plandestare presented in Table 1.

Table 1.Natural and standard levels of plan factors

Natural levels of factors Standard levels of fastor
Cutting Spe ed Feed rate, s Cutting length Key factors Block factor
rate, v m/min mmirev K2) (block factor), X1.X2 X3
(X1) I M (X3) '
15.08 0.075 0-243.2 1 1
10.18 0.05 243.2-486.4 0 2
5.28 0.023 486.4-729.6 -1 3

Response surfaces of longitudinal section profifeiation for the whole stack and the first titanium
layer are shown in Figure 5.
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Figure 5. Relationship of the longitudinal section profilevidion and cutting modes) for the
whole stack, b) for the first titanium lay

Figure 5a shows that the maximum deviaiA of the longitudinal section profile correspondgtie
maximum cutting speed rate v=15.08 m/min, feed s6.075 mm/rev and cutting length. 1
minimum deviation corresponds to the minimum fest@ 1s=0.023 mm/rev and average cutting s
rate v=10.18m/min. When the feed rate increases, linear funcgimwth occurs. When the cutti
rate increases or decreases to the average cspigggl rate v=10.18 m/min, parabolic function grc
occurs. Thus, to improve performance with minimuifeas on profilc deviations, it is hecessary
increase the feed rate.

Similar relations of the longitudinal section ptefand all the layerATil, ACFRP,ATi2 were
determined (Figure 5b). The analysis of these saganakes it possible to conclude that titanium
the most significant effects on general longitudisattion profile deviations. Variability deviati
intervals are such that the first titanium layernfe the upper boundary of the general pr¢
deviation, and the CFRP layer forms the lower bawmpndf the profile deviation. For the titaniu
layers, response surface shapes are similar. Maximasponse occurs at a maximum feed
$=0.075 mm/min and a minimum cutting speed rate.28-%n/min, and at a maximum speed
v=15.08 m/min and a minimum feerate s=0.023 mm/min. The area of minimum resporeecg
corresponds to average cutting speed rates. Ircdisis, there are no feed effects in the first |ayel
minimum feed effects in the second one. The respansface for the longitudinal sectionofile
deviation in the CFRP layer differs from the sudahape in titanium. The maximum value car
observed at the largest feed rate s=0.075 mm/ndrcatting speed rate v=15.08 m/min, the minirr
value can be observed at a maximum cutting speecv=15.08 m/min and a minimum feed r:
$=0.023 mm/min. It is in line with existing concemf CFRP cutting processes (maximum cut
speed rate, minimum feed rate). Block fack® (cutting length I) does not influence the resp
shape for all the laysrbut increases response val

Corresponding regression models were developesuiface roughness parameters Ra anc
Response surfaces for parametes$ilR, RRCFRP are shown in Figure |
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Figure 6. Relationship between hole roughness parameterscatting modes: in first titanium
layer RaTil (a); in CFRP RCFRP 6)

The analysis of response surfaces showed thagifirgh titanium layer, regressak® andX1X2 have
similar effects on roughness Ra. At low cuttingespeates, their effects are neutralized, while at
maximum cutting speed rates, feed effects are pmoeed. A low feed rate s=0.023 mm/rev causes the
minimum surface roughness, while a high feed ra@0&¥5 mm/rev — the maximum one. The cutting
length generates linear and quadratic effectdhdrsecond titanium layer, increase in a feed raseah
negative effect on Ra. Cutting speed rates protes=significant effects, but their increase reduce
the roughness. The minimum roughness corresporttie teigh cutting speed rate v=15.08 m/min and
the low feed rate s=0.023 mm/r. The maximum respaasresponds to the low cutting speed rate of
v=5.28 m/min and high feed rate of s=0.075 mm/rev.

The response surface for Ra in CFRP is differemhfsimilar surfaces of titanium layers. There are
no feed effects and insignificant cutting speeéaf. Increase in the cutting speed rate decrélases
roughness as the more dynamic cutting processilootes to clear cutting of CFRP fibers.

Response surfaces for RzCFRP, RzTi2 are showngur&i7. The response surface for Rz in the
first titanium layer follows the shape of the respe surface for Ra in the same layer. The only
difference is that there is no dependency on théngulength. In the second titanium layer, Rz
showed both linear and quadratic dependencieseofedid rate. Thus, increase in the feed rate caused
faster growth of the function. There was no cuttapged rate effect on Rz. In CFRP, an interesting
relationship was identified for Rz. As distinct fifoRa, linear and quadratic feed rate effects were
observed. Cutting speed rate effects were alsotimegd@hus, Rz in CFRP takes a minimum value at
high cutting speed rates v=15.08 m/min and avefagd rates s=0.05 mm/rev. It takes maximum
values at low cutting speed rates v=5.28 m/minatrizbth the low feed rate s=0.023 mm/rev and high
feed rate s=0,075 mm/rev.
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Figure 7. Relationship of the hole roughness and cuttingesoih first titanium layer RzTila); in
CFRP RzCFRP | (b)

As a part of the experiments (see Figure 3), aeetamperatures were recorded for cutting modes at
$=0.05 mm/min; v=15.08 m/min. When starting theezixpent, the cutting length was 1=710-750 m.
The average temperature in a cone-shaped surfaitenium was 920, on the front tool surface —
about 300C. The average temperature of the hole in CFRP Wwa&€,3on the front tool surface —
740C (Figure 8).

a
Figure 8. Thermographs and temperature recording zoneshtomaterial ) and the tool (b)
during the drilling of CFRP

The results got in line with authors’ data [28]. eTlauthors used thermocouples for recording
temperatures when drilling CFRP/Ti stacks at s=@@&min, v=15 m/min).

Using formulas (1) and (3) for calculating erromssulted from thermal tool and material
expansions, let us findt(riy (inputy= 9-71 um; Acprp (installation)= 3 km; A= 3.35 pym. As a result
of the comparison of the calculated longitudinalehgection profile deviation value a&= 3,35 pm
due to thermal deformations and the vadi#e 10.7 um obtained using contact methods, one can see
that the share of thermal deformation effects enahgitudinal section profile deviation is 31%.
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As a part of the study of MQL effects on the suefamuginess (see Figure 9), it was identified 1
MQL feed has no effects on the surface roughne€FRP In titanium without MQL, the roughne
decreases two or more times, i.e. the hole geperati titanium is impossible if there are hi
roughness requirements.
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Figure 9. Relationship of roughness)(and diameters (b) holes and MQL use (HAMAZISION
271 Nirodrill, v=7.54 m/min, s=0.05 mm/re

The same is true for diametric sizes. MQL has aigmficant effect on a hole diameterCFRP.
In titanium, dry drilling increases variation of laodiameters more than two times. Thus, M
application for the hole generation in Ti/CFRP ksacontributes to more accurate hc

6. Hole quality and drilling performance optimization
Let usoptimize the hole generation in Ti/CFRP stacks giSitatistica ¢

Tolerance level N9 for the hole diameter of-18 mm is 43um. It takes into account tt
machining tolerance, tool making and tool wear. Wuoeking part of drills has a 1fdm-tolerance. A
wear tolerance is about Bm. Thus, a machining tolerance is gfh. The part of the toleranc
compensates for hole circularity deviations. Asdamwe did not manage to identify relations betw
cutting modes and circularity deviations, let thagge deviation be 1/3 of the remaining toleranoé
(30*1/3=10um). Thus, thdongitudinal section profile deviation should nateed 1 pm.

Let us find optimal cutting modes based on theirmyitspeed rate interviof 5.28-15.08 m/min.
Machining time for one hole can be calculated bynida [29]

T = (10)
where | — hole depthrot + Imove — cutting and overtravel length (for drilling @12 nirot +

Imove=5.5 mm), d drilling diameter, < feed rate, v — cutting speed rate.

To find optimal cutting modes, let the desirabilityction value be eql to 1 for low and averac
response function values, and- for admissible limitvalues. To find cutting modes ensur
maximum hole quality, let the desirability functisalue be equal to 1 for low response func
values, 0.5 for average values, a 0 —for high values. Let us calculate desirability ftiogs for a
block factor corresponding to the maximum cuttiegdth. The surfaces of corresponding desirat
functions are shown in Figure .
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Figure 1C. Desirability functions for performance (a) andehgluality (b) optimization

Thus, one can conclude that the maximum desinalfilitction corresponds to the cutting modes=
0.4 (s = 0,06 mm/rev), ang,=0.5 (v = 12.,63 m/min). As factobs, andX; increase, the desirability
function sharply decreases which is indicative ofamissible limit response value. That mode
corresponds to the maximum performance, machining isT,; = 1.67 min which is by 2.4 times less
than the basic value. The maximum desirability fiomcfor hole quality optimization i¥X,=-1 (s
=0.023 mm/rev)X; = 0.5 (v = 12.63 m/min). The cutting speed ratesdoot vary, and the feed rate
decreases to minimum values. These changes hef@twe roughness in titanium. Machining time
increases by 7%.

The results obtained and equipment and tool recordat®ns have been used used by Irkutsk
Aviation Plant — a branch of the JSC Irkut Corpiorat for machining holes of MS-21 wing-center
section junctures.

7. Conclusions

The experiments showed that the best solutionniraeving accuracy and quality of holes in hybrid
stacks is a combination of tools and cutting motdddéng into account properties of the materials
applied. The following results were obtained:

1. Models of multivariate analysis of variance d#msog relations between cutting modes and hole
accuracy in three-layer hybrid stacks were developghe models reduce the duration of pre-
production and make it possible to specify cuttimgdes depending on roughness and hole accuracy
requirements.

2. Based on the theoretical and experimental studlee tasks of performance improvement,
surface quality and hole accuracy in Ti/CFRP staekee solved by choosing rational cutting modes.
The cutting speed rate of 12.63 m/min, and the fagglof 0.06 mm/rev are key factors of the optimal
cutting mode. It improves performance by 2.4 times.

3. The most important factors influencing hole aacy parameters, in particular longitudinal hole
section profile deviations, are the cutting spedd and feed rate.

4. Roughness formation models for the first andbsdditanium layers are different from each
other. The dominant factor influencing the rouglsniesa feed rate. A product of the feed rate aed th
cutting rate also creates a significant effect witarge regression coefficient.

5. A standard longitudinal section profile shapeidsl for drilled holes in Ti/CFRP/Ti stacks was
identified. A longitudinal section contour in a hligbstack is as follows: in the titanium layer, @
shape with an increased diameter at the drill gaart, in CFRP, a constant diameter; in the sastio
close to the second titanium layer, an increasésldiameter..
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6. It was identified that dry drilling decreaseswacy and quality of holes in Titanium | two or
more times, but the hole roughness in CFRP remaiokangeable.
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