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Abstract. The present paper proposes a methodology to oipnacess parameters for trimming
applications with diamond abrasive cutters.

This methodology is based on the study of qualityimmed surface, through material integrity and
surface roughness, and on the study of cutting amesms. Their evolutions according to tool
parameters and cutting conditions have been armhlfResults show that diamond grits size must be
chosen according to the required surface roughkegsirate must respect cutting limitations due to
CFRP removal mechanisms with abrasive cutters, twhawve been identify through analyses of
specific cutting energy.

Finally, a protocol in two steps is proposed tced®ine the optimum process parameters according
to the application. Firstly, constraint functionsedto respect of quality and to limiting cutting
phenomena are defined. Thus, limiting values ot@ss parameters are determined. Then, process
parameters are selected in order to optimize pitodiyc

I ntroduction

Machining of laminate composite materials mainlygsts in surface finishing operations, like
drilling and trimming, so as to achieve dimensiot@kerances and surface quality required by
technical specifications. These operations arenoéiéficult due to composite mechanical and
thermal properties: heterogeneity, anisotropy amdthermal conductivity [1,2]. Moreover, its high
abrasiveness conducts to excessive tool wear [B&t Ts why carbide tools and PCD (Poly
Crystalline Diamond) endmills are not adapted toRE€Ftrimming [1], even if they generate
interesting surface roughness. Moreover, PCD argsignificant and they are excessively brittle
[4]. That is why tools constituted of diamond grili&e discs and diamond abrasive cutters, have
been specifically developed for CFRP trimming opieres. Tool life and productivity are improved
and costs are reduced. Generally, tool life of diachabrasive cutters is about 10 times more
important than PCD tool [5].

Few works have been published about trimming omeratwith diamond abrasive cutters,
especially with high grits size. Concerning quabtiythe trimmed surface, only influence of grits
size and feedrate on profile roughness has beendesed using R-parameters [6], as usually in
metallic parts. Besides, the required value isgtirically and low levels are often specified when
contact or tightness functions are needed. The satnes are usually kept for the specification of
composite workpieces even if functional requireraeare different: surface roughness criteria and
their level must be adapted to more tolerant lev@tcerning productivity aspect, Colligan et al.
[6] have performed preliminary tests to study autterces. However, there is no research
concerning performances of diamond abrasive cuttieqgending on process parameters. Therefore,
it is difficult to correctly choice them dependiag the trimming application.



Different approaches have been proposed to helpatgws in order to perform the choice of
process parameters. Some of them focus mainly ordefiaition of cutting conditions (cutting
speed, feedrate, depth of cut...) like the methodsafwork material pair [COM - 7]. This method
is based on the study of cutting mechanisms thrdogtes measurements. Currently, it is only
applicable in the domain of metallic materials magig. Moreover, during the phase of parameters
choice, quality criteria of machined surface aretaken into account. Other approaches consist in
selecting automatically both tool geometry and eiséed cutting conditions. They are often based
on an expert system [8,9]. In these methods, qualiteria are often assimilated to constraints.
However, they mainly focus on turning applicatiomsnetallic work pieces.

In this paper, a methodology that leads to thenmpttion of process parameters for composite
trimming applications with diamond abrasive cuttexsuilt. In the first part, this methodology
based on the quality of trimmed surface and onctiting mechanisms is presented. In order to
apply it, authors have carried out experiments depto analyse influence of five parameters: feed
per revolution, cutting speed, cutting mode, abeagrits size and grits setting on tool body. It
conducts to the definition of a protocol that leadschoice process parameters. This protocol
considers the definition of constraint functionsedo the required quality and to limiting cutting
phenomena observed during experiments. Moreoveptiinizes process productivity.

M ethodology

The methodology proposed to optimize the procesanpeters for trimming operations with
diamond abrasive cutters. It consists of two sigigessteps.

The first one is based on the quality of trimmedaste. Tool and process parameters have firstly
to be chosen in order to respect the required tyualpecified in the technical specifications. As
many sorts of defects, characteristic of compositaterials, can occur during machining operations
[10], two categories of specific quality criteriavieabeen considered: material integrity, including
thermal damage and different types of delaminatml, surface roughness. During this stage, limits
of process parameters and their influence on quaiiteria are analysed.

The second step which is proposed consists in stgdyne cutting mechanisms which are
observed during trimming operations. Firstly, objex is to detect eventual limiting cutting
phenomena, identified through analyses of speciiitting energy (Esp), obtained from spindle
power measurements. Then, it aims at definingrtfieance of process parameters.

Considering results of the two previous stages,o#opol in two steps is proposed to optimize
process parameters according to the applicatiorstlysi constraint functions due to respect of
quality and to limiting cutting phenomena are dafin€hus, limiting values of process parameters
are determined. Then, they are selected in ordeoptimize productivity. Finally, practical
recommendations concerning the choice of toolsmeatars and cutting conditions are given.

Experimental Procedure
Material and Tools

Trimming tests were performed in a 9.1 mm thickitzate composite, made with thermosetting
matrix. It was composed of 35 plies of unidirectibgraphite fibre fabric, oriented in different
direction (Table 1).

Different diamond abrasive cutters, manufacturedbghi Diamond and AOB, were used. All
were composed of natural diamond grits fixed withigkel bond on a cylindrical body by electro
deposition (Fig 1a, b). Four diamond abrasive gsizes and two tools diameters were tested
(Table 2). Two levels of nickel (Ln), defined a% ttate of grits contained in the bond, were also
used (Fig 1c).



Table 1 Mechanice propertiesof T80(-M21

Number of plies 35

Ply thickness 0.26 mm

Fibre volume fraction| 56.6 %

Laminate Density ~ |1580 kg/ni

Compression mod. |136 GPa

Tensile mod. 172 GPa

Layup (0/-45/90/90/45/90/90/45/0/-45/
90/90/90/45/9C-45/90/45)2

Table 2: Experimental parameters

Symbols| Process parameter Units | Level 1 Level 2 Level 3 Level 4 Level 5 Level 6
f Feed per revolution mm/rev |0.03 0.1 0.16 023 036 05
Vc  |Cutting speed m/min |400 600 800 1000 1400
g Abrasive grits size pum 427 602 852 1182
Ln Level of nickel % 50 65
Cm |Cutting mode Up Down

metallic bond —

/\x —— diamond grit

“~ \

h

Ln= —
9

composite chips

— (c)
Figure 1: Diamond abrasive cutter (a), observe®BN (b), Tools parameters definition(c).
Machining tests

Trimming tests were carried out on a three-axisodUKX30 milling machine, equipped with a
28000 RPM - 40 kW spindle. External and internatlesvased coolant was used. A 9.1 mm depth
of cut corresponding to part thickness and a wadtbut corresponding to tool diameter were used,
as usual in rough trimming (Fig 2). During tests;aastant feedrate direction in relation to fibre
orientation was considered (parallel to 0° extephgl.

9.1 mm thick
CFRP laminate

-

Figure 2: Experimental set-up.

Cutting conditions were studied through feed peolion and cutting speed. Six feedrates and
four cutting speeds, defined in Table 2, were testering experiments. In order to reduce the
number of experiments and to study a large rangeabfes, tests were separated in three full-



factorial experiments. In total, 88 trial cuts wenachined. Each one measured 70 mm length. In
order to determine effects and interactions sigaifces of different parameters, analyses of
variance (ANOVA) with a 95% confidence level, asgred out.

Measuring procedures

Concerning quality measurements, two criteria vetoelied. Visual inspections were performed
to detect material integrity defects and surfaagghmess measurements were carried out with an
optical measurements system, based on Focus-\éariatn S-filter frequency of 80 um was used,
corresponding to four times the ply thickness, @ngua correct description of each ply. Zones of
2.8*8 mm in transverse direction were chosen toycaut measurements. Because of surface
damages, measurements were taken between 0.5 rom thel top surface and 0.5 mm above the
bottom surface. Moreover, three measures wereedaaut for each sample in order to check the
results variability. The average of these valuesalysed.

In order to identify possible limiting phenomenaweo measurements were performed. It was
obtained with a power transducer WattPilote, irdaégpt into the machine. Cutting forces were
measured using a 9255B Kistler quartz three-compothgnamometer, mounted between the work
piece and the table of the machining centre. Contaaendmills, diamond abrasive cutters lead to
constant cutting forces during cuts. So, for eagh average values of feed force Ff and normal
force Fn (Fig 2) are evaluated. Then, resultantutfing forces F is calculated. In order to analyse
cutting mechanisms, Esp is calculated from thewithg power model:

P = Esp.ae.ap.f.N (2)

where P is the cutting power (W), Esp the spedfitting energy (W/mm3/min), ap and ae the
depth and width of cut (mm), f the feed per revolt(mm/rev) and N the rotational speed
(rev/imin). This experimental model has been preslipualidated in CFRP trimming with diamond
abrasive cutter. In this paper, only Esp resuktsshiown because cutting forces trends are similar.

Quality of trimmed surfaces
Material integrity
Concerning material integrity, defects can occumia different area of the trimmed surface: on

the surface plies corresponding to outer defect@nothe subsurface plies corresponding to inner
defects (Fig 3).
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Figure 3: lllustration of (a) Type 1 and Type 2exulelamination, (b) Type 1 inner delamination
and (c) Type 2 inner delamination.

Generally, most of defects occur on outer layersabse they are not held by neighbouring
layers. Whatever their position, two main delamoratdefects exist: Type 1 and Type 2 (Fig 3a).



They have been documented by Colligan et al. [#peTl delamination in surface plies, also called
flaking, consists of areas where ply fibres aresmig or peeling due to the nature of higher ply
weaving and operating conditions. On the contraype 2 delamination consists of fibres which are
not neatly cut and exceed the trimmed contour 8&ig

Concerning subsurface plies, Type 1 delaminatiodefined as a cohesion defect between at
least two plies. Generally, they are dissociatechbse of too high level of axial forces (Fig 3b).
Type 2 inner delamination is similar to Type 2 ewtelamination: uncut fibres in inner ply (Fig 3c).

During experiments, minor defects of material imiggoccur, both in terms of number and
dimensions. None had visual marks of thermal danafige machining and no surface delamination
was detected. Consequently, no tool parameterguatidg conditions were found to be significant
on delamination defects. That is why diamond akeasutters are very interesting tools in order to
respect integrity of trimmed materials.

Surface roughness

Sa-parameter (arithmetical mean height of the sarfidl]) has been chosen to study the
influence of tool parameters and cutting conditionsroughness of the laminate trimmed surfaces.
Indeed, a preliminary study shows that areal par@rmevere more relevant to characterize them. In
longitudinal direction (parallel to the plies), nseiges is performed only on one ply, so orientation
of fibres is constant. Therefore, roughness praBleepresentative of height between different
fibres. On the contrary, in transverse directiont(ff@ickness), measures are performed on several
plies. So, roughness profile is representative afhtedifferences between plies. As cutting
mechanisms are different according to fibres oagom, transverse roughness is more important
than longitudinal one. It results that roughness wamagliness parameters evaluated from profile
highly depend on the measurement direction. Coresgty areal parameter was chosen in order to
consider all measurement directions.

The predominant factor influencing Sa-parametayriss size. Sa significantly increases when
grits size increases (Fig 4, 5a). Indeed, eachthwit contribute to the machining creates a mark in
the trimmed surface. Therefore, dimensions of thégsk depend mainly on grits size. That is why
grits size must be chosen according to the sunfaaghness requirements. Moreover, checking
tools before machining is important. Indeed, impzafcthe grits quality on the generated surface is
very important. Despite their low cost, a minimwwadl of tool quality is necessary.
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Figure 4: Surface topology after machining withigygize of (a) 427 um and (b) 852 pum.
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Even if its effect is limited, feed per revolutimalso significant on Sa (Fig 5b). The higher the
feedrate is, the better the Sa is. Additional asedyshow that profile in longitudinal direction was
not impacted by the evolution of feed (Figure #)xan not be compared with endmills applications
in metallic material where surface roughness depasgentially on feed. Analyses show that Sa



variation is essentially due to evolution of prefélong transversal directions (Figure 4). During
experiments, tools break-in was observed sincediamond abrasive cutters were used. Analyses
of trimmed profile confirm that the evolution of &mainly due either to pull out of grits from the
nickel bond or to cleavage of grits faces. Consetjyestatistical repartition of grits altitude is
better and Sa is improved.
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Figure 5: Influence of (a) grits size, (b) feedrdt® cutting speed and cutting mode
on Sa areal parameter.

In the present study, no significant trend is obsémwith evolution of cutting speed and cutting
mode (Fig 5¢). They are considered as not infloansurface roughness. Consequently, either down
milling or up milling can be chosen. Concerningickoof cutting speed, cautions must be taken in
order to check that glass transition temperatun@igeached in order to avoid matrix burn.

Study of cutting mechanisms

Second step of our methodology proposed to studgutttng mechanisms which are observed
during trimming operations. Different process pagtars are tested and their influence is observed.
Finally, limiting cutting phenomena are identifigtdough analyses of specific cutting energy.



Choice of cutting speed

No limiting phenomenon is observed when spindleedpe maximised. Moreover, results show
that increase of cutting speed is favourable ttirguimechanism (Fig 6). Indeed, local temperature
of trimmed surface increases when cutting speegs.riXiao and al. [12] have observed this
phenomenon in orthogonal cutting of thermosettirefemals. The higher the temperature is, the
more important the mobility of molecular chains @onsequently, mechanical properties of the
material are affected and chips removal becomasreésthis way, Esp decreases.

20 4
= _—
£16- eI
™ g
£12 -
o
=8 g 427
< — -0 602
o4 | g 852
- —~—-g 1182

0 ‘ ‘ ‘

0 400 800 1200 1600

Cutting speed (m/min)
Figure 6: Effect of cutting speed on Esp (f=0.1 maw).

L imiting cutting phenomena dueto feedrate

Concerning feed per revolution, limiting phenomereae observed at extreme values of studied
range (Fig 7).

201 427
~ —9
£18 i — e --(602

\
S . 852

0 0.1 0.2 0.3 04 0.5
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Figure 7: Influence of feed per revolution andgysize on Esp.

Cutting mechanism limit at low feedrate

Esp greatly increases under a given threshold ed {&ig 7). The larger the grits size is, the
higher the threshold value is. Figure 7 shows @& pum and 852 um grits sizes have reached this
critical threshold. Lower feed per revolution shibllave been tested in order to observe similar
phenomenon on the other tools.

The lower the feedrate is, the smaller the chigkiiess is. Consequently, Esp necessary to
remove material rises because other mechanisms dh#img must be considered. Rubbing
phenomenon between grit cutting face and workpoeceirred. Mondelin et al. [13] have also noted
that phenomenon during scratching tests on the gsaaterial. Since diamond grits shapes are
irregular and their average rake angle is highlgatiee, important friction between tool and part
occurs and energy is dissipated without cuttinqil&r cases were also observed in steel grinding
applications [14]. Even if materials are differestyme analogies can be made: there is a minimum
chip under which cut does not occur in good coadgi



Cutting mechanism limit at high feedrate

Presence of a second limiting phenomenon is notic&eyure 7, especially for 427 and 852 grits
sizes. When feed per revolution reaches a critizadshold, respectively 0.16 mm/rev and 0.36
mm/rev for grits size of 427 and 852 um, Esp quyicktreases. Tools reach their saturation limit,
depending on their grits size. On the contrary, toating has not occurred for 602 and 1182 um
grits because feed per revolution chosen for tipeement was too low.

Loading of diamond abrasive cutter explains thip Ese. Same phenomena have been
documented for metal grinding application with wisegl4]. When diamond abrasive cutters
machine, chips are accumulated in the intergricsfd&ig 8). They are composed of small CFRP
aggregates. If feed per revolution is too importahtps do not have enough space between grits to
lodge before being evacuated. Mechanism of cutterideated and Esp increases.

composite chip
[ ] intergrit space
B metaliic bond .
High feed rate
Figure 8: Intergrit space saturation.

This limit of chip removal is reached earlier wi#imall grits size. Indeed, the smaller the grit size
is, the lower the intergrit space is, because ghdr grits density (Fig 9, obtained from tools

scanning).
180 -

150
120 -

90
60
30 +
0 ‘ ‘ \

T 1
200 400 600 800 1000 1200
Grits size (um)

Intergrit space (mm %)

Figure 9: Estimation of intergrit space.

Consequently, feed must be chosen considering giziés and especially intergrit space in order
to avoid tool saturation. Considering our experitatresults, the maximum feed per revolution can
be set at 50 to 60% of grit size. This value depeafsis on other factors such as material bulking.

I nfluence of level of nickd

In order to improve productivity criteria, it's ket to use a low level of nickel. Indeed, at high
feedrate, Esp increases when level of nickel irsgedFig 10). The lower the level of nickel is, the
larger the intergrit space is. Consequently, stituras reached later with small level of nickehda
feed per revolution can be potentially more impatitdNevertheless, it has to be large enough in
order to hold grits despite cutting forces. It is@npromise between mechanical strength of tool
and productivity. Limits concerning tools manufagtgrmust also be taken into account. Indeed,



the level of nickel is difficult to control duringpol manufacturing process. So, an average value of
50% is suitable.
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Figure 10: Influence of level of nickel on Esp.

Protocol of Process Parameters Optimization

In the previous part, a methodology based on thgea of quality of trimmed surface and on the
analyse of cutting mechanisms has been appliedr &helutions according to tool parameters and
cutting conditions have been studied. Results gerno design a protocol which leads to an
optimization of process parameters using diamongsake cutters, according to the trimming
application. This protocol consists of two sucoessiteps.

Firstly, constraint functions due to respect of lguathrough material integrity and surface
roughness, and to limiting cutting phenomena aratified. Thus, limiting values of process
parameters are determined and domain of definitoeach parameter is specified:

1. Maximum size of diamond grits is limited by the regd surface roughness. Indeed, surface
roughness depends mainly on grits sizes becaugeitbate marks on trimmed surface.

2. It has been found that no cutting mechanism lircititing speed in the considered range.
Moreover, it has no effect on quality criteria. Tiawhy maximum cutting speed is just limited
by available spindle speed.

3. Feed per revolution imposes the dimension of cdeatep. There is a minimum chip, and
consequently a minimum feedrate, under which cus dme occur in good conditions. Indeed,
non-cutting phenomena like ploughing and fricti@ivieeen grit cutting face and workpiece get
the upper hand. On the opposite, there is a maxifegarate which must also not be exceeded
in order to avoid tool intergrit space saturatidmis threshold depends on grits size and
materials. In T800 M21, it is estimated at aboutt®®0% of grits size. In other application,
with different materials, this value must be addptesp analyse, via power acquisition during
machining, would permit to find the optimized fgae revolution value.

4. There is a maximum level of nickel above which eation of intergrit space occurs. This limit
depends also on feed per revolution. On the ogpasikevel of nickel must be large enough in
order to hold grits despite cutting forces. Limitsncerning tools manufacturing must also be
taken into account (50% to 70% of grits size).

5. No limitation concerns the choice of cutting modedeed, material integrity is always
respected, surface roughness does not depend amditno limiting cutting phenomenon was
observed.

The second step of this protocol consists in selggpbrocess parameters in the previously
defined domain in order to optimize productivitirdugh the Surfacic Material Removal Rate. It
leads to the following protocol concerning the cecdf suitable tool and process parameters:

1. High feed per revolution must be favoured to imprpraductivity.
2. Important grits size and low level of nickel perrtotincrease limit of tool saturation because
intergrit space is larger. Consequently, feedrate lme increased and productivity is improved.



That is why high grits size and low level of niclek advised, within the respect of surface
roughness.

3. High cutting speed increases productivity. Morepitamproves cutting mechanism because of
thermal effects in CFRP material. As it has nouefice on quality criteria, the highest cutting
speed, i.e. maximum spindle speed, is recommended.

Conclusion

The present paper proposes a methodology whicls keatthe optimization of process parameters
during trimming operations of composite materitislbased on the respect of quality, considering
material integrity and surface roughness, and enstiady of limiting cutting phenomena. Their
evolutions according to tool parameters and cuttimgditions are analysed. The whole results lead
to a protocol in two steps in order to optimize qass parameters during trimming applications.
Firstly, constraint functions due to respect of lggaand to limiting cutting phenomena are
identified. It determines the domain of definitimi each process parameters. Then, process
parameters are selected in this domain in ordeptinize productivity.

The proposed methodology has been applied in cabepwsnming application with diamond
abrasive cutter. Results show that they are releeahin order to avoid delamination defects. Grit
size and feed per revolution are also key factorassure required surface roughness and improve
productivity, respectively. A protocol has also bedefined in order to determine adapted tool
parameters and cutting conditions in these trimnaiogjications with diamond abrasive cutters.
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