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EFFECT OF MILLING PARAMETERS ON SURFACE DEFECT
FORMATION IN POLYMER COMPOSITES
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The number of surface defects in the form of pubbedi torn fibers as well as matrix
chipping and matrix/fibers interface chipping istetenined. The influence of milling
parameters on the number of torn fibers and theep¢age of defects in the material
structure are analyzed. Carbon fiber reinforcedtfga are used in this study. The obtained
results show a significant relationship between tliléng parameters and the produced
defects. It is found that the number of defectsifitantly depends on the feed speed
increase. Increase in cutting speed leads to aeelduumber of defects.
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JocnipkeHo noBepxHesi aedekt (BUTATHYTI Ta 06ipBaHi), a TAKOXK BiAIIAPYBAaHHS Mar-
puii Bix BosokoH. [IpoaHani3oBaHO BIUIMB MapaMeTpiB (pe3epyBaHHs Ha KiNBKICTh 3pyH-
HOBaHUX BOJIOKOH Ta BLICOTOK Ae(EKTiB y CTPYKTypi MaTepiany. BupueHno noniMepHi mMa-
Tepiany, apMoBaHi ByrieneBuM BosiokHoM (CFRP).BcraHoBiieHo 3amexHOCTi MiXk mapa-
MeTpamMu (pe3epyBaHHS Ta KIJIbKICTIO OTpUMaHUX Ae(eKTiB. BusBIIEHO, 0 KiJbKICTh
neeKTiB CYTTEBO 3aJICKHUTh Bifl IIBUIKOCTI MOJa4i MaTepiaiy, a 31 3pOCTaHHSAM IBUAKOC-
Ti pi3aHHA Je()EKTHICTh KOMIIO3UTIB 3MEHIIYEThCSL.

Kunro4dosi ciioBa: ¢pesepysanns, apmosani gyeneniacmuku, oegpexmu nogepxui, penveg.

Introduction. Composite materials are materials that are prodéroed at least
two constituent materials known as reinforcemet amatrix. Selected properties of
composite materials can be improved by auxiliarg amdified additives. They are
added to improve thermal, electric or aesthetipertes of these materials. Polymer
composites are primarily used in the aerospacestngihat requires innovative and
modern components [1]. Such components would ngidssible to produce without
the use of appropriate materials and high-perfoomanachining using advanced tools
and machining centers. The continuous pursuit@fgss optimization forces researchers
to study phenomena occurring in the cutting zospeeially when milling. Machining
by milling, which is often finishing machining, pi& an important role in final surface
shaping. Polymer composites consisting of glasscamion fibers and a matrix in the
form of a resin, e.g. epoxy, should meet reliapiéind strength requirements. Surface
defects that arise during the manufacturing andhimatgy of composites may have a
negative effect on the performance of componentdentd these materials. A seed of
defect formed during production can lead to theharment of damage and failure of
an item. Milling is used for final machining of lesl cut-outs, undercuts, countersinking,
blunting of sharp edges, achieving high-qualityt fairfaces or obtaining the final
shape and required dimensional tolerance [2, 3].

Milling operations for polymer composites [4, 5hest of removing a small amount
of material. An important factor to be taken intonsideration during machining is
fiber direction. Carbon fibers undergo brittle fiae due to loads that occur during
machining, while organic fibers break. The choi¢eniling parameters for polymer
composites depends on the fiber orientation,skiae of fibers in the entire material,
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the type of fibers, and the required surface quaktithough there are studies con-
cerning the selection of milling parameters [6].

Surface analysis must be conducted using apprepm&thods. Surface analysis
methods can be divided into destructive and notraes/e. This study uses a non-
destructive testing method for surface analyses, observation under a microscope.
Destructive testing includes strength tests, thedegradation processes, thermoxida-
tion and photooxidation. Testing samples under lvatlves destroying the tested
object [7, 8]. Non-destructive testing makes it gdole to obtain information about
defects, anomalies or properties of an elementowttlleteriorating its performance.
Non-destructive testing allows for further prodaatiprocesses of the tested element.
Thermovision, ultrasonic methods, microscope olae@ms [9], acoustic, eddy-current
and radiological testing [10] are used to assessuinface quality of a material without
damaging it. Therefore, they belong to a group @f-destructive testing methods.
Based on the observation of colors of light andgesacaptured with a special camera,
one can obtain the distribution of defects on tkengned surface [11]. The detection
of a defect in the form of darker discoloration mskt possible to map the distribution
of defects on the material surface. The formatibswface defects also depends on
temperature and humidity, the rise in which incesathe number of defects and their
size. Surface layout can be visualized using tihéefielement method and radio
frequency [12-14]. A wave processed by the progyatus a graphic image of the
analyzed surface [12]. Results of numerous expertiah@nd numerical studies show
satisfactory agreement; therefore, methods basedlement vibration supported by
modal analysis provide information about the stricetof composite materials [15].
The objective of all studies is to identify meclsans that best describe the occurrence
of particular defects. The presence of defecthéndtructure of a composite material
induces acoustic changes around them; therefarajgt of non-linear acoustic impact
technigue allows detecting damage in compositel Tt& occurrence of delamination
depends on the tool condition and the angle atiwfifiers are cut. By determining the
angle of fiber arrangement and tool motion direttit is possible to obtain desired
results and prevent delamination [2, 17]. The fibgtem also affects the cutting forces
that are associated with parameter selection.

Defects in composite materials. The formation of a desired surface can be pre-
vented by the occurrence of surface defects [18fe@s such as delamination often
result from the stress which is induced when tloé @¢aters the workpiece and the fibers
are bent instead of being cut off. In previous ®sidelated to defect testing, defects
were classified according to their location in fiieers and matrix. Voids occur in the
matrix area while fibers may be misaligned and brokl9]. Research works on sur-
face defects describe the situation when protrudiibgr bundles cause much more
extensive surface delamination than protrudingviddial fibers [2]. Defects in compo-
sites can also be classified into those producdldeastage of manufacturing the initial
outline of an element and those produced at tlgesiimachining. Air bubbles, pores,
notches, folds, creases, inclusions of foreign émdincomplete hardening of resin,
wrinkled layers, discontinuities of the matrix afiders — these are defects arising
primarily at the stage of material production dgriay-up and preparation processes,
prior to inserting the material into the autoclabefects hidden in the structure can be
spotted at the machining stage. In addition, defextuced at the manufacturing stage
can be “enhanced” by defects formed during tharautif material [20]. Delamination,
fiber microcracks, plastic deformation, fiber bragk, loss of cohesion between the
fibers and the matrix, pulled fibers, matrix chipgior matrix thermal degradation —
these are just a few examples of many possiblectiefieat can occur in polymer com-
posites. As previously mentioned in the introductithe matrix and the fibers are the
main locations of defects in composites. The reggment, i.e. fibers, is associated
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with delamination, fiber microcracks, fiber breakaand pulled fiber, while the matrix
is exposed to plastic deformation, chipping andntia¢ degradation. Another negative
phenomenon associated with the two constituents @@imposite material is a loss of
cohesion between them.

In studies investigating defects in compositesmieroscopic observation, defects
[21] were detected and described. In the citedlartspecial attention was paid to the
safety of critical components made of compositeems. In studies investigating the
effect of fiber processing and arrangement parasieda cutting forces in milling
operations for polymer composites with carbon Bbelefects such as fiber breakage,
pulled fibers and delamination [22] were observedar a microscope. It was found
that the fiber angle and rotational speed of thiéingicutter caused changes in defect
size. In other studies related to the examinatiodetects in composites via microsco-
pic observation, delamination occurring during mgl of composites was estimated
[23]. Attempts were made to estimate the extertetdimination depending on the dis-
tance of warp yarn from the trimmed edge. The Vahg surface defects were analyzed:
pulled and torn fibers, matrix chipping, and chigpbn the fibers/matrix interface.

The choice of machining parameters in the cuttirggss is essential, as it affects
both surface roughness parameters and surfaceslgfe@4, 25]. One of the methods
for removing surface defects such as scratche$uaravs is brushing machining. The
authors of [26] analyzed the relationship betweersthing conditions and axial forces.
Low forces occurring in the brushing process alfowthe removal of surface defects,
especially in thin-walled elements with reduceffretss. Surface roughness parameters
are often used to characterize surface effectdifimrent types of machining [27—-29].

Studies investigating the relationship betweenimgitparameters and surface
roughness have shown that feed rate has the gresdfest on surface roughness,
followed by cutting speed [30, 31]. A study relatedestimating the influence of cutting
conditions in milling operations on cutting forcedasurface roughness has confirmed
that surface roughness increases with increasetwjrigte and reducing tool radius [32].
In some situations, operating conditions may alsotridbute to composite structure
damage and defect formation [33].

The literature review [34—37] shows that many stadiave investigated compo-
site materials in terms of surface defects sucfibas cracking, fiber extraction [22]
and delamination [23]. Nevertheless, a number @stions regarding surface defect
formation in composite materials remain to be askld. In particular, it is necessary
to investigate phenomena occurring in the millingezin order to improve the efficiency
and quality of polymer composite machining. Theeityof this study is that it under-
takes a quantitative analysis of surface defecetsddon fiber reinforced plastics. The
occurrence of defects is a very serious and danggrbenomenon. Cutting parameters
conducive to the formation of a particular surfaefect are determined. The innova-
tive objective of this study is to determine thdling parameters that cause the least
possible number of defects after machining. Anysislof the geometric structure of
the surface after milling is necessary to deterrtineetechnological parameters at which
a desired surface structure can be obtained. Riewtudies on defect formation only
described the types of defects, neither specififiegnumber of defects nor the effects
of machining parameters on defect formation. Qtetivte assessment is very important
because it provides reliable information aboutahalyzed element. An important aspect
of this study is that it estimates the number dédis per unit area and the percentage
of defects formed. The originality of this studythe determination of both quantitative
and qualitative relationships regarding compoditeactures. A quantitative assessment
is made based on graphs illustrating the effechitiing parameters on the number of
defects formed, while a qualitative assessmentadawia 3D topography. This study
also provides a good starting point for furtheeeesh on composite surface defects.
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Experimental. Research materials. In
this study, carbon fiber reinforced plastics
(CFRP) materials made from prepregs and
impregnated with epoxy resin were tested.
Samples of 306800 mm with a thickness of
15 mm consisting of 50 pieces of prepregs
with the fiber arrangement®°0.9C were
prepared. The 0...90 system indicates an
alternating arrangement of individual pre-
pregs layers. Every subsequent layer was
laid at an angle of 90 in relation to the pre-
vious one. Figure 1 shows the schematic arrangeofignepregs layers in the analyzed
composite material.

Kennametal milling cutters 20A02R028A20ED10 of 2Gnnm diameter were
used in the experiments. On their body, the cuttadstwo interchangeable single-edge
cutting inserts EDCT10T304PDFR-PCD (marked accgrdio ISO) coated with
polycrystalline diamond grade KD1410 from Kennarheta

Technological milling conditions and tools. Samples of polymer composites
were machined by face milling. Prior to experimenie ranges of variable milling
parameters (depth of cay, feedf,, cutting speed) of the composites were determined,
the results being presented in Table. In this sttly milling process was conducted
using five different depths of cut with constanédeand cutting speed; five different
feeds with constant depth of cut and cutting speed, five different cutting speeds
with constant depth of cut and feed. The rangethefparameters were determined
based on the literature review and the authorsvipus experience in composite
material processing.

Fig. 1. Schematic arrangement of prepregs
layers in a composite material.

Technological parametersof milling

No. a, mm f,, mm/blade Ve, m/min
1 2.5 0.2 250
2 2 0.2 250
3 15 0.2 250
4 1 0.04 250
5 1 0.1 250
6 1 0.2 250
7 1 0.4 250
8 1 0.6 250
9 1 0.2 50
10 1 0.2 100
11 1 0.2 350
12 1 0.2 500
13 0.5 0.2 250

Face milling was performed on the Avia — VMC 800tieal machining center in
the X axis in feed direction, without the use of a coglmedium. The milling length in
every milling operation was 100 mm. Surfaces ole@iafter milling were examined to
determine the impact of machining parameters oir theality. Figure 2 shows the
employed scheme of milling operation.
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Examination of the geometric structure of
the surface, including 3D topography, was carrier
out using the T8OOORC 120...140 device from
Hommel-Etamic. The device enables the determ
nation of surface roughness and wave param
ters as well as 3D parameters of the geometri
structure. A surface with the dimensions of
4.8x4.8 mm and an elementary segment lengt
of 0.8 mm with an accuracy of 0.Qim was
subjected to examination in this study. The
composite structure and surface defects we
examined atx100 magnification using the Fig. 2. Scheme of milling operation
VHX-5000 digital microscope. Every observa- 1 - direction of rotation of cutter;
tion was repeated 5 times. 2 — milling length;3 — defect after

Classification of defects. Different defects milling; 4 — composite;
. : 5 — direction of feed.

may be formed in polymer composites, and they
can be classified according to appropriate crite-
ria. In the case of chipping, three macroscopieiga were adopted by which structu-
ral imperfections were classified. The first ciiber for defect classification was the
location of a defect in a layer up to 2 mm deetfheénmaterial, as revealed after the tool
passing. The second criterion for classifying disfegas the change of their color
against the background of the entire material. i@l criterion was the size of the
surface occupied by the defect. The defect in trenfof chipping was larger than
powder grains. The tested surfaces were sprinkiddpowder having a smaller grain
size than the observed defects. The powder wasoheih a color contrasting with
the tested surface. The surface of the powder-edveefects was measured with a
microscope. The Keyence microscope makes it passiblcount the percentage of
fields with different colors in relation to the dorant color. Regarding pulled fibers,
the element in question had to protrude severahhove the surface of the material to
be considered a defect. In this case, the defests lwngitudinal single fibers detached
from the material during milling. The microscopibservations made it possible to
count the pulled fibers. Figure 3 shows the schiemapresentation of two most com-
mon surface defects: pulled fiber and matrix chigpi
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Fig. 3. Schematic representation of defects irfdh@ of pulled fiber and matrix chipping:
1 - pulled fiber;2 — matrix chipping.

Pulled fibers (Fig. 4) are among the most common defects in CFRP cotegosi
This defect has the form of fibers protruding digantly above the surface of the com-
posite material. In CFRP materials subjected tdingil the reinforcement fibers may
undergo tearing. This type of defect is characteriay the presence of torn longitudi-
nal fibers that are detached from the matrix yetpmotruding above the surface of the
material (Fig. #). This defect results from weakening of the fibgatrix connection.

In CFRP materials, a large group of defects amgadlto chipping. A characteris-
tic of these defects is their shape resemblingyaypo or a circle. An example of chipping
is shown in Fig. &
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sl
Fig. 4. Defect in the form o — pulled fibersp — torn fibers (indicated by arrows).

These defects are regarded as imperfections, ttmrbof which is below the material
surface between the reinforcement zones. Chippiag atso occur on the interface bet-
ween fibers and matrix. Chipping defects have aindimensions as warp cracks (Filg).5
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. 5. Defect in the form o — matrix chippingb — chipping on the interface between fibers
and matrix (indicated by arrows).

Fig

In this study, matrix chipping and fibers/matrixdrface chipping were examined
under the microscope. The imperfections were sfaihkvith a powder contrasting
with the type of the analyzed composite materiabrider to determine the percentage
of this defect type in the surface under considtamat

Results and discussion. This section relates to the influence of millingaae-
ters on the formation of surface defects in thdyaea carbon fiber reinforced plastics
materials. The CFRP materials were investigateteims of relationships between
milling parameters and surface defects. Regardliegnpact of cutting speed on surface
defect formation, the results show that at a lottiroy speed of 50 m/min the CFRP is
more susceptible to fiber pulling from the matesimicture (Fig. &), when compared to
the surface obtained after milling conducted wittutting speed of 250 m/min (Figo)6

e i E

i R1000 um e e 000 i,
Fig. 6. Surface obtained after the milling opemationducted with a cutting speed of:
a—50 m/minb — 250 m/mina, = 1 mm;f, = 0.2 mm/blade.
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The results reveal that the cutting speed alscciaffthe number of composite
surface defects such as chipping. Figures 7 shewguface obtained after the milling
operation conducted with two cutting speeds: 25Mim/and 500 m/min. It can be
observed that the degree of chipping is the grefdeshe milling operation conducted
with 250 m/min

81000 um g TR == 000 um

Fig. 7. Surface obtained after the milling opematimnducted with a cutting speed of:
a— 250 m/minp — 500 m/mina,= 1 mm;f, = 0.2 mm/blade.

With increasing the cutting speed the number ofepufibers tends to decrease
and the percentage of surface defects (chippingpisficantly reduced after reaching
250 m/min, as shown in the diagram in Fig. 8.

The results of microscopic observation show agre¢méh the findings of 3D
surface topography analysis. An analysis of thesBbace topography maps and the
Sku parameter (the coefficient of focus of the gmaphy height distribution) shows
that at high cutting speeds the value of Sku idahest and amounts to 3.66, while for
the cutting speed of 50 m/min the Sku value ishiglest and amounts to 7.96. The
Sku parameter indicates the presence of surfaaetdefts low value for the highest
cutting speed is confirmed by optical analysis. 8kthe quotient of the mean quartic
value of the ordinate values and the fourth powe3gwithin the definition area [ISO
25178-2:2012]. Figure 9 shows the 3D surface togany obtained for the cutting
speed of 500 m/min.
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Fig. 8. Cutting speed vs. the number of pulledr§i{) and the percentage of defects
in the form of chipping({) in the CFRP compositey, = 1 mm;f, = 0.2 mm/blade.

Fig. 9. CFRP surface topography after the millipgmation conducted
with a cutting speed of 500 m/mia; = 1 mm;f, = 0.2 mm/blade.

The results demonstrate that a too low cutting édee to 250 m/min) causes
chipping while a high cutting speed causes thafitiezs are torn (and not pulled out).
No damage of the fibers or their pulling cause &densive chipping on the surface of
the composite material.
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Feed is an important parameter in terms of millingcess optimization. The re-
sults of this study show that with increasing fetbe, number of surface defects in the
form of pulled fibers gradually increases too. Tblsservation is very important be-
cause feed is a key parameter affecting machirficjemcy. Although increased feed
reduces cutting time, it has a negative effectrengeometric structure of the surface.
The surface quality obtained with a low feed isrdtdly better than that obtained with
a feed of 0.6 mm/blade. Figures 10 show the surddtained after the milling opera-
tion for two feed rates: 0.04 mm/blade and 0.6 nhaaiéo.

TR b i Ry

Fig. 10. Surface obtained after the milling openattonducted with a feed of:
a—0.04 mm/bladey) — 0.6 mm/bladea, = 1 mm;v, = 250 m/min.

To confirm the obtained results, a quantitativeeassient was made between the
number of defects formed and the feed rate appliedhis end, a graph was plotted to
illustrate the relationship between feed and thenbver of pulled fibers and the
percentage of chipping on the composite surfaag (Hi).

The results confirm the conclusions drawn from 8i2 surface topography
analysis (Fig. 12).

The increased number of pulled fibers with incnegghe feed can be explained
by the fact that the fibers are pulled out, instefleing torn. On the other hand, the
significant increase in matrix chipping can be akptd by the fact that the pulled
fibers cause discontinuity in the structure of ttmmposite material, thus causing
chipping both in the matrix itself and on the fileatrix interface.

The results regarding the effect of the third mdliparameter, i.e. the depth of cut,
show a negligible impact of the depth of cut onghdgace quality after milling and the
number of produced defects. Therefore, no resoittthfs parameter are presented.
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Fig. 11. Fig. 12.

Fig. 11. Feed vs. the number of pulled fiodl &nd the percentage of defects
in the form of chippingl{) in the CFRP composite, = 1 mm;v, = 250 m/min.

Fig. 12. CFRP surface topography after the milbpgration conducted with 0.6 mm feed/blade:
a,= 1 mm;v, = 250 m/min.
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CONCLUSIONS
This paper analyzed the influence of milling coimtis on the geometric structure

of the surface of polymer composites with carbdrers, saturated with epoxy resin.
The variable milling conditions were: the depthoof, feed and cutting speed. The
formation of undesired defects on the surface obmposite material limits or often
prevents the use of elements produced therefrorooagponents of machines and
devices. Based on the obtained results of the giadprmed on the samples of carbon
fiber reinforced plastics (CFRP) materials, théofelng conclusions have been drawn:
increased cutting speed (up to 250 m/min) reducesdegree of chipping; increasing
the cutting speed above 350 m/min reduces the nuoitbpulled fibers and matrix
chipping; pulled fibers cause the formation of &rgreas of chipping on the surface of
polymer composites; a feed increase greater tiamén/blade causes an increase in
both the number of pulled fibers per unit area detects in the form of chipping;
pulled fibers damage the composite structure, ogushipping both in the matrix and
on the fiber-matrix interface.
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