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ABSTRACT

This rescarch 15 nwade 1o cvialuate the effectiveness of surface roughness paramciess in
describing the nachined  surfaces of composite materials. The material used 1 this work is aluminom
allay OO matoy romforced with nuld steet fibers. The cliecls of fTber onentations (angles ) are
studied for machmed specimens  and seanning eleclron microscepy 15 used (o evaluate the surface
datnage induced 1 composiic specnnens

The analysis of this investigaten revealed that | fibers break i bundles during the culling
pracesses and the breakage length is found 1o be dependent on the fiber direction. The average
roughness parameters such as { Ra 5 and ( Rq yare found to be less sensitive than { Ryy and (Rz ) (o
surface changes momnchmed componde laminates. The surface roughness and profile arc found o he
highiy dependunt on the Dber oncotations of AT (6UG1) und the disection of mensurcinent, Surlace
profile of machined unidircctional composite laminates are found to be crescent shape and periodic in
(he directon  of machining The edpe-trimumed cross-ply lanunate surfaces are crescent and random flor
profiles measured afong the lool movement directton, but they are periodic and non-creseent in the
divection perpendiculiar o the wob wovement. The surfuce 15 better described using { Ry Yand ( Rz ). [n
the longitudinal  direction of the wwditectional Taminate: surfnce roughness is low for fiber orientations
(07 and 13°) bul the roughness variations imeasured in e transverse direcion are scemed to depend on
the orientation  of the fiber wuth respect to the cutting direction. Three dimensional topagraphy
MCASUTCINEHLS are necessary (o chiaractenize the machined surface of composite malenal

- INTRODUCTION

Surfiuce roughiess and tolerance e closely related and it s gencrally necessary to specily o
sinpotlt [nish {o uaintnn 4 cortain tolerance in the (wshing process. For many practicsl design
applications | the tolerance and strength impose a imited maximum alfowable roughness. The relinbility
of mucluned companents ( espeaally for composite materials ) in bigh strength applications s ofien
enticadly dependent upon e quality of surtsce produced by machining, The surface Taver may affect ihe
strengthv and the chenneal resistance of the material, However, inhomogenity of eonposite maerials
cansed by the difference i propertics of fiber and matrix svill result in o machined surfisce that is less
repalar and ususlly rogphes than machioed metd surfaces | 1-3 | 1Chas been showen that the ninchined
surface of o Niber refnforced conposite s inghly dependent on the chip Termation process and {he fibe
arientation with respect o the coittag divection [ 4 | The chip formation process during the machinmg
of compostte 15 dlTerent fram that of machining metats | and appears 1o rely on three material removal
mechmusms namely  abrasion | ploughing and cutting | 3 |- When machining o unidirectionnl lnminate
witht [ibets oricnted along the cutting ducction |, the wain material remoeval mechasisms are rupture of
{ibers and debondimg of the matrix and Nbers . where as inmachining of a laminate with fibers oricnted
at an angie Lo the cuthing direction | the mechanisin of chip formation 1s duc to deformation and / or
sheating and  [iber ends eften appear crushed and Mractured sharply. These fiber ends protrude from the
runchined swifice o produce o rough suface 16 ] Hoewever . most of the previous rescarches used an
average roughness parameters  to desciibe the serface roughness | 1oy and texture of machined
composites. Now . il is clear that | surface reughness claracternistics ef machined composites have nol
been studicd in detail T this wosk L more investigations Lo identify the best parameters to describe the
nucro geometnic varialions observed on the machined composite surface.
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2- EXPERIMENTAL WORK

Aluminum alloy 6061 matrix reinforced with mild steel fibers (0.41 mm, dia.) is used in this
research. Both the unidirectional and cross ply of composites are used. The fiber volume is set 30%.
The dimensions of unidirectional specimens are approximately 50x5x12 mm. Three different fiber
orientations 0° . 30° and 60°, with respect to the cutting direction and a group of multidirectional
laminates arc used. The cross ply laminate dimensions are 50x5x300 mm. The mechanical properties
and chemical compositions of the used materials are listed in Table (1).

composite stress UTS (MPa ) e % E (GPa)
AL 6061 125 25 60
mild steel 805 24 207

Table (1-a ) Mechanical properties of the used materials.

C St Mn Cr Cu Ti 3 P Fe
.13 (.21 193 048 0.21 0.02 0.0012 0.011 balance

Table (1-b } Chemical composition of mild steel.

Si Mn Mg Cr Al
0.0 0.28 0.1 0.2 balance

Table ( 1-c ) Chemical composition of Al 6061

A milling machine is used to produce the required surfaces. The cutter specifications are;
0mm. diameter . 4 flutes . 30° helix angle and 13° rake angle. The depth of cut is taken 0.3 mm. and

the cutting speed is 400 r.p.m.

3- MEASUREMENTS

The machined surfaces are examined to study the amount of micro geometric vazriation and to
investigate the roughness characieristics of the profiles. Surface roughness is obtained using Talysurl
3-M60. The surface roughness heights are measured at intervals of 1.25 pm. Surface roughness
characteristics are evaluated based on a cut-off length of 0.8 mm. Several surface profiles are taken in
both longitudinal (parallel to the culting direction ) and transverse directions (perpendicular to the
cutting direction ). For both the longitudinal and transverse measurements the roughness measurement
length met 2.4 - 8 mm.. traverse length requirement for a cut-off of 0.8mm.

Scanning electron microscope ( SEM ) is used to assess and validate the surface roughness
measurements and to describe qualitatively the damage due to the machining process. Micrographs are
taken at various locations on the machined surfaces. The localized damage is examined at a higher

magnification.

4- RESULTS AND DISCUSSION

The nachined surface of unidirectional laminates appeared smooth to the naked eye, but
microscopic fibei pull-out and matrix smearing are found on the surfaces. For the laminate surface
machined parallel to fiber direction , spaced cuffs are found in the surfaces. For the other fiber
orientations , the surfaces are covered with matrix smearing, Profiles and average roughness valucs are
obtatned for both longitudinal and transverse directions of the machined surfaces. Typical surface
profiles measured in the longitudinal and transverse directions for each fiber orientation are shown in
Figs. ( land 2 ) respectively. From these figures , it is obvious that . the surface profiles are dependent
on the grientation with respect to the cutting direction,

Fig. ( 3 ) shows the typical average variation of parameters Ra , Rq . Ry and Rz as a function of
fiber direction , corresponding to the profiles shown in Figs. (1 and 2 ). Within the experimental
conditions, Ra and Rq values ranged from ;12bout 1 to 2pm . with variations of Ra and Rq for the




different fiber orientations being insignificant, For the range of the fiber orientation studied , Ry and Rz
values ranged from 8 to 11 pm and 0.5 to 9 pum respectively, It can be noted that , the variations of both
Ra and Rq measured in the transverse direction are similar and varied between 1.5 to 2 pm. Also it is
noted that, the ratio of Rq / Ra for both directions of measurement typically ranges from 1.24 to 1.27 jum
which indicates that . the surface roughness profiles measured in both directions are crescent shape.

In order to study the surface statistics and randomness , the typical longitudinal surface profiles
shown in Fig. ( 1 ) are evaluated with height distribution for fiber orientations of 0° , 30° and 60° as
shown in Figs (4 and 3 ) respectively. Fig. ( 4-a ) shows the surface profile of 0° laminate that consists
of a short wave length fine irregularities superimposed on a long wave length coarse irregularities. Fig,
(4-b) and (4-c) shows the height distribution and cumulative height distribution curves of the 0° profile
respectively. It is observed that the surface profile does not skew and has a crescent shape. A crescent
surface is represented by a straight Jine when the comulative height distribution is plotted on a probate
scale as shown in Fig. (4-¢). In the machined surface of fiber orientation 60° , the surface profiles are
similar to that of the 0° laminate. It is observed that the profiles for 60° surfaces are also periodic. It
can be noted that , the most prevailing wave lengths for all the profiles measuring along the jongitudinal

direction are between 70 and 170 unt.

For machined surface of unidirectional laminate measured in longitudinal direction |, it
contains a substantial pertodic component .as shown by the height distribution function of the profiles .
the surface profiles of all {iber orientations do not seem to skew. The auto correlation function of the
profiles obtained for each orientation demonstrates the close surface texture obtained in the longitudinal

direction.

The characteristics of profiles measured in the transverse and longitudinal directions | are
similar except for the difference in periodicity. Therefore . the wransverse profiles are not presented.
Profile characteristics measured perpendicular to the cutting direction arc found to be less periedic than
those of the longitudinal direction as shown in Fig. { 2 ). The transverse direction profiles are found to
be symmetrical and less dependent on the fiber orientation. From the previous results , it is clear that
the surface roughness height distribution and bearing length do not vary significantly over the different
fiber orientations studied.

Scanning eleciron microscopy analysis is made to assess the roughness of surface profiles. Fig,
{ G ) shows the machined surface at high magnification for different fiber orientations. Fig. {6-a } shows
the machined surface of the 0° fiber orientation, It is clear that the machined surface is vastly different
from that of other angles. From the same figure , it is obvious that , the matrix surrounding the fibers
seem 1o be pulled out during the machining process , leaving behind clear fibers. Bands of fibers seem to
fracture simoltanecusly and bundles of broken fiber of length 80 - 100 pum are left on machined surface
after the cuiting process. The distance between the cuffs is approximately 80 - 120 pm. In the case of
non-parailel or angunlar fiber orientations , natrix smearing is noticeable over a portion of machined
surface. The fiber orientation and cutting direction are plaving a vital role on the machined surface of
composite material. In comparing the 30° laminate with 60° laminate . the first has less matrix on

machined surface.

Two extreme cases of matrix smearing are observed in magnification of SEM photographs. On
one extreme , only a small amount of matrix smearing exists in pockets on some of the machined
surface. On the other extreme | the surface is entirely covered by matrix material , and small pockets of
fibers are scatiered over the machined surface. From the previous results , it is obvious that , some of the
machined surfaces are between the extremes and have a moderate amount of smearing. From Fig. (6 ) 1t
is often possible to see fiber fracture surfaces at higher magnification,

More of the fiber body is seen on the surface at fower fiber orientations ( angles) , while the
fiber fracture surface can hardly be seerl. As the fiber orientation increases , the amount of fiber fracture
surface increases, The increase in the angle of orientation leads to smaller lengths of crushed fibers. The
crushed length at 0° is about 4 - 14 wm | while it is about 2 - 7 pun at 30° . The length decreases to about
1 -5 pm for 60° lanunate.

In multidirectional laminates , the machined surfaces are similar in some ways to those of
unidirectional laminates, From Fig. ( 7 ) , itis clear that , no matrix smearing is observed on the 0°

plies. Surface of plies oriented at the other angles are covered by matrix , and severe fiber pull-out can
-3 -



_be seen on the 45° and 90° plies. The surface roughness profiles measured in the longitudinal direction
are significantly different from those measured in the transverse direction as shown inFig. (8and 9).
However Fig. ( & ) shows the surface profiles measured along the longitudinal direction , these
machined surfaces are nearly crescent shape as the cumulative height curve is almost a straight line and
non-periodic, But in the transverse direction , the surface profile measured is non-crescent shape and
periodic. From Fig. (8-c ) the surface cumulative height distribution can be approximated by two
straight lines that define the different layers in the profiles. The two layers intersect at about 15%,
which means that approximately 15% of the surface roughness profiles measured in the transverse
direction are covered by valleys. The surface profiles measured in the longitudinal direction of a cross-
ply laminate appeared to be random as shown in Fig. ( 9 ) which is mainly dependent on the
measurement path. Figs. ( 9-a and 9-b ) show the profiles measured along random measurement path
which is approximately parallel to cutting direction . while Fig. (9-c ) is obtained along the 0° ply. The
surface profile measured along the 0° ply has a less variation in profile height than the other two

profiles and is similar to the surface of 0° unidirectional laminate.

The previous figures show the rupture of the fibers and fiber matrix debonding occurred
during cutting of 0° laminate. The matrix in machining zone is pulled off with the ruptured fibers
during the cutting process , leaving a layer of clean fibers on the uncut surface. Rupture of the fibers
along the cutting direction seemed to occur in a quasi-periodic fashion as shown in Fig. (2 ). Fromthe
previous results , it is obvious that , if the fiber is assumed to be in a square packing sequence , the
surface profile measured along the longitudinal of a 0° laminate will be a straight line with high
variation. This is due to the long strands of fibers that cover the machined surface. In addition , as these
strands of {ibers are smooth the variation in micro geometric height of surface is low and the surface is
expected to be smooth. For the other fiber orientation 30° , the surface profile is expected to have many
fine irregularities , and the long surface roughness is expected to be higher than that of 0° laminate. The
surface roughness is expected to be rougher for 30° laminate under ideal conditions. This is due to the
geometry and packing sequence of fibers. Now , it is clear that , matrix smearing and chip formation
mechanism corresponding to the different fiber orientations will alter the roughness values significantly.
When the matrix is smeared over the entire surface the roughness values are low ; and are high when
the matrix is smeared in small pockets. The matrix smearing is more extensive for 30° than 0° Jaminate
and created pockets of exposed fibers that increase the surface roughness. But for 60° laminate , the
surface is rougher as the fiber pull-out except at high fiber angle ; also increases the surface roughness.
Due to the extent of fiber pull-out and the rupture of fiber . periodic wave form components are

understood.

Now , it is clear that, the surface topography is not only a fanction of manufacturing process
and process conditions , but also the materials surface geometric integrify in terms of homogeneity and

isotropy.

From the previous figures , it can be noticed that the surface profiles are similar for all fiber
orientations . with Ry at round 6-12 um. The fine irregularities are discovered when the surface profiles
are measured in the transverse direction of the fiber ortentation, Periodicity of the transverse direction
profiles may be due to the weak inter-ply bond that breaks during the cufting process,

Three parameters of surface roughness are measnred 1o evaluate the surface profiles in different
fiber orientations , and to describe the amount of surface damage due to fiber pull-out or matrix
smearing. These parameters are Ra, RMS and Rq . Within the experimental conditions of the surface
roughness studied , almost all the average Ra and Rq values are less than 2pum. Maximum peak to valley
roughness Ry and ten point heights Rz parameters are able to distinguish the surface profiles of the
different fiber orientations , and quantify the amount of micro geometric variations such as fiber puli-
out. Rz is an average which vary significantly within the fiber orientations studied , so , Ry and Rq are
the parameters of choice to describe the damage observed on the machined surface.

From the cumulative height distribution curves , the unidirectional laminate surfaces are
approximately crescent shape as they can be approximated by a single straight line. The height
distribation of all the machined surfaces of unidirectional laminatc is syminetrical about the center line.
The auto correlation function describes the general dependence of the surface height of one position on
the measnred profile. However , periodic irregularities observed on the miachined surface must be

quantified 1o properly describe the distance between the cuffs.
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Surface roughness characteristics of the edge-trimmed cross-ply laminates are similar {o those
of unidirectinnal laminate sosfaces. Ry and Rz are better to assess the compeosite surface roughmess than
Ra and Ra as it is neceusary 16 guantify the extent of fiber pull-cut that existed on the surfaces.
Multidirsctional laminate profiles differ from unidirectional laminate profiles mainly in existence of two
layers in the cunwmlative height distribution curve when surface roughness is measured in the transverse
direction. It is irnpostant (o obtain the cumutative height distribution function plotted on the probit scale
to determine ithe amount of the surface where the fiber pull-out is dominant as it will affect the fatigue
life performance of the machined laminate Figs. (9 and 10).

From the previcus discwssions | it is clear that , an ideal surface roughness parameter , if one
exists , for describing a inachined composite surface will thus have to include three main characteristics.
The first parameter which will describe the depth of fiber pull-out region and thickness of matrix
smearing. The second , the strata distributions of the surface roughness profiles have to be determined ,
and the third is the penodlc irregularities seen in most of the machined surfaces must also be described
to determine the spacing between the deep valleys caused by fiber pull-out. From the previous analysis ,
no single parameler studied sufficiently described the amount of micro-surface variation. However , the
paramefers of choice obtaiped from the unidirectional surface profiles study namely ; Ry, Rz and
cumulative height distribution on 2 probit scale are also appropriate for edge trimmed cross ply
laminate. .

The swiface generation process is highly dependent on the material , manufacturing process
and machining parameters. [ s necessary to use three dimensional micro-geometric surface variation
parameters {0 characterize the surface of composite material laminates.

5- COMCLUSIONS
The results and discussion of this research lead to the following conchusions ;

1-  The fibers break in bundles during the cutting process and the length of this breakage is found o be
dependent on the fiber direction. The crushed fibers decrease with increasing fiber angle.

2- The average roughness patameters , such as Ra and Rq are found to be less sensitive than Rz,

3- Roughness of the unidirectional laminate surface in the longitudinal direction 'is low at fiber
orientations of (° and 30° ; but the roughness in the transverse direction is ntot dependent on the

fiber orientation with respect to the cutting direction.
4- It is accurately to describe the surface profiles of the cross-ply lamvinate by neing Ry and Rz as

severe fiber pull-out is observed,
5-  Three dimensional topography measurements are necessary to characterlze the machined surface of

the composite material.
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