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4 l ~ n n i t t 1 1  l o  rdiOl malrix reinforced with mild steel fibers (0.41 mm, dia.) is used in this 
researili. Both the umdireciional and cross ply of composites are used. The fiber volume is sct 30%. 
The dimcnsions of itnidiiectional specimens are approximately 5 0 x 5 ~ 1 2  mm. Three different fiber 
orientations 0" . 30° a ~ t d  60'. wit11 respect to the cutting direction and a group of multidireclional 
laminates are used. The cross ply laminate dimeilsions are 50x5~300  mm. The mechanical properlies 
and chemical compositions of the uscd materials are listed in Table (I) .  

composite stress I UTS (MPa)  e % E (GPa ) 
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Table (I-a ) tvlechan~c;~l plopcrtles of the used matemls 

i AL 6061 I 125 I 25 1 - 60 

nuld sled 

A milling lnacliine is used to produce the required surfaces. The cutter specifications are; 
10mm diameter . 1 flutes. 30' helix angle and 13" rake ;nigle. The depth of cut is taken 0.3 m m  and 
tlie cutting spccd is 400 r.]).nl. 

Fe 
balance 

ENTS 

207 805 

-- 
Table ( 1 4  ) Chertlical composition of mild steel. 

P 
0.01 1 

The machined surhces are examined to study the ;mount of micro geometric variation and to 
investigate the roughness characteristics of the profiles. Surface roughness is obtained using Talysurf 
5-M60 The surrace ronghness lleights are measured at intervals of 1.25 [im. Surface roughness 
charzcterist~cs are evaluated based on a cut-oKlength of 0.8 mm. Several surface profiles are taken in 
both longitudi~lal (parallel to tlle cutting direction ) and transverse directions @erpendicular to the 
cutting direction ). For both the longitudinal and transverse measurements the roughness measurement 
Iengt11 met 2.4 - 8 mm.. travcrsc length requirement for a cut-off of 0.8mm. 
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S 
0.0012 

Table ( I -c ) Chemtcal cornposltlon of A1 606 1 

Cr 
0 2 

Mg 
0 1 

SI Mil 

Scanning electroll microscope ( SEM ) is used to assess and validate the surface roughness 
measurcmcnts and to describe qualitatively the damage due to the machining process. Micrograpl~s are 
taker1 at various locatior~s on the machined surfaces. The localized damage is examined at a higher 
magnification. 

A1 
balance 0 6 

4- RESULTS AND DISCUSSION 

Cr 
0 I S  

Mn 
0 93 

C 
0. 1 i 

0 28 

Thc machined surface of unidirectional laminates appeared smooth to the naked eye, but 
microscopic fiber pull-out and ~natrix smearing are found on the surfaces. For the laminate surface 
machined parallel to fiber dircction , spaced cuffs are found in the surfaces. For the other fiber 
orientations , the surfaces are covered with matrix snlearing. Profiles and average roughness values are 
obtained for both longitudinal and transverse directions of tlie machined surfnces. Typical surface 
profiles measured in thc 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 orientation with respect to thc cutting direction. 

Si 
0 2.1 

Fig. ( 3 ) shows tlle hpical average variation orparaineters Ra . Rq . Ry and Rz as a function of 
fiber direction , corresponding to the profiles shown in Figs. ( I and 2 ). Within the experimental 
conditions, Ra and Rq values ranged from about 1 to 2pm , with variations of Ra and Rq for the 
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Cu 
0.21 

Ti 
0.02 



dificrent fiber orientatirio~is being iiisignifica~lt. For thc range of the fiber orientation studied, Ry and Rz 
values ranged from 8 to 11 tuu m d  b.5 to 9 pm respectively. It cau be noted that, the variations of both 
Ra and Rq measured in the irailsverse direction are similar and varied between 1.5 to 2 pni. Also it is 
noted that. the ratio of[@ ! Ra for both directions of measurement typically ranges from 1.24 to 1.27 p n ~  
which indicates that . the surface roughness profiles measured in both directions are crescent shape. 

In order to study tlie surface statistics and randonmess. the typical longitudinal surface profiles 
shown in Fig. ( I ) arc cvaluated with height distribution for fiber orientations of 0' , 30' and 60" as 
slloufn in Figs ( 4 and 5 ) respectively. Fig. ( 4-a ) shows the surface profile of 0" laminate that consists 
of a short wave length fine irregularjties superimposed on a long wave length coarse irregularities. Fig. 
(4-b) and (4-c) shows the heigllt distribution and cumulative height distribution curves of the 0' profile 
respectively It is observed that tlie surface profile does not skew and has a crescent shape. A crescent 
surface is represented by a straigl~t line when tlie conmlative height distribution is plotted on a probate 
scale as shown in Fig. ( 4-c ). I11 the machined surface of fiber orientation 60' . the surface profiles arc 
similar to that of the 0" laminate. It is obsen.ec1 that the profilcs for 60" surfaces are also periodic. I t  
can be noted that, the most prevailing wave lengths for all the profiles measuring along the Iorigitudinal 
direction are between 70 and 170 pm. 

For machined surface of unidirectional laminate measured in longitudinal direction . it 
contains a substa.ntial periodic component .as shown by the height distribution function of the profiles . 
the surrace profiles of a11 fibcr orientations do not seem to skew. The auto correlation fi~nction of the 
profiles obtained for each ormitatlon demonstrates the close surface texture obtained in the longitudinal 
direction. 

The characteristics of profiles nieasured in the transverse and Longitudinal directions . are 
siniilar escep: for the difference 111 periodicity Therefore . tlie transverse profiles are not presented. 
Profile characterislics measured perpendicular to the cutting direction are found to be less periodic than 
tliose of the longitudiilal direction as sho\vn in Fig. ( 2 ). The transverse direction profiles are found to 
be qmmetrical and less dependnit on the fiber orientation. From the previous results , it is clear that , 
the sluface roughness height distribution and bearing length do not vary significantly over the different 
fiber orientations studied. 

Scanning electron microscopy analysis is made to m e s s  the rougl~riess of surface profiles. Fig. 
( 6 ) shows the machined surface at high magnification for different fibcr orientations. Fig. (6-a ) shows 
the machined surface of the 0" fiber orientation. It is clear that the machined surface is vastly different 
from tlrat of other angles. From the same figure , it is obvious that , the nlatrix surrounding the fibers 
seem to be pulled out during the machining process , leaving behind clear fibers. Bands of fibers seeiu to 
fracture siniultaneously and bundles ofbroken fiber of lengtl~ 80 - 100 pm are left on machined surface 
after the cutting process. The dislance between the cuffs is approximately SO - 120 pm. In the case of 
non-parallel or angular fiber orientations , matrix smearing is noticeablc over a portion of rnacl~ined 
surface. The fiber orientation and cutting direction are playing a vital role on the machined surface of 
composite material. In con~paring the 30' lan~iuate with 60" lanlinate . 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 smcaring exists in pockets on some of the machined 
surface. On the other extrente , the surface is entirely covered by matrix material , aiid small pockets of 
fibers are scattered over the machined surface. From the previous results , it is obvious that . some orthe 
machined surfaces are betweni the extremes and have a moderate amount of smearing. From Fig. ( 6 ) it 
is often possible to see fiber frachlre surfaces at higher magnification. 

More of the fiber body is seen on the surSace at lower fiber orientations ( angles) . while tlie 
fiber fracture surface can hardly be seen. As the fiber orier~fation iucreases , the amount of fiber fracture 
surface increases. The increase in the angle of orientation leads to smaller lengths of crushed fibers. The 
cn~slied length at 0' is about 4 - 14 kim , while it is about 2 - 7 t i u~  at 30" .The length decreases to about 
1 - 5 pm for GOo lan~inale. 

In multidirectional laminates , the machined surfaces are simik~r in some ways to those of 
unidirectional laminates. From Fig. ( 7 ) , it is clear that . no matrix smearing is observed on the O0 
plies. Surface of plies oriented at the other angles are covered by matris , and severe fiber pull-out can 
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be seen on the 45" and 90° plies The surface roughness profiles measured in the longitudinal direction 
are significantly d~rferent from those measured in the transverse direction as shown in Fig. ( 8 and 9 ). 
No::.cver Fig. ( 8 ) shows the surface profiles measured along the longitudinal direction , these 
machined surhces 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 IS%, 
which means that approximately 15% of the surface roughness profiles measured in tile tIanSVerSe 
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 OD unidirectional laminate. 

The previous figures show the rupture of the fibers and fiber matrix debondingoccurred 
during cutting of 0" laminate. The matrix in machining zone is pulled off with the ruptured fibers 
duling 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 ). From the 
previous results . it is obvious that , if the fiber is assumed to be in a square sequence, the 
surface profik 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 fibers 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 malrix is smeared in small pockets. The matrix smearing is more extensive for 30" than 0" laminate 
and created pocl~ets 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 surkce topography is not only a fiinction of manufacturing process 
and process conditions, but also the materials surface geometric integrity in terms of homogeneity and 
isotropy. 

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

Three parameters of surface roughness are measured to evaluate the surface profiles in different 
fiber orientations , and to describe the amount of surface damage due to fiber pull-out or matrix 
smearinp. These parameters are Ra . RMS and Ra . Within the exoerilnental conditions of the surface - 
roughness studied , almost all the average Ra and Rq values are less than 2 p .  Maxinlum peak to valley 
roughness Ry and ten point heights It7. parameters are able to distinguish the surface profiles of the 
different fiber orientat~ons , and quantify the amount of micro geon~etric variations such as fiber pull- 
out. Rz is an average which v a q  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 cunmlative height distribution curves , the unidirectional laminate surfaces are 
approximately crescent shape as they cau be approximated by a single straight line. The height 
distribution of all the machined surfaces of unidirectional laminate is sywnetrical about the center line. 
The auto correlation function describes the general dependence of the surface height of one position on 
the measured profile. However , periodic irreplarities observed on the machined surface must be 
quantified to properly describe the distauce between the cuffs. 
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Surface ?oughn-ls ci?aractensIics of the edge-trimmed cross-ply laminates are similar to those 
of unidirectinn;~! imina t i  s.1daccs. Ry aud Rr arc better to assess the composite surface roughness than 
Ra and Rq $5 ?t is I I ~ c c ; , s ~ ~ <  t~ pmt i fy  the extent of fibber pull-out that existed on the surfaces. 
htultidirwtionirl iaminstc profiles differ from unidirectional laminate profiles mainly in existence of two 
layers in the cuciu!,~tir-e :height distribution curve w l ~ n  sul-face roughness is measured in the transverse 
direction. It is urtpoitant lo obtain the cumulative height distribution function plotted on the probit scale 
to determine ihe amount of the surface where the fiber pull-out is dominant as it will affect the fatigue 
life pcrlor~nmcc ofthe machined laminate Figs (9 and 10). 

From tile previous discussions , it is clear that. an ideal stvface rouglmess parameter, if one 
esists , for d~ss?i~bilrg a inachined composite surface will thus have to include three main characteristics. 
The first paraineier 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 lhc tlrird is the periodic irregularities seen in most of the machined surfaces musl also be described 
to deterrnine rl?e spacmg between the deep va!leys caused by fiber pull-out. From the previous analysis . 
no single parameter studied sufficiently described the amonnt of micro-surface variation. However , the 
par;mefers of citorcz ubtai.ned from the unidirectional surfnce profiles study namely ; Ry , Rz and 
cu~nulative heigll? distribolmn on a probit scale are also appropriate for edge trimmed cross ply 
lanrinate. 

The surface generation process is highly dependent on the inaterial , manufacturing process 
and inachi~ung paialne!crs It is necessary to use three dimensional micro-geometric surface variation 
pararnetcrs to characterize the surface of composite material laminates. 

Tlie results and d~scussion of thls research lead to the following conclusions : 

1- The fibers br& in bundles during (he cutting process and the length of this breakage is found to be 
dependent on t l ~ c  fiber direction. The crushed fibers decrease with increasing fiber angle. 

2- The average roughness parameters , such as Ra and Rq are found to be less sensitive illan Rz. 
3- Roughness of [he unidirectional laminate surface in the longitudinal direction 'is low at fiber 

orientations of Oo and 30° ; but the roughness in the transverse direction is not dependent on the 
fiber orientadon with respect to the cutting direction. 

4- It is accurately to describe the surface profiles of the cross-ply laminate by using Ry and Rz as 
severe fiber pull-out is observed. 

5- Three dilnensional topograph!? measurelnents are necessary to characterize the machined surface of 
the composite material. 
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