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ABSIRACr

The experimental measurement of fitier surface rou^iness, by small-

angle li^t back scattering coi;?)led with Fourier transform analysis is

presented. In addition the effects of scattering equipment parameters and

fiber diameter, on the back scattering pattern, are investigated. A

literature review on small-angle li^t scattering was performed to

determine the extent of previous work in surface rou^iness determination.

The review also provides the background information necessary to discuss

the current research effort. A literature review was also conducted on

the mathematical develcpnent of scattering theory for smooth and rough

surfaces as well as the determination of surface rou^mess from scattering

data using both epical and numerical methods for achieving Fourier

transfontations. The purpxjse of the research was to develop a method for

accurately determining and quantitatively characterizing surface

rou^iness, for cotparing the surface rou^mess of different samples, and

a method for graphically representing the surface tcpography.
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I. nnBODOcncN

In the peist much work hcis been done on the use of li^t scattering

for the detennination of surface rou^iness, with varying degrees of

success. Althou^ the exact details of the work have varied depending

t^on equipment configurations, wavelength of li^t, sairple type, or

assumptions used, generally the researchers arrived at the same

conclusions. Mainly that light scatterirg, in principle, could be used to

accurately determine the surface rou^iness of a sample [1-18].

Ind^jendent of the manner in vhich the data was treated, either cptically

or numerically, the results were similar. However, no researcher has

reduced this idea into a completely satisfactory practical application.

Also, several areas of research have been neglected by researchers. These

areas include the determination of fiber surface rou^mess as well as the

effects of fiber diameter and scattering equipmient parameters on the back

scattering pattern.

For the most part, previous work has centered on quality control and

inspection of the surface finish of manufactured parts [7,8,10]. The

purpose being to use li^t scattering for the measurement and

characterization of the microtcpography of rcu^ surfaces [8]. The use of

li^t scattering is desirable because it is non-contactong, sensitive,

area sampling, and inherently absolute [11].

The idea that the surface rou^mess of a material mi^t be measured

by li^t scattering should be of interest to those vho deal with the area
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of fiter science. This is because the surface roughness of a fiber

affects the fiber's behavior during processing and its performance as a

finished product. The fiber rou^iness is related to both the frictional

and the cptical properties. The frictional properties, in turn, affect

the mechanical behavior of the fiber [12].

At the present time most li^t scattering methods for the

determination of surface rou^iness, use some type of Fourier transform

either cptical or numerical [1-18]. This data is then r^resented in scanne

form of intensity versus spatial frequency [12]. With this in mind, this

paper presents a brief review of pertinent literature and proposes a

mechanism for the determination of fiber surface rcu^mess from Fourier

transformed small-angle li^t back scattering data. The paper also

presents the effects of fiber diameter and scattering equipment parameters

on the scattering pattern.



H. REVHW OF LEEERKIOBE AND THEOfOf

2.1 nnsoDOcncN

within the past 30 years a great deal of work has been done in the

area of li^t scattering from rou^ surfaces. Part of this work has

involved the develcpnent of rigorous theory for scattering frcsn rou^

surfaces [1,2,6,9,10,13,17]. Other researchers have work on the use li^t

scattering to detemine the roun^mess of a surface, usually by using the

scattering data in correlation with some form of Fourier transform [1-18].

The transform having been achieved either optically [13-18] or

mathematically [1-12].

Surface rou^mess ^is a measure of the topographic relief of a

surface'. [19] Surface rou^mess is mecisured as hei^t variations above or

below the mean surface level and is usually expressed as a root-mean-

square rou^mess value, this idea is illustrated in Figure 2.1. In this

context the surface rou^miess of interest are those asperities vhioh are

of the order of magnitude to cause li^t scattering. Ihese surface

asperities eire typically considered to be s^)arated by sutmicrometers to

fractions of a millimeter. Ihe height of these asperities is generally

considered to be from 0.1 micrometers (4 microinches) to 10 micrometers

(400 microinches). [19]

The possibility that li^t scattering could be used for the
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Figure 2.1 Schematic representation of a rou^ surface (Bennett and
Mattsson)
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determination of surface rou^mess can be understood by looiking at how a

of coherent, collimated, monochrcmatic li^t behaves vhen it strikes

a concJucting surface (Figure 2.2). If the surface is perfectly smooth,

^all the reflected li^t remains in a collimated beam, known as the

igpomiiar beam, propagating in a direction given by Snell's law and having

essentially the same angular divergence properties as the incident

beam'[7]. If however, the incident beam strikes a rou^ surface (Figure

2.3) the li^t will be scattered in a distribution of angles. '^Ihe

intensity and pattern of the scattered li^t d^jends on the amplitude and

wavelengths of the surface topography, the material properties of the

surface, and the wavelength of the incident li^t.'[7[ Ihis scattering,

from rou^ surfaces, can be * viewed as scattering from sets of sinusoidal

surface components with different amplitudes, wavelengths, and directions

across the surface resulting from a two-dimensional Fourier decoaaoposition

of the function describing the surface topography' [7].

2.2 RIGCR3Q5 SCSmFKINS aHEDRY

In the late 1950's Bennett and Porteus worked on the relation^p

between surface rou^iness and specular reflectance. As a result they

derived an expression for the total integrated scattering based on

equations they developed for the specular reflectance and the non-specular

scattering from a rou^ surface. In addition they developed a

relationship between the root mean squared slope and the autocovariance

length for a flat surface [1]. Bennett and Porteus described the
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Figure 2.2 Schenvatic of the Scattering Geometry from a Smooth Surface
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Figure 2.3 Schematic of the Scattering Ge(3netry from an Arbitrarily Rou^
Surface .
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specular reflectance cis:

i?g=i?gexp [-(4:ia) 2/X^] (2-1)

vAiere Rg is the specular reflectance of a rou^ surface at normal

incidence, Rq the reflectance of a perfectly smooth surface, a the root

mean square roui^Tness,defined as the root mean square deviation of the

surface frcm the mean surface level, and X the wavelength of incident

li^t. Note that Rg is a function of the specular reflectance frcm a

theoretical smooth surface multiplied by a ^roughness factor'. This

factor ranges frcm 1, for a smooth surface, and decreases to zero as the

roominess increases. The angular d^)endence of the diffusely scattered

li^t, the non-specular scattering, can be described ty:

rd(0)d0 =

Ro27i^ (a/l) ̂ (COS0+1) *sin0 exp[-(Tia sin0)^/X^]d6 (2-2)

vAiere a is the autocovariance length. If the rou^mess has a Gaussian

distribution it can be shewn that the autocovariance length (a) is related

to the root mean square slope (m) of the profile of the surface by;

a=1.41o/;n (2-3)
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Therefore, at normal reflectance, the contritution from diffuse scattering

is:

AO

^ /\\i ! \„\2fr^(d)de=R,-^(a/k)UAo)^ (2-4)
J

Here again, notice that the diffuse scattering is a function of the

ppianiia-r reflectance from a theoretical smooth surface multiplied by a

^rou^iness factor', with this factor increasing as rou^iness increases.

The total integrated reflectance would then be a summation of the specular

reflectance and the non-specular scattering, or diffuse scattering, frcm

the surface and can be described by:

i?=i?oexp [- (4710) VX2] (0/>-)' (AS) 2 (2-5)

It should be noted that equation 2-5 reduces to equation 2-1 at long

wavelengths, i.e. the surface c^spears smooth. [1]

Beckmann, in his work, described the mean square amplitude for back

scattering. Beckmann's work dealt with the scattering frcm randcm

surfaces. Using the coordinate system defined by Figure 2.4, the mean

square amplitude for back scattering can be defined as:

/

<EE*> = exp
tan^e ^

(2-6)
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v^ere <EE*> is the mean square anplitude scattered, Eq = kA / ttRq and is

the anplitude of the field strength reflected ty a plane surface, k = 2

TT / X, A is the area illuminated, Rq the distance, X the wavelength of

incident radiation, and Sj the root mean square slope of the surface

rou^mess ccnponents. Note that this equation like that of Bennett and

Porteus relates the diffuse scatter to the specular reflection from a

theoretical smooth surface modified by a factor that causes the function

to decreeise eis rou^iness increases. However, Beckmann suggested that his

equations were accurate for only sli^tly rou^ surfaces [2].

2.3 FOURIER OPTICS AND FOURIER TRANSFORMS

A  Fourier transformation can be described as ^a linear

transformation vAiich produces a useful mathematical relation between a

waveform and the phase airplitude density of its frequency content' [20].

The transform does so by resolving a waveform into its sinusoidal

conponents. ^The Fourier transform, X(f), of a ccnplex and single-valued

function x(t) is defined mathematically as:

X(f)=jx{t)exp{-j2nft)dt (2-7)

where t and f are real variables, and j is the imaginary unit.' [21] If t

is timp in seconds then f would be frequency in Hertz. The inverse
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Fourier txansform of X(f) is defined mathematically as:

x(t) =j'x(f) exp(j2nft) df (2-8)

The Fourier transform property of a lens can be established using

the diffraction integral describing the propagation of monochromatic li^t

in free space [21]. The diffraction integral can be used to

mathematically describe all the optical phenomena related to Fourier

optics. The integral can be derived from Fourier transform considerations

cotpled with the ideas of plane waves and complex aitplitudes.

A better understanding of the ability of a converging lens to

perform a two-dimensional Fourier transformation can be obtained from

reviewing the various Fourier transfomation configurations. In the

following three configurations ^the illumination is assumed to be

iionochromatic and the distribution of the li^t amplitude across the back

focal plane of the lens is of concern'[22]. Figure 2.5 illustrates the

three configurations reviewed. In 2.5 (a) ^the object to be transformed

is placed directly against the lens'[22]. In 2.5 (b) ^the objecrt: is

placed at a distance d in front of the lens'[22]. In case 2.5 (c) ^the

object is placed behind the lens at a distance d from the focal

plane'[22].

Consider the situation in Figure 2.5 (a), vhere the object is placed

against the lens. Let the object having an amplitude transmittance of

t(x,y), be placed in front of and ageiinst a converging lens of focal
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Figure 2.5 Fourier Transfoming Configurations (Goodman)
(a) Object placed against the lens
(b) Object placed in front of lens
(c) Object placed behind lens
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length f. If the object is normal to an incident beam of monochrcroatic

li^t of amplitude A the disturbance on the lens is

U^(x,y) =At{x,y) (2-9)

let the pcpil function P(x,y) account for the lens aperture, vAiere P(x,y)

is defined by

1  inside the lens ̂ jerture

P(5^/y) = { (2-10)
0  otherwise

The amplitude distribution behind the lens beccmes

ulix.y) =U^{x,y) P{x,y)exg>[-j {k/2f) (x^+y^) ] (2-11)

Where f is the focal length and k is 2 m / X. inlying the Fresnel

diffraction formula, putting z = f, and simplifying the equation becanes;

„ , , exp[j(ic/2f) (x|+y|)]
jxf

Z  {x,y) P{x,y) exp [-j {2n/Xf) (xx^+yyf) ] dxdy (2-12)

Thus the field distribution Uf is proportioned to the two-dimensioned

Fourier transform of the incident field subtended by the lens aperture.
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If it is asfgiTT^ that the object is smaller than the lens aperture, P(x,y)

can be neglected leaving.

,  , exp[j (k/2f) (xj+yj)]Ufix^^Vf) =A

X j"J exp [-j {2n/Xf) {xXf+YYf) ] dxcLy (2-13)
-00

Measurement of the intensity distribution across the focal plane yields

the power spectrum of the object;

If(Xf,Yf) =

eo

Ayx^f^ iJI t (X, y) exp [ -j (2it/A.f) (xXf+YYf) 1 dxdyj^ (2-14)
—oo

Now consider the situation in Figure 2.5 (b). The object is placed

in front of the lens and is located a distance d from the lens, then let

F(f3j,fy) represent the Fourier spectrum of the li^t transmitted ty the

object, and Fi(fx,fy) be the Fourier Spectrum of the li^t incident on the

lens. Assuming Fresnel approximations are valid the equation is

fy) =F{f^. fy) exp [-jn;>,d(fi+fy) ] (2-15)
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Neglecting the finite extent of the lens aperture (P = 1) and substituting

into equation 2.13 we have

Uf{Xf,yf) =

exp[j(Jc/2f) (1— o-ifil
FUt/Xf.yt/i-O

or the equation corresponding to 2.13

exp[j(i:/2f) (1--^) {x]+y])]

X ff C(x,y)exp[~j (2n/Xf) (xXf+yy^)] dxdy (2-17)
-e»

^Thus the airplitude and phase of the li^t at coordinates (Xf,yf) are

again related to the aiiplitude and phase of the object spectrum at

frequencies (Xf/IIf,yf/IIf).' [22] Notice that a phase factor precedes the

transform integral but vanishes at d = f.

Finally, let the object be placed behind the lens, as in 2.5 (c).

The object has a transmittanoe of t and is located a distance d from the

focal plane of the lens. ^Let the lens be illuminated by a normal

incident plane wave of airplitude A. Then incident on the object is a

spherical wave converging toward the baok focal point of the lens.'[22]
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Using the gecmetrical-cptics ^jproximation the anplitude of the wave

impinging on the objec± Is Af/d. If the lens has a diameter of Dj^, the

<^iaTn<ai-oT- of the circoilar region illuminated is and the pi^il

function is P[x(f/d) ,y(f/d) ]. Using the paraxial approximation to the

spherical wave we may writie

U{x,y) =

|:^P(x(f,d) ,y(f,d) )exp[-j(ic/2d) (x^+y^) ] |t(x,y) (2-18)

again, assuming Fresnel diffraction is valid it can be shewn that

^  exp [j (i:/2d) (x|+y|) ] CC^.| \(Xf,yp =A——— —-— if/d) J j t(x,y)

P(x(f, d) ,y(f, d) )exp[-j (27i/Xd) (xXf+yy^) ] dxdy (2-19)

Thus the focal-plane amplitixJe distribution is the Fourier transform of

the portion of the object subtended by the projected lens aperture [22].

Note that examination of equations 2-13, 2-17, and 2-19 will shew that the

relationship between the Fourier transform of the object and the focal

plane is not an exact one. They are related ty the airpli"tude, incident

wavelength, and focal length.
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2.3.1 REVUW OF PCXIKLER OETICS JOR THE ANZVLJfSIS OF SUEtFACE BCXJGHNESS

As has been stated, two paths have been taken in an atteirpt to make

use of light scattering data for the purpose of surface rou^mess

determination. One path taken was numerical transforms and the other

optical transforms. The researchers approaching the problem using cpticeil

methods have relied on lens arrangements similar to those illustrated in

Figure 2.6. These researchers took note of the fact that a converging

lens has the prc^)erty of performing a two-dimensional Fourier

transformation [13-18].

One such researcher, R.A. Sprague, set out to examine the

^plicability of an optical method and ^ejqjerimentally verify a sinple

physical theory relating speckle contrast in broadband illumination to

surface roominess'[13]. Sprague used a set of sairples that contained ^a

range of rou^iness values produced with a variety of finishing

techniques'[13]. Althou^ no coiKilusive results were obtained, it was

noted that the data did shew a good relation between speckle contrast and

root-mean-square surface rou^mess in the range of rou^inesses between 0.2

/mi and 3.2 /xm. It was also demonstrated that the measured rou^mess was

independent of surface fini^ [13]. Meaning that vhether the sanple had

a dull or glossy fini^ the measured rou^iness would be the same.

Several years after Sprague's work B.J. Pemick set out ̂ to develop

a tool for surface quality inspection of machined metal specimens

eatploying a coherent optical processing system' [14]. Pemick, referring
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to the work of others, demonstrated that the patterns obtained by an

^optical Fourier transform distribution of laser-illuminated sairples were

related to roui^mess levels for machined metal surfaces' [14]. He further

that this evidence could serve as the basis for a practical

instrument. Pemick used a surface rou^mess scale and microfini^

cxmaparator for his samples. The ccmoparator used was an ondustry standard.

The results obtained ^demonstrated that the relationship between a far-

field scattered li^t signature and integrated Gaussian curve parameters

can be used to measure surface rou^mess for metal samples' [14]. Pemick

that an cptical Fourier system could be developed for the purpose

of surface rou^mess measurement [14].

At approximately the same time that Pemick was researching the

possibility of designing an instrument for surface rou^mess

determination. E.G. Thwaite was trying to determine the limitations of

the optical Fourier transform technique in directly determining the power

spectrum of opaque objects' [16]. He noted that the determination of the

power spectrum would provide a practical tool for the determination of the

tqpographical properties of surfaces. Thwaite noted that the success of

the cptical method is d^jendent upon ̂  being able to resolve the structure

of the image in the Fourier plane' and ipon ^how well the li^t

distribution across the object r^resents its amplitude features'[16].

Use was made of the Wiener-Khintchine theorem that states that the angular

power spectrum is obtained frcm the Fourier transformation of the

autocorrelation function. [16] Thwaite noted that the converging lens

setip would perform the Fourier transformation. Throu^ his studies
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Thwaite shewed that the power spectrum, obtained by optical Fourier

transformation, could be directly interpreted [16].

In work done by T. Horiuchi, et al. an optical method for the

measurement of surface rou^mess, * inid^)endent of correlation length and

reflectance variation caused by contamination of the surface' is

described. Horiuchi defines a ratio as being a normalized maximum

speckl*^ intensity depenient only on the rou^iness of the sample and not on

the reflectance.

a=V^o (2-20)

v^ere Ij„ is the maximum intensity of speckles and Iq is the total power of

the scattered li^t. Horiuchi, et al. concluded that the surface

rou^iness could be measured with the speckle pattern assuming that the

following conditions were fulfilled ^ (1) the speckle intensity maximum is

well detected and (2) the ratio a of the maximum intensity to the total

power of the scatted ligtit is used as the scale of rou^mess measurement'

[18].

2.3.2 REVEEN OF POORIBR TRANSEaWS PGR THE ANALYSIS OF SURFACE RGOGHNESS

While seme researchers worked on obtaining a Fourier transform
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cptically others have approached the problem by using a numerical Fourier

transform on scattering data [4-12]. One researcher, P.J. Qiandley,

working under the assuiiiption of a ^Gaussian first order probability

density function of hei^t, studied the autocorrelation function of hei^t

by means of the Fourier transform of the ensemble average far-field

scattered li^t' [4]. Qiandley used ground glass surfaces, the results

indicating that the normalized autocovariance function of hei^t on a

rou^ surface could be determined frcm the Fourier transform of the

ensemble far-field scattered li^t intensity. He defined the normalized

autocovariance function of hei^t on a rough surface as

(2-21)
C(P)= ^ L

where C(p) is the autocovariance function, C^(p) is the Harikel transform

of the autocovariance function, Cv(0) is the autocovariance function of a

smooth surface, and a is the square root of the variance hei^t. However,

the method is not valid for very rcu^ surfaces. Chandley found that vhen

the hei^t of the scatteres was of the same order eis the incident li^t,

or larger, the method used was not accurate. [4]

Later, in an attempt to further develop his work, Qiandley locked at

the assunption of a Gaussian form for the autocorrelation function of

surface hei^t. He found that the assuirption, of Gaussian form, was not

valid. Ifowever, he found that measurements of the variance of grcund
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glass surfaces were in agreement for different scattering geanetries

between li^t scattering and epical methods [5].

O.M. Mendez, et al. later looked at hew a Fourier transformed model

would behave as a function of asperity d^)th. Ihey found that for shallow

asperities the Fourier transform worked well twt there was an increasing

inaccuracy with increasing d^Jth of asperity [8].

However, none of these studies looked at the problem of fibers.

Later, Cheng Lou [12] looked at the determination of fiber rou^mess using

li^t back scattering and Fourier transforms. In this study the discrete

Fourier transform pair used was;

«-i w-i

y-0
^ M Nj

(2-22)

and

f (x,y) =Y, E
u-O vO L \ '

(2-24)

vhere M is the Tnayimum number of x points and N is the maximum number of

y points. However, a fast Fourier transform (FFT) was used to approximate

the above equations in an effort to reduce ccmpitation time. Ihese

equations give a triaxieil r^resentation shewn in Figure 2.7. The FFT was
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performed as a FORTRAN subroutine. Cheng used this model to investigate

several fibers of different surface rou^iness (nylon, polypropylene,

rayon, cotton, and wool). It was found that the model suggested

increasing surface rou^inesses as would be expected. The subroutine also

defined a parameter called the rou^iness coefficient (RC) defined as

(2-24)
^0

Where Iq is the intensity at zero frequency and 1^ is the total

intensities scattered at other frequencies. The 1^ term will be zero for

a perfectly smooth surface. Note that this is similar to the a value used

by Horiuchi, et al. [7] for the cptical Fourier transform. This RC also

showed a strong d^)endence on the surface rou^mess for the samples used

[5].

2.4 Methods for Determining Surface Rou^mess

Current methods for the determination of the surface rou^mess of

samples are either contacting or cpticeil. Contacting instruments use a

diamond stylus. In contacting methods the diamond styl\as is drawn across

the surface of a sample. The movements of the stylus are converted to

electrical signals, which are amplified and can be recorded on chart

paper. [19] Althou^ stylus instruments are considered to be very accurate



26

they have a ^number of serious disadvantages: they are relatively

expensive, they are sensitive to ambient vibrations particailarly on

smoother surfaces, they are relatively slew to set and use,

particularly on workpieces of curved section, and the stylus, being

diaitond, generally marks the WQr]q)iece and because of its finite size may

miga very small irregularities'[15]. In addition, the stylus may be

affected by dirt, oil, or films on the surface of the sample. [19]

Most ccmmon noncontacting profilers use a ccmbination of li^t beams

and gnmp form of microsccpe. Ihe standard methods use an interferoneter.

Interfercmeters use either the test surface or a s^arate surface as a

reference. ^Several instruments are based of the principle of the

differential interference contrast microsccpe and measure hei^t

differences (slopes) between two closely spaced points s^arated by

approximately 1 micrcmeter and then integrate detector signals to obtain

a surface profile.' [19] Hcwever, in addition to being ejpensive, many

cptical profilers use probe beams of less than 10 micrcmeters in diameter.

Hiis small beam make the sampling of large surface areas difficult.
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m. aWPOTHl SMIIACICN STUDIES

3.1 miHDDOCnCN

In order to aoocmplish the goals proposed for this work, it was

necessary to rely heavily upon ocmputer assistance. As a result use was

made of several ccmmercially available software packages. In addition to

these, four specialized ccBDputer programs had to be developed ty the

author.

Included in the commercial software was Tecmar's Video Van Go^

package and 3-D Visions Corp's GraphTool plotting package. The Video Van

Go^ package was used to digitize, store, and retrieve the scattering

pattern. The package digitizes the pattern using a 64K grid composed of

249 X 236 pixel locations. The pixel locations range from 2,16 in the

vpper left comer to 250,251 in the lower ri^t comer. The intensity of

each pixel location is recorded as a relative intensity value ranging from

0 to 255. A value of 0 represents pure black, or no detected light

intensity, and a value of 255 r^resents pure vhite, or the maximum li(^t

intensity that can be detected by the camera. The value of the intensity

is dependent on the gain and contrast setting of the camera, the f-stop of

the lens, and the camera-to-screen distance. [23] After the data was

digitized, GraphTool software was used to generate three-dimensional

representations of the Fourier transformed images as well as X,Y

coordinate plots.
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As stated before, it was necessary to develop additional programs to

assist in interpreting the data. To this extent, four programs were

develc^)ed. One program produces the theoretical scattering pattern of an

infinitely smooth fiber. A second similar program produces the

theoretical scattering from an infinitely snooth flat surface. Another

performs a numerical Fast Fourier transform on the theoretical data as

well as data gathered in the laboratory. A final program was needed to

perform the actual calculation of the surface rou^iness frcm the data.

Ihe theoretical data, for an infinitely smooth fiber, as well as the

infinitely smooth flat surface, were necessary for the determination of

the specular region of a small-angle back scattering pattern. Ihe Fourier

transform was necessary to determine the surface topography from a small-

angle back scattering pattern. A full listing of all user generated

programs is presented in Appendices A throu^ D.

3.2 EMXQH FIBER SURFACE COMHTTER GENERATED SCATTERING

As stated before the scattering frcm an infinitely smooth flat

surface can be described by Snell's Law. When the smooth surface is a

fiber the scattering can also be described by Snell's Law if allowances

are made for the cylindrical gecmetry. Take for example, the fiber

illustrated in Figure 3.1, of length L with a diameter Df. Ihe fiber is

ccaDopletely bathed fcy an incident beam of diameter Dj^. Assume that the

fiber axis is perpendicular to the incident beam, under these conditions

the scattering frcm the fiber can be described by looking at a
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single quadrant representing all incident angles between 0° and 90°

(Figure 3.2). As a result of this, the fiber diameter is not iirportant,

all that is needed is the refractive index (n) and the Sample-to-Screen

distance. Using Snell's Law:

Sin6j^=nSinBj. (3-1)

Where 0^ is the incident angle, Sj. is the reflected angle, and n is the

refractive index. Iherefore the Sample-to-Screen distance, the distance

the scattered li^t travels, can be determined using Figure 3.3.

d= ^ f3-2)
cos(i8o-0-e^)

Where d is the distance traveled by scattered li^it, and STS is the

Sample-to-Screen distance. Khcwing the distance traveled by the scattered

li^t the inverse square law can be used to determine the intensity of the

li^t on the imaging screen by

a Jo
^=—r (3-3)^2

Where I is the intensity on the imaging screen, a is the absorbtivity of

fiber, and Iq is the incident intensity. To incorporate these ideas into

the Video Van Go^ software three additioneil st^js are needed. First,
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there needs to be an intensity value calculated for each pis^l location

recognized by the Video Van Go^ software. By knowing the camera-to-

screen distance the number of pixel locations per centimeter can be

obtained by the following equations [23]

(3_4)

y=_i£LLL (3_5)

Kxwing the number of pixels it is possible to back calculate using

equation 3-2 and obtain the incident angles giving the intensities for the

first and last pixel locations. Knowing the number of pixels and the

starting and ending incident angle, the st^ size for the incident angle

can be readily obtained. After a value has been obtained for each pij^l

the intensity value needs to be normalized, therefore, each intensity

value is divided by the largest intensity value calculated. Ihis gives

normalized intensities between 0 and 1. The final st^ performed is to

assign a gray level for each pixel based on the nontalized intensity

value. This can be accomplished by multiplying the normalized intensity

by 255, the gray levels recognized by Video Van Go^. This process puts

the theoretical scattering data in tenns of the Video Van Go^ system.

These procedures are accomplished by the user written BASICA program

TSTREAK.BAS.

The scattering fromi a flat smooth surface can be described directly
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ty Snell's Law. The i^jscular scattering frcjm a flat smooth surface will

be represented as a dot, for a sairple placed perpendicular to the incident

beam. If this is the case the specular scattering is reflected back into

the incident beam and can not be used in calculations. Ifcwever, if the

saitple is placed at an off angle the specular scattering is reflected out

of the incident beam and can be recorded and used in calculations. This

rotation shifts the specular dot into an ellipse, as shewn in Figure 3.4.

For ease in calculation the specular ellipse is approximated by a

rectangle. The devel(^ment of the theoretical scattering then becomes

analogous to the one presented for a fiber. Noting that the angle of

incidence is a constant the distance the scattered li^t travels is

readily determined. The theoretical scattering is preformed by the BASICA

program TDOT.BAS.

3.3 OCHEUTER FEKFQRfHD MAXHEMAillCAL KXIRIER TRANSFCRf

The Fourier transform ccnputations are based on work previously

performed by Cheng Lou in his master's work at the t&iiversity of

Tennessee. The transform vises the discrete Fourier pair defined as

for U = 0,1,2,... ,M-1, V = 0,1,2,...,N-1

and
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W-l N-l

(3-7)

for X = 0,1,2,... ,M-1, y = 0,1,2,... ,N-1

where M is the maximum number of x points and N is the maximum number of

y points. In an effort to save ccaoputational time a Fast Fcurier

transformation program was developed by E.S. Bevins. The program

performed the Fourier transformation using the theory of s^>arabilitY.

Ihe transform is performed using the following.

F{u, v) fix.y) exp|-i27i-^J (3-8)

3.4 CXXSUEBl FEBKXMED SURFACE ROUGHNESS CALCXlLAnCN

The calculation of the surface rou^iness coefficient is based on the

ratio of the specular reflection from an actual fiber to the theoretical

specular reflection from the same fiber, if perfectly smooth and under the

same conditions. The rationale for this procedure can be understood by

examining Figure 3.5, noting that as the rou^iness increases the intensity

curve of the specular region shifts. When li^t strikes a perfectly

smooth fiber all the li^t is reflected as the specular streak. Ifcwever,
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as the fiber becomes rough more and more of the li^t is scattered by the

scattering centers, out of the specular beam. Ihe scattering out of the

specular beam causes the intensity of the specular streak to decrease.

Uiis decrease in intensity is related to the amount of rou^riness since, as

the rou^iness increases, the number of scattering centers increeises thus

scattering more and more li^t out of the specular region. In calculating

the rou^mess coefficient an effort is made to remove areas within the

scattering pattern that may contain bad data. Ihese areas are the beam

stop, on the far ri^t of the pattern, and the far left edge of the

pattern, vAiere edge effects from the screen are present (Figure 3.6).

Hiis is accomplished in the program by removing the ri^t most 50 data

columns and the left most 25.

Ihe program that calculates the rou^iness coefficient is the PQRIRAN

program RC.POR. Ihe program prompts the xaser for the name of the actual

data file, the summation of the intensity values for the theoretical data,

and the starting and ending X,Y coordinates. In addition the program

prompts the user for the approximate y-coordinates of the specular region

of the acrtaial file. Ihe specular region is equal in hei^t to the

diameter of the incident li^t, i.e. the length of the sample fiber

illuminated. Ihe program then sums the intensity values in the specular

region of the ac±ual fiber and the intensities for the theoretical smooth

fiber. Ihe number of rows summed is controlled by the f.aTiif>T-q-t-o-srTeen

distance and is obtained by equation 3-5. Ihe rou^mess coefficient (RC)

is defined by
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RC= (3-9)

Where RC is the roughness coefficient, is the suramation of the

intensity values in the specular region for the actual fiber, and I°ij is

the summation of the intensity values for the specular reflection of a

theoretically perfect smooth fiber.

V' ?

Figure 3.6 Scattering Pattern for Smooth and Rou^ Fiber
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IV. EXPEKIMQIIAL FEBER SURFACE SCATCBIING

4.1 nnnococxicxi

To acxxnplish the goals set forth for this work, it was necessary to

take data of three major types. These data types were necessary to

provide information on (i) the effects of equipment parameters on the

scattering pattern, (ii) the effects of fiber diameter on the scattering

pattern, and (iii) to determine if the surface rou^iness of a fiber could

easily and accurately be obtained from its small-angle back scattering

pattern.

4.2 EXFERDIENIAL MEHHODS

For the purpose of investigating these areas the equipment

illustrated in Figure 4.1 was used. The only variables involved were the

saitples used and equipment parameters. The sanples included a surface

rou^iness comparator, stainless steel wires, and various polymer fiber

samples. The equipment parameters varied were Camera f-stop. Laser to

Sample (ITS) distance. Sample to Imaging Screen (STS) distance, and

Imaging Screen to Camera (STC) distance. The small-angle li^t back

scattering system was ccmposed of a 2 mW He-Ne laser serving as a li^t

source. There is a sample holder that allows for 360° rotation about the

beam direction. An imaging screen that is ccmposed of f^lar. A vidicon
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camera, to receive the image, connected to an IBM PC equij^jed with a video

digitizer card. It ̂ ould be noted that with each set of samples the

contrast control, on the camera, was adjusted to minimize the number of

maximum intensity values recorded.

Uie data was taken using a wide variety of samples. Ihe samples

included a surface rou^mess ccmparator, st:ainless steel wires,

polyetiiylene (PE) fibers, Ifevlar fibers, and a variety of Carbon fibers.

Ihe ccmparator was the Surface Pou^mess Scale - Catalog Number 342X60

made by General Electric. The stainless steel wire samples were

manufactured by the Prindle-Fal±ri Corporation and consisted of the

following diameters 0.012, 0.014, 0.016, 0.018, and 0.022 inches. Uie

Kevlar fibers were DuPont 1140 denier KEVIAR 49 yam. Ihe Carbon fibers

used were provided by DuPont and consisted of P10281-115B 30 MPSI pitch

carbon fiber with finish, P10281-115D 130 MPSI pitch carbon fiber, and

P10281-115E 60 MPSI pitch carbon fiber sanples.

4.2.1 BQUIFMEMT PARAMETER EFFECTS

In configuring a small-angle li^t back scattering system to record

data, it is desirable to obtain the hi^iest qucility image possible. To

this extent it is necessary to determine the optimum equipment

configuration or configurations. Ihis configuration determination ̂ ould

not be thought of as a method of fine tuning the image quality frcm sample

to sample but rather a means of optimizing edl sample images recorded.
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Adjustments from sample to saitple should be made using the camera's focus,

black, and contrast tuning abilities. In an attenpt to deterrdne this

optimum configuration sairples were recorded varying the different

equipment gecmetry parameters.

To stucty the effects of camera f-stop a surface rou^iness ccmparator

was used. Sairples were recorded at f-stcps of 2, 4, and 8 using root-

mean-square rou^messes of 8, 32, and 63 microinches. To stucty the

effects of LTS, STS, STC distances saitples from the 60 im polyethylene

(PE) fiber and the 0.012 inch diameter stainless steel wire were used.

Sairples using the PE were recorded for the LTS stucty with laser to sairple

distances varied between 91 and 111 cm in 5 cm increments, with a STS of

10 cm and a STC distance of 70 cm. The sanple to imaging screen distances

were varied between 10 and 30 cm in 5 cm iixrements for the STS set with

a LTS of 111 cm and a STC of 70 cm. The final set of equipment parameter

data taken, using the PE sairples, were for the STC stucfy. The imaging

screen to camera distances were varied between 70 and 90 cm, again, in 5

cm increments with a ITS distance of 111 cm and a STS of 10 cm. For all

PE samples used in studying the LTS, STS, and STC distance effects the f-

stop of the camera was set at a setting of 2. For the stainless steel

wire samples the ITS stucty used laser to samples distances of 91 to 111 cm

varied in 5 cm increments, a STS distance of 10 cm and a STC distance of

60 cm. The distcinoes in the STS study were varied in 5 cm increments

between 10 and 30 cm with a LTS of 111 cm and a STC of 60 cm. The final

set recorded using the stainless steel wire was for the sample to screen

distance stucfy with STC distances ranging from 65 to 85 cm varied in 5 cm
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increannents, with a LTS of 111 cm and a STS of 10 cm. For all gecroetcy

parameter sairples the camera f-stc^ vras set at a setting of 2.

4.2.2 FIEER DIAMETER EFFBCIS

Also of interest was the effect that varying the fiber diameter has

on the scattering pattern. If identical materials, having the same

surface roominess, but of different diameters are studied the resultant

calculated rou^mess should be the same. It is kncwn that as the fiber

diameter increases the scattering pattern should go from a streak, the

fiber scattering pattern (Figure 4.2), to a dot, at an infinite diameter

or perfectly flat sample (Figure 4.3). Stainless steel was chosen due to

the ICQ atom thick oxide coating it possesses giving it the appearance of

being smooth.

In an effort to examine hew the fiber diameter effects the

scattering pattern. Back scattering patterns were recorded using the

stainless steel wire samples. The diameter of the steel fibers ranged

from 0.012 to 0.022 inches. The scattering equipment components were

located at the following locations; camera 20 cm, screen 90 cm, laser 9

cm, sample 101 cm, with a camera f-stcp setting of 4. The settings give

a LTS distance of 92 cm, a STS distance of 11 cm, and a STC distance of 70

cm.
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Figure 4.2 General Scattering Pattern from a Fiber



Figure 4.3 General Scattering Pattern from a Perfectly Flat Surface
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4.2.3 SOBfACE BOUaiNESS DETEZSaNATEGN

In order to determine the surlaoe rou^mess of a sairple the specular

reflection region and the non-specular scattering region must be

determined from the total integrated small-angle back scattering pattern.

As previously stated, an infinitely smooth material will produce only

specular reflection, as the material surface beccannes rou^, non-specular

scattering will appear and the pattern will become more diffuse. Since

the amount of li^t must be conserved as the non-specular scattering

appears, the amount of li^t within the specular region must decrease. It

is this decrease in the specular region from a perfectly smooth sample to

a rou^ sanple that is the basis for the surface rou^mess coefficient.

4.2.3.1 Specular Scattering Determinaticn

In the past, one of the most common methods of determining the

specular region of a integrated scattering pattern was to ^eye' the

pattern and ^best giaess' the specular region. However, this method is

prone to considerable human error, especially from one person to another.

It was, therefore, desirable to develop a r^iroducible method to

ejqjerimentally determine specular scattering. The experimental method

used was to take the same fiber used for the integrated scattering pattern

and "wet" the surface with a liquid of the same refractive index. In

theory this process ^ould have made the fiber ^pear smooth to the

incident beam. Using this method, data was taken using the PE fibers, PP
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fibers, Kevlar fibers, and carbon fiber saitples. The wetting agent used

was Corgille Non-drying Immersion Oil.

4.2.3.2 Integrated Scattering Patterns

It was desirable to obtain a wide variety of data sets to test the

reliability and accuracy of the surface rou^mess coefficient. Data was

taken using PE, Kevlar, and two carbon fiber saitples. The equipnient

ccaiponent positions were as follows; camera 20 cm, saiiple 110 cm, screen

90 cm, and laser 20 cm. These ccmponent positions gave parameter

distances of 90 cm for the nrs, 20 cm for the STS, and 70 cm for the SIC.

An f-stcp setting of 2.8 was used for the PP, an f-stop setting of 1.4 for

carbon fiber 115B, and an f-stop setting of 2 was used for the Kevlar, PE,

carbon 1150, and carbon 115E samples. In addition to these patterns,

samples were recorded using the surface rou^iness scale, produced by

General Electric, at an incident angle of 45°. Patterns were recorded for

rou^mess values of 4, 8, 16, 32, and 63 micro inches root-mean-square

average rou^iness. The equipnient ccnponents were positioned as follows

the camera at 50 an with an f-stop of 2, the screen at 90 an, the laser at

9 cm, and the sample at 100 cm. This gave an UTS of 91 an, an STS of 10

an, and an STC of 40 an. The STC distance was decreased in an effort to

maximize the number of pixels within the specular region. In addition to

the ccnponents illustrated in Figure 4.1 a polarizer was placed in front

of the laser. This was necessary due to the fact that the surface

rou^iness scale was metallic and all the recorded intensities were maximum
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values. The polarizer was then adjusted xmtil the smoothest sample

produced an image vhere the majority of the pij^ls, within the specular

region, were near the maximum intensity value of 255. These patterns were

then used to determine the applicability of the rou^iness coefficient

measurement.

In addition, a series of e}^)eritnents were performed to determine to

reliability and r^roducability of the small-angle li^t back scattering

patterns and the calculated rou^iness coefficient. Patterns were recorded

using the rou^iness ccraparator with the following three equipment

configurations: (1) camera 20 cm, sairple 120 cm, laser 20 cm, and screen

100 cm (2) camera 30, sample 120 cm, laser 20 cm, screen 100 cm (3) camera

20 cm, sample 120 cm, laser 20 cm, and screen 90 cm. The first

configuration was vised on one day and the other two were used the next

day. For each set of measurements the camera's contrast and gain setting

were used to calibrate the readings, ten images were recorded at each

position.
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V. RESUEIES AND DISOJBSICN

5.1 INIRXIDCnCN

Ihe discussion of tlie results obtcdned in this work is divided into

two major sections. Those sections being equipment and sairple parameters

and surface rou^mess detennination. The equipment parameters sections

deals with various equipment seti^s and parameters and how they affect the

recorded integrated scattering pattern. The rou^mess determination

section reviews the data collected in an attenpt to stut^ the reliability

of the proposed rou^mess coefficient and the method of graphical

r^resentation of the sairple surface.

5.2 BQqiBOTr PARAMEmS

The purpose of this section is to evaluate the data recorded for the

various gecmetry configurations studied. It is hoped that this data will

lead to the determination of an optimum equipment configuration or

configurations. The parameters of interest are Laser-to-sairple distance,

Sairple-to-screen distance, Screen-to-camera distance. Camera f-stcp, and

fiber diameter. As stated before the gecmetry parameters are not meant to

be a method of fine tuning an individucil saiiple pattern, but rather a

means of obtaining a digitized pattern of optimal picture quality and

usefulness for all saitples.
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Ihe data obtained by varying the Laser-to-sample distance is

presented in Table 5.1 and is illustrated in Figure 5.1. Figure 5.1 shews

a parabolic type variation in the summed total integrated scattering

patterns for the various Laser-to-sairple distances examined. This type of

d^jendency is not e>^)ected, however it is believed that this variation is

due to the cross-sectional characteristics of the beam and not the Laser-

to-saitple distance. If the beam is viewed as in Figure 5.2, it can be

seen that the intensity distribution of the beam is Gaussian, with the

beam's center having the greatest intensity. This is not important if the

samples studied are wider or have a greater diameter than the incident

beam, since all samples would ^see' the same distribution. However, if

the sample's diameter, or width, is smaller than the incident beam the

placement of the sample within the beam alters the intensity that strikes

the sample and thus alters the intensity of the scattered or reflected

li^t.

The total summed scattering patterns obtained from the various

Sample-to-screen distances examined, also show intensity variations. This

data is presented in Table 5.2 and r^resented in Figure 5.3. The data

reveals that at the smaller Sample-to-screen distances the summed

intensities are smaller and increase with increasing STS distances until

th^ maximize and then decrease with further increases in distance. This

behavior can be esplained by examining how a pattern forms with respect to

the imaging screen. When the sample is placed close to the screen the

pattern is more compact and the pattern density is greater than the pixel

of the camera, therefore fewer hi^ intensity points are recorded. When
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Table 5.1: Summed Total Integrated Scattering Patterns as a Function of
Laser-to-Saitple Distance

Laser-to-Sairple
(cm)

PE Stainless Steel

90 95085 132534

95 68807 116295

100 68807 107529

105 107323 106532

110 116185

Table 5.2: Summed Total Integrated Scattering Patterns as a Function of
Sample-to-Screen Distance

Sanple-to-Screen
(cm)

PE Stainless Steel

10 65710 113755

15 92564 121548

20 99936 121548

25 68461 101831

30 86471
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the sairple-to-sca:een distance is increased the scattered pattern becomes

less compact and hi<^ intensity values are encountered farther away from

the beam step. Ihis behavior continues until the pattern density is

optimized with the camera's pixel density. After this point is exceeded

the scattered pattern's density becomes less than the camera's pixel

density and lower intensity voids begin to ̂ pear in the pattern. Also

the reflected and scattered intensities start to decrease as a function of

the SIS distance squared and the camera records fewer hi^ intensity

values.

The behavior of the scattered patterns as a function of the Screen-

to-camera is similar to that seen for the Sanple-to-soreen patterns. That

is -to say that the patterns recorded at tdie smaller STC dist:anoes show

smaller summed total intensities, increasing as the distance increases ip

to a maximum and then decreasing with continued increases in the STC

distance. This data is presented in Table 5.3 and illustrated in Figure

5.4. The reasoning behind the behavior of the patterns as a function of

the Screen-to-camera distance is analogous to that of the Sairple-to-screen

behavior. That is primarily the relationship between the camera's pixel

density and the pattern's intensity density with the distance squared

effect becoming important as the distance increase beyond tlie cptiraum STC

distance.

The data taken to detennine the effect of the camera's f-stop on the

scattering image is r^sresentied in Figure 5.5 and listed in Table 5.4.

The data of the summed total integrated scattering pattern shows that as
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Table 5.3: Summed Total Integrated Scattering Patterns as a Function of
Screen-to-Camera Distance

Screen-to-Camera PE Stainless Steel
(cm)

65 106653

70 65710 106045

75 79919 105692

80 96651 109358

85 102676 106637

90 98999

Table 5.4: Summed Total Integrated Scattering Patterns as a Function of
Camera f-stcp

Surface Comparator
(rms / micro inches)

2

f - step

4 8

32 1,267,615 299,729 54,779
63 1,752,744 499,572 98,285
125 1,240,338 376,400 80,089
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the f-stcp is increased the summed intensities decrease. The behavior

e>5)erienced is the type expected, since as the f-stcp is increased the

amount of the pattern seen by the camera decreases.

The last area investigated was the effect of fiber diameter on the

scattering pattern. The data obtained shows variation of the summed

intensities with changes in diameter, however this behavior is not

expected. The data in Table 5.5 and illiastrated in Figure 5.6 does not

show a constant pattern, that is to say that an increase in fiber diameter

does not shew a constant increase or decrease in the summed intensities.

It is therefore suggested that the variations are due to the cross-

sectional characteristics of the incident beam and not changes in the

fiber diameter.

The findings of the equipment geometry and parameters investigation

suggest that the arrangement of the equipment are of greater irtportance

than that of the camera f-stcp or the fiber diameter. This is especially

true for the Sairple-to-screen distance, the Screen-to-camera distance, and

the position of a fiber sample within the incident beam.

5.3 R30GHNESS DEEEXaONATIGN

In an effort to provide sipport to the notion that the surface

rou^mess of a saitple can be acxairately determined by small-angle light

back scattering and can be r^aresented graphically using Fourier
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Table 5.5: Summed Total Integrated Scattering Patterns as a Function of
Fiber Diameter

Fiber Diameter Intensity
(inches)

0.012 211,971
0.014 224,100
0.016 260,694
0.018 137,198
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Figure 5.6 Summed Total Integrated Scattering Patterns as a Function of
Fiber Diameter
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transfcsnns the following analysis is provided. The data taken in an

effort to provide infonnation about the r^roducability of the rou^iness

coefficient is presented in Table 5.6. The first set of data produced an

average rou^mess coefficient of 0.96 with a standard deviation of 0.01.

The second set gave an average rou^iness coefficient of 0.96 with a

standard deviation of 0. The third set of data produced an average

rou^mess coefficient of 0.97 with a standard deviation of 0.1. When the

three sets are compared the average rou^iness coefficient obtained was

0.96 with a standard deviation of 0.01. The data obtained from the

surface rcu^mess ccnparator yielded rou^mess coefficients ranging from

0.99, for a rms rou^mess of 4 microinches, to 0.02, for a rms rou^iness

of 63 microindhes. The data is presented in Table 5.7 and represented in

Figure 5.7. In examining Figure 5.7 it is seen that the data can be

described by equation 5.1.

i?C=1.47exp(-0.0286ri77s) (5-1)

The analysis of equation 5.1 shows an error sum of squares of 0.025. If

however, the data is plotted without the rou^iness coefficient obtcdned

for the 63 microinches r.m.s. roominess as in Figure 5.8 the data can be

described by equation 5.2.

i?C=1.21exp(-0.0220rms) (5-2)
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Table 5.6 Reprcxiucability of the Calculated Rou^mess Coefficient

Calculated Rou^mess Coefficient
Image Data Set 1 Data Set 2 Data Set 3

1 0.95 0.96 0.97

2 0.96 0.96 0.96

3 0.96 0.96 0.97

4 0.97 0.96 0.97

5 0.96 0.96 0.96

6 0.96 0.96 0.96

7 0.97 0.96 0.97

8 0.97 0.96 0.97

9 0.96 0.96 0.96

10 0.96 0.96 0.97

Table 5.7: Roominess Coefficients of Standard Roughnesses R^resented on
a Surface Roughness Comparator

Root-mean-square Rou^mess RC

4 0.99

8 0.81

16 0.54

32 0.24

63 0.02
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The analysis of equation 5.2 shows an error sum of squares of 4.0 E-7.

Table 5.8 list RC values for a variety of polymer and carbon fibers. It

is iirportant to note that these values are relative to each other and can

not be directly related to the values for the surface roui^iness

ccnparator. This is due to the fact that the eqiiipment was adjusted to

give useful patterns for the metal sanples. If the equipment had not been

adjusted the images produced hy the metal sairples would have contained

primarily maximum intensity values and would have been useless for the

calculation of the rou^iness coefficients.

Fourier transforms were performed on the patterns recorded from the

surface rcu^iness comparator and the patterns obtained from the carbon and

polymer fibers. The Fourier transformed patterns were then plotted and

are presented in Figures 5.9a - 5.9h. The plots show a strong correlation

with the known surface rou^mess Vcilues for the rou^iness comparator.

Notice how the peak heists and base widths change with an increase in

known surface rou^iness. The Fourier transformed fiber images show

agreement with the magnitude of the calculated surface rou^iness

coefficient.
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Table 5.8: Roui^mess Coefficients of Various Fibers

Fiber RC

Polyethylene 0.79

Kevlar 0.14

Carbon (115-D) 0.27

Carbon (115-E) 0.14
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VI. axfdisiCNS

Ihree conclusions can be drawn from the data gathered in this work.

It is evident from the data that there exists a range of (^xtimal equipn^nt

configurations. In addition, it is apparent that the small-angle li^t

baok scattering pattern is strongly related to the surface rou^iness of

the saitple. Finally the surface character of a sartple can be r^resented

by the Fourier transformed small-angle li^t baok scattering pattern.

From the data gathered, for the purpose of determirdng the c^imum

equipment arrangement, the following equipment s^>aration distances are

recommended. The laser-to-sairple distance should be less than 90 om. The

sairple-to-screen distance should not be less than 15 om nor greater than

25 om, with an optimum distance of around 20 cm. The screen-to-camera

distance should be located between 80 and 90 cm. However, the STC should

be decreased if more detailed information about the specular region is

desired.

It has been shown that theory exists si;?3porting the idea that the

surface roughness of a saitple can be obtained from the small-angle li^t

baok scattered (SAIBS) pattern and that the surface character can be

r^iresented graphically by the Fourier transform of the SAIBS pattern. It

is also known that scattering is a conservative process and all li^t

incident to the sample must be accounted for as either being absorbed,

transmitted, scattered, or reflected. The part of the incident beam that

is absorbed or transmitted is not a part of the SAIBS pattern and can
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therefore be neglected in this treatment. The portion of the incident

beam that is scattered by surface asperities is important for the

graphical r^resentation of the surface geometry hut is not a part of the

prc^x)sed method for surface rou^mess determination. The portion of the

incident beam that composes the specular reflection is the basis for the

proposed surface roominess determination method and the resultant

rou^mess coefficient. The specular reflection was defined hy Bennett and

Porteus as

R=R.ex.p
- (4ma) ̂ (6-1)

vhich can be rearranged to form an ej^ression for a rou^mess coefficient

i?C=—=exp
R.

- (47ia) ̂ (6-2)

The above equation proposed ty Bennett and Porteus for the specular

reflection, and the resultant rou^mess coefficient, does not appear to be

related to equation 5-1 vhich fits the data obtained in this work.

However, if the data is plotted as in Figure 6-1 with RC versus the rms

2  . •
squared roun^iness squared (a ) the following equation is obtained



78

0.00

-0.50

O -1.00
(H

CJ)

o

-1.50

2.00

2.50 '  ̂ ̂  T"' ^ r~i 1 I I I rn n r~i r~i—i~t—i i i i i I  I 1 1 i I
0 1000 2000 3000 4000

R.M.S. Roughnes^ (micro inches)

Figure 6.1 Log(RC) Versus RMS Rou^mess Squared



79

^  - (C24710) 2]RC=C, exp (6-3)1  ̂ y2

Where and C2 are calibration cxDnstants based on incident beam

intensity, eqcdponent geonetry, camera f-stop, and camera contrast and gain

settings. For this particular set of sanples equals 0.89 and C2 equals

0.1. It should be noted that this method is most applicable to systems

vh,ere the samples have similar rou^iness characteristics or vAiere the

fibers are of similar diameters. In addition, this method is most

applicable to the range of rou^messes greater than 1 microinch and less

than 100 microinches. In order to obtain the root-mean-square rcu^mess

of a surface the ec[uipment must be calibrated with a stcindard. If the

equipment is not calibrated only relative rou^mess measurements are

obtained. Althou^ it is possible to obtain a greater degree of accuracy

with other types of equipment, this method has certain advantages it is

nondestructive, easy to operate, and relatively inexpensive.

Additionally, it can easily be used for the rapid comparison of multiple

samples.

The rou^mess coefficient gives a comparative value of the surface

rou^mess, but does not reveal any details about the surface topogrcphy.

Since the small-angle li^t baoik scattering pattern is in reciprocal space

it was desirable to obtain a method of transfonning the image to real

space. With the use of an inverse Fourier transform defined as
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Af-l if-l

(6-4)f  -E E
uaQ v»o I \ I'a iv /

for X = 0,1,2,... ,M-1, y = 0,1,2,... ,N-1

it should be possible to obtain a graphical representation of the

character of a sanple's surface tejogrc^y in real space. The

representation will be similar to the one illustrated in Figure 6.2. The

grcphical representation of the surface topography should be used to

swppcart the calculated RC. The Fourier transformed images should be used

to yield information on the orientation and distribution of the surface

rou^iness present. The images obtained are the first known images to be

numerically transformed from reciprocal space to real space. The images

also shew agreement with the type and magnitude of the kncwn surface

rou^messes r^resented on the surface rou^iness ccannparator. In addition

the Fourier transformed fiber images shew good agreement with the

magnitude of the calculated rou^iness coefficient. However, it is not

possible to evaluate the accuracy of the magnitude or character of the

surface rou^mess values obtained for the fibers. This is due to the fact

that neither the magnitude car character of the surface rou^iness has been

obtained by other methods.
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vn. REnXMEMDKTICNS

As Previously stated there are three areas vhere errors can enter

into the procedures followed in this work. Theses areas include the

contrast control cxi the camera, the model used to obtain the specular

scattering, and the inconsistencies in intensity values caused by the

first two problems. It is therefore reocramended that a change be made in

the equipment used to eliminate these problem areas. This change would be

to lose either a variable wavelength laser or two lasers of different

wavelengths. The reasoning behind this can be understood by studying

equation 2.1

i?g=i?oexp [- (47io) 2/A2]

2  , ,
If one plots Log [Rg / R^] versus a , as in Figure 7.1, it can be seen

that at increasing wavelengths as 1 goes to and becomes greater than a,

Rc goes to 1 or in other words Rg = Rq.

With the availability of various wavelengths a wavelength could be

chosen to caiase the sample to appear smooth, the specular reflection could

then be obtained directly. Also the specular pattern and the integrated

pattern could be digitized within a short time frame. This would

eliminate the need to adjust the camera's contrast between the two

readings. It is probable that the intensity values recorded for two

different wavelengths would not be directly comparable. However, it would
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be a siirple raatter to correlate the intensity values from one wavelength

to the other using a sairple appearing smooth to both wavelengths. Using

this method identical patterns should be obtained for both wavelengths.

In addition, v^en fiber saiiples, or samples with a smaller width

than the diameter of the incident beam are used, several patterns should

be recorded at each setting. Patterns should be recorded with the sample

at various positions perpendicular to the incident beam; this should

eliminate problems associated with the Gaussian characteristics of the

beam.

In addition to eliminating errors in the ejperimental procedures it

would be of interest to knew hew a wide variety of surface rou^iness types

would affect the roominess coefficient and the Fourier transformed images.

A set of experiments should be performed with samples of the same root-

means-square rou^mess but with a variety of surface characteristics.

Ihis stixty would yield information on the use of the rou^iness coefficient

to compare samples with varying types of rou^iness. In addition, the

study would provide information on the use of Fourier transformed images

to characterize surface rou^iness.
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APPENDIX A

U^EINS OF TSISEAK.BAS
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10 RIM * PROGRAM NAME: TSTREAK.BAS

20 REM * PROGRAM AUIHOR: THCMAS L. COX

30 REM * PROGRAM DATE: 20-APRIL-1990

40 REM * PROGRAM PURPOSE: USING SNELL'S lAW AND IHE

50 REM * INVERSE SQUARE LAW TO CREATE THE SMALL-ANGLE
60 REM * LIGHT REFRAdTCW FROM A PERFECTLY SMOOTH FIBER.

70 TOnNI = 0

80 CLB

90 INPUT "ENTER THE NAME FOR THE OUTPUT FILE N$
100 PRINT: PRINT

110 INPUT "ENTER THE SAMPLE-TO-SCREEN DISTANCE "; STS
120 PRINT: PRINT

130 INPUT "ENTER THE CAMERA-TO-SCREEN DISTANCE "; CTS
140 DIM N$(249)
150 OPEN N$ FDR OUTPUT AS #1
160 WRITE #1, 255
170 NOPM = 1 / (STS)"2
180 XI = 1 / (712.6 / (CTS)"1.05)
190 X = XI

200 FDR N = 2 TO 249

210 INTEN = 1 / ((STS)"2 + (X)"2)
220 X = X + XI

230 NQPMl = INT ((INTEN / NQFM ) * 255)
240 WRITE # 1, NOFMl
250 IF N >= 50 AND N <= 224 THEN TGTINT = TDTINT + NORMl

260 NEXT N

270 CLOSE #1
280 MULT = (905.9 / (CTS) "1.04) * .5
290 SUMINT = TDTINT * INT(MUIT)
300 PRINT SUMINT

310 PRINT TOTTNT

320 END
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APFEMDXX B

USnNG OF TDGT.BAS
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10 REM * PROCSAM NAME; ICOT.BAS

20 REM * PRCX3?AM AUIHOR: THCMAS L. GOX

30 REM * PROGRAM DATE: 20-APRIL-1990

40 REM * PROGRAM PURPOSE: USING SHELL'S LAW AND IHE

50 REM * INVERSE SQUARE LAW TO CREATE THE SMALL-ANGLE
55 REM * LIGHI REFRAdTOI FROM A PERETCTLY SWDOIH EIAT

60 REM * SAMPLE.

70 TOnNI = 0

80 CIS

90 INPUT "ENTER THE NAME FOR THE OUTPUT FILE N$
100 PRINT: PICENT

110 INPUT "ENTER THE SAMPLE-TO-SCREEN DISTANCE "; STS
120 PRINT: PRINT

130 INPUT "ENTER THE CAMERA-JTO-SCREEN DISTANCE "; CTS
140 DIM N$(249)
150 OPEN N$ FOR OUTPUT AS #1
160 WRITE #1, 255
170 NORM = 1 / (STS)"2
180 XI = 1 / (712.6 / (CTS)"1.05)
185 N1 = XI * (0.5 / SIN(3.1416/2))
190 X = XI

200 FOR N = 1 TO N1

210 INTEN = 1 / ((STS)"2 + (X)"2)
220 X = X + XI

230 NOFMl = INT ((INTEN / NORM ) * 255)
240 WRITE # 1, NQFMl
250 IF N >= 50 AND N <= 224 THEN TOTTNT = TOTTNT + NORMl

260 NEXT N

270 CLOSE #1
280 MULT = (905.9 / (CTS)"1.04) * .5
290 SUMINT = TOTTNT * INT(MULT)
300 PRINT SUMINT

310 PRINT TOTTNT

320 END
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C  The program 2DFFT.P0R was written by ESB on IIBISI
C  2DFPr.PQR performs a 2-D fast Fourier Transform on a
C  data file and places the output into another file. The
C  program is based on EFT subroutine given by Bri^iam in
C  "The Fast Fourier Transform".
C

INTBGER N,NU,X,Y,Z,G,H,I,J,IEXP0Rr(256)
XNIBGER CENTER, SIGNN, FORMAT
REAL*4 XREAL(256) ,XIMAG(256) ,YREAL(128) ,YIMAG(128) ,XMAG
REAL*4 A(256,128),8(256,128) ,REXPaRr(256),IA,IMAX
CHARA.CrER*12 INFOT, OOTEOT

REAI£>,IMAGD,A,B
20 FORMAT(19,256110)
30 FOFMAT(I9,256E10.4)
C

C  ACQUIRE INTTAL STARTUP DATA
C

CALL QUESTTCN(INPUT,OUTPUT,CENTER,SIGNN,FOFMAT)
OPEN (3,FILE>=INPUT,STAIUS='0ID')
READ(3,*) Y,X,Z

C

C  READ IN DATA FRCM INPUT FILE

C

WRrTE(*,*) ' READING DATA'
WRITE(*,*) ' '
DO 50 J = 1, Y

DO 40 I = 1, X
READ(3,*) G,H,IA
IF (CENTER .EQ. -1) THEN

IA=IA*(-1)**(I4J)
END IF

A(I,J)=IA
40 OC»f[TNUE

50 OCmiNUE

CEDSE(3)
C

C  PERFORM RCW TRANSFORM

C

WRrTE(*,*) ' CALCULATING TRANSFORM'
WRITE(*,*) ' '
N=X

NU=INT(LOG(X) /LOG (2))
DO 80 J = 1, Y

DO 60 I = 1, X
XREAL(I)^(I,J)

60 CONTINUE

CALL FFTS(N,NU,XREAL,XIMAG,SIGNN)
DO 70 I = 1, X

IF (SIGNN .EQ. 1) THEN
A(I,J) = XREAL(I)*Y/X
8(1, J) = XIMAG(I)*Y/X

ELSE
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A(I,J) = XREAL(I)
B(I,J) = XII®G(I)

END IF

XIMftG(I) = 0
70 aaflTNUE

80 OMfTINUE

C

C  PERPC5FM CDIDMN TRANSFORM

C

N=Y

NU=INr(LOG(Y) /LOG(2))
DO 110 I = 1, X

DO 90 J = 1, Y
YREAL(J)=A(I,J)
YIMAG(J)=B(I,J)

90 OOWINUE

CALL FFrS(N,NU,YREAL,YIMAG,SIGNN)
DO 100 J = 1, Y

IF (SIGNN .E)Q. 1) THEN
A(I,J) = YREAL(J)/Y
B(I,J) = YIMAG(J)/Y

A(I,J) = YREAL(J)
B(I,J) = YIMAG(J)

END IF

100 caniNUE

110 CONTINUE

C

C  WRITE DATA TO OUTPUT FILE
C

WRITE(*,*) ' WRITING DATA TO OUTPUT FILE'
WRITE(*,*) ' '
OPEN (4, FILE=OUTPUT, STATUS='UNKNOWN')
IF (FORMAT .EQ. -1) GOTO 150
WRITE(4,*) Y+1, X+1
J=0

DO 120 I = 1, X
lEXPORT(I) = I

120 OOflTNUE

WRITE(4,20) J, lEXPORT
DO 140 J = 1, Y

DO 130 I = 1, X
XMAG = SQRT(A(I,J)**2+B(I,J)**2)
REXPQRT(I)=XMAG
IMAX = MAX (IMAX, XMAG)

130 GOnTNUE

WRrTE(4,30) J, REXPORT
140 OCXfTINUE

GOTO 180

150 WRrTE(4,*) Y,X,Z
DO 170 J = 1, Y

DO 160 I = 1, X
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XMftG = SQFT(A(I,J)**2+B(I,J)**2)
IMAX = MAX(IMAX,XMftG)
WRITE(4,*) J,I,XMAG

160 CONTINUE

170 CONTINUE

180 CLOSE(4)
WRITE(*,190) IMAX

190 FORMAT(IX,"Ihe maximum value of the transform is ',F10.2)
END

SUBROUTINE FFTS(N,NU,XREAL,XIMAG,F)
INTECTR K,K1,K1N2,I,N,N2,NU,NU1,P,F
REAL*4 ARG,C,S,TREAL,TIMAG,XREAL(512),XIMAG(512)
N2^/2
NU1=NU-1

K=0

DO 30, D=1,NU
10 DO 20, I=1,N2

P=IBnR(K/2**NUl, NU)
ARG=6.283185*REAL(P) /REAL(N)
C=C0S(AR3)
S=SIN(ARG) *F
K1=K+1

K1N2=K1-+N2

TREAD=XREAL (K1N2) *C+XIMAG (K1N2) *S
TIMAG=XIMAG {K1N2) *C-XREAL (K1N2) *S
XREAL (K1N2) =XREAL (Kl)-TREAL
XIMAG (K1N2) =XIMAG (Kl) -TIMAG
XREAL (Kl) =XREAL (Kl)-KTREAL
XIMAG (Kl) =XIMAG (Kl)-KTIMAG
K=K+1

20 CCmTNUE

K=K4N2

IF(K.IiT.N) GOTO 10
K=0

NU1=NU1-1

N2=N2/2
30 COOTNUE

DO 40 K=1,N
I=IBITR(K-1,NU)+1
IF (I.LE.K) GOTO 40
TREAL=XREAL(K)
TIMAG=XIMAG(K)
XREAL(K)=XREAL(I)
XIMAG (K)=XIMAG(I)
XREAL(I)=IREAL
XIMAG(I)=TIMAG

40 COnTNUE

RETURN

END

FUNCTION IBITR(J,NU)
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INTEIGER NU,IBITR,J,J1,J2
J1=J

IBnR=0

DO 10 I=1,NU
J2=Cri/2
IBITR=IBITR*2+ (Jl-2*J2)
Ji=cr2

10 OONTINUE

REIURN

END

SUBROUTINE QUESTIOI(INPUT,OUTPUT, CENTER, SIGNN, FORMAT)
INTEGER CENTER,SIGNN,EORMAT,KEY,WArTKy
C3iARACTER*12 INPUT,OUTPUT
WRTTEC*,*) ' '
WRrTE(*,*) 'Enter the name of the iiput file with ext. [.DAT].'
READ(*,10) INPUT

10 FORMAT (A12)
WRTTEC*,*) ' '
WRrTE(*,*) 'Enter the name of the output file with ext. [.DAT].'
READ(*,10) OUTPUT
WRITEC*,*) ' '
WRITE(*,*) 'Do you want a forward or reverse transform, [F,R]?'

20 KEY = WATTKYO
IF (KEY .EQ. 70 .OR. KEY .EQ. 102) THEN

SIGNN = 1

WRiTE(*,*) 'Forward Transform'
ELSE IF (KEY .EQ. 82 .OR. KEY .EQ. 114) THEN

SIGNN = -1

WEtTTEC*,*) 'Reverse Transform'
ELSE

GOTO 20

END IF

WRTTEC*,*) ' '
WRTTE(*,*) 'Do you want a centered transform, yes or no [Y,N]?'

30 KEY = WATTKYO
IF (KEY .EQ. 89 .OR. KEY .EQ. 121) THEN

CENTER = -1

WRTTEC*,*) 'Centered Transform'
ELSE IF (KEY .EQ. 78 .OR. KEY .EQ. 110) THEN

CENTER = 1

WRTTEC*,*) 'Plain Transform'
FTfiF

GOTO 30

END IF

WRTTEC*,*) ' '
WEC[TE(*,*) 'Do you want the output in a column or grid file format
1 [C,G]?'

40 KEY = WATTKYO
IF (KEY .EQ. 67 .OR. KEY .EQ. 99) THEN

FORMAT = -1

WRTTEC*,*) 'Column format'
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ELSE IF (KEY .BQ. 71 .OR. KEY .BQ. 103) THEN
FORMAT = 1

WRITB(*,*) 'Grid format'

GOTO 40

END IF

WRrTE(*,*) ' '
END



99

APPENDIX D

USnNS OF BC.FQR



100

c

c

c

c

c

100

200

PROGRAM NAME: RC.POR

PROGRAM AUIHOR: HiCMAS LEVUTE ODX

PROGRAM PURPOSE: TO SUM THE INTENSITY VALUES WITH

THE GIVEN RANGE, AND DETERMINE THE SURFACE
ROUGHNESS OOEFFTCIENT

CHARACTER FNAME*12

TNTEGEK XSTRT, YSTRT, XSTOP, YSTOP, ER, ERl, TTNTEN
INTEGER INTEN, TINT
INTEGER X, Y
REAL RC

TTNTEN = 0

WRITE (*,*) 'ENTER THE FILENAME'
READ (*,*) FNAME
CALL GEIDAT (FNAME, ER)
WRITE (*,*) 'ENTER THE THEDRITTCAL INTENSITY TOTAL'
READ (*,*) TINT

*) 'ENTER THE STARTING X-OXDRDINATE'
) XSIRT
*) 'ENTER THE STARTING Y-OOORDINATE'
) YSTRT
*) 'ENTER THE ENDING X-OOORDINATE'
) XSTOP
*) 'ENTER THE ENDING Y-OOORDINATE'
) YSTOP

YSTRT, YSTOP
DO X = XSTRT, XSTOP
CALL GETPNT(X,Y,INTEN,ERl)
TTNTEN = TTNTEN + INTEN

ENDDO

WE^TTE (
READ (*
WRITE (
READ (*
WRITE (
READ (*
WICETE (
READ

DO Y

ENDDO

WRITE (*,100) TOTAL INTENSITY'

EOEMAT(A16, 5X, 17)
RC = REAL(TTNTEN) / REAL(TTNT)
WRITE (*,200) ' RC', RC
EOBMAT(A3, 5X, F5.3)
END

TTNTEN
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