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HEMISPHERICAL REFLECTANCE OF METAL SURFACES 
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Abstract-Measurements of the hemispherical reflectance of metallic surfaces with controlled uniform 
surface roughness were made using a sulfur infrared integrating sphere and a Beckman DK-2A spectro- 
meter. The surfaces studied were ground glass and nickel coated with films of aluminum, gold, platinum, 
and nickel. The data indicate that beyond a ratio of surface roughness to incident wavelength, oh 2 1, 
the normalized data for aluminum, gold. platinum may be represented by a single curve. This was true 
for both uniform unidirectional and isotropic roughnesses, although the nickel data deviate from this 
curve. The causes for this deviation are believed to be associated with surface stresses caused by changes 

in the crystalline structure and are discussed in this paper. 

NOMENCLATURE 

a. parameter connected to the RMS slope 
M of the surface contour through the 
relation (J2) [0/M]. 

Greek symbols 
8, angle between reflected radiation and 

surface normal ; 
A, wavelength ; 

P, reflectance ; 

0, root-mean-square surface roughness ; 
p, angle of reflected radiation measured in 

plane of reflecting surface ; 

*9 angle between incident radiation and 
surface normal ; 

0, solid angle. 

Subscripts 
ah, angular-hemispherical ; 
ba, biangular ; 
ha, hemispherical-angular ; 

* University of Kentucky. 
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Engineering Development Center, Arnold Air Force Station, 
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i, 
m, 
0, 

PY 
r, 
s, 
v, 

incident ; 
mechanical ; 
optical ; 
smooth polished surface ; 
reflected ; 
specular ; 
viewing direction. 

INTRODUCTION 

RADIATIVE reflectance of a material has been 
shown to be a function of surface roughness 
[ 1, 23 and surface contaminants. Therefore, the 
relationship between these factors must be 
known for accurate heat balance studies. 

Until recently, a theory relating uniform 
surface roughness and reflectance has been 
lacking. In 1954 Davies proposed a mathe- 
matical model which would predict the scatter- 
ing of p-waves from disturbed water surfaces. 
In 1961 Bennett and Porteus applied Davies’ 
theory to reflected light from metal surfaces of 
specific roughnesses and verified its application 
in the infrared region for the case of near normal 
incidence and specular reflectance. 

Several experimental investigations of interest 
1225 
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to this paper on the relationship between the 
roughness of surfaces and the specular or diffuse 
reflectance have been reported [2-4]. Radiation 
in the visible and near infrared region was used, 
and the reflectance was measured for various 
angles of incidence. In the visible regime, the 
surface irregularities are comparable in magni- 
tude to the radiation wavelength, and the 
specular reflectance is also a function of the 
r.m.s. surface roughness and slope [l, 51. In the 
infrared, the specular reflectance is primarily a 
function of the RMS surface roughness. Using 
the Davies-Bennett theory, the optical surface 
roughness may be calculated from infrared 
reflectance data, and the RMS slope may be 
obtained from visible reflectance measurements. 

In a recent paper by Birkebak and Eckert [2], 
biangular, specular, and hemispherical-angular 
reflectance measurements of roughened alumi- 
num and nickel surfaces were discussed in 
terms of the surface roughness, oO, and wave- 
length, 3,. In their conclusions, the authors 
recommended additional studies be made of 
the effects of surface material on the hemi- 
spherical-angular reflectances. This report ex- 
pands the surface material effects on the 
hemispherical-angular reflectance in terms of 
new measurements and additional calculations. 
The discussion centers around the wavelength 
range where the hemispherical-angular reflect- 
ance is essentially constant and independent of 
the optical surface roughness ratio, a,/L The 
test surfaces studied were films of aluminum, 
gold, platinum, and nickel applied on roughened 
substrates of glass and pure nickel. 

TEST SURFACES 

The test surfaces were prepared by a standard 
optical grinding technique using aluminum 
oxide grinding compounds of various grit sizes. 
In this technique, the sample is free to rotate 
around its own center while moving back and 
forth across the rotating grinding wheel. 

Ground glass was chosen as the substrate 
material because it obtains a very irregular 
surface in the grinding process. All ground 

surfaces were coated simultaneously with an 
evaporated metal film to a thickness of approxi- 
mately 8 x 10e6 in. In the following figures, the 
various samples are identified by their surfaces 
roughness, CJ~, which was measured mechanic- 
ally with a Cleveland Model BK6101 roughness 
indicator. The RMS mechanical and OPtical 

surface roughnesses for metal-coated glass 
samples are given in Table 1 of [2]. 

The nickel surfaces were prepared using the 
same techniques described for the ground glass 
surfaces. The mechanical and optical surface 
roughnesses are given in Table 2 of [2]. 

A metal-coated polished glass sample and a 
polished nickel sample were used as reference 
surfaces in their respective measurements [2]. 
The surface irregularities of these samples were 
an order of magnitude smaller than those of the 
smoothest roughened sample. 

MEASUREMENT TECHNIQUFS AND 

PROCEDURES 

The angular-hemispherical technique (ah) was 
employed in the reflectance measurements in the 
visible and near infrared region. This technique 
is shown in Fig. l(a). The incident radiation is 
contained in the solid angle AOb and the 
radiation, which is reflected hemispherically, is 
measured. The hemispherical-angular technique 
(ha) was used in the infrared measurements. In 
this technique (Fig. lb), the test surface is 
irradiated hemispherically, and the energy re- 
flected in a particular solid angle Ao, is meas- 
ured. A discussion by Torrance and Sparrow 
appended to [2] showed that the two techniques 
are equivalent if the angle pi for pah is equal to 
the angle 8” for P,,~ The solid angles A~, and 
Ao,, used in this study, were approximately 
equal, and 1,5~ = approximately 15” and 19” = 
lo”. This difference is It/i and 8, was caused by 
the different geometries of the two systems ; 
however, no difference was noted in the data in 
the overlap region. 

The system used to measure the hemi- 
spherical-angular reflectance was identical to 
that described in [2]. It consisted of an inte- 
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grating sphere, a radiation source, a focusing 
mirror, and a monochromator. The sample 
was uniformly radiated by the source and 
multiple reflections from the sulfur interior of 
the integrating sphere. The energy reflected at 

INCIDENT 
RADIATION 

NORMAL 

ANGULAR - H~MISPHERICALTECHNIOUE 

NORMAL 

I 
REFLECTANCE 

HEMISPHERICALLY 

HEMISPHERICAL-ANGULARTECHNIO~ 

FIG. 1. Reflectance definition and coordinates. 
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an angle of f& = 10” from the normal was 
viewed by a mirror. This energy was focused on 
the entrance slit of the monochromator and the 
intensity measured by the detector. The angular- 
hemispherical system employed was a standard 
Beckman DK-2A spectrophotometer with a 
magnesium oxide-coated integrating sphere at- 
tachment. The angle of incident energy was 
approximately 15” from the normal. 

Using either technique, the test surface was 
placed in the integrating sphere. The surface 
was irradiated, and the energy reflected was 
measured as a function of wavelength. The 
reflectance of each roughened surface was com- 
pared to the respective polished sample and to 
a standard sample. The standard samples used 
were magnesium oxide in the 0.35-2.7-p range 
and flowers of sulfur from 1.5 to 15 p. 

RESULTS AND DISCUSSION 

According to Birkebak and Eckert [2] in their 
discussion on the hemisphe~~l-ankle re- 
flectance, pti the theory of Davies [5] indicates 
the ph. is independent of wavelength for /z < co. 
The results [2] shown in Fig. 2 for the biangular 
reflectance normalized with respect to the 
specular ray reflectance indicate that over a 

a* Y WAVELENGTH,& is 
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o ALUMINU~OA~D~DG~SS 0.58 1.0 
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FIG. 2. Biangular reflectance correlations. 
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range of surface roughness from 06 to 2 u and 
wavelength range from 1 to 4 u that the results 
are independent of wavelength. The angular 
values of 0 were limited to approximately 
two-thirds its total range because of lack of data 
for the majority of the surfaces beyond 70”. 

The ratio of the hemispherical-angular re- 
flectance of the rough surface to that of a 
polished sample of the same material plotted 
versus the optical roughness ratio, a,/A, is 
shown in Figs. 3 and 4 for aluminum, gold, 
nickel, and platinum. The coated surfaces (Fig. 3) 
approach an asymptotic hemispherical-angular 
reflectance value about twice that of the nickel 
value (open symbols, Fig. 4). The variation of 
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the hemispherical-angular reflectance with film 
material is the subject of the remaining section 
of this paper. 

SURFACE COATING 

Al[Z] Au Pt O&J SURFACE, II 
--- 

0 .o 0.58 9.5 
n I 0.67 5.0 
3. 0 l.Ol-I.04 22.5 
‘J .o 2.M 32.0 

In order to evaluate this effect, the test 
surfaces studied in [2] (evaporated films of pure 
aluminum on ground glass and roughened nickel 
samples) were restudied. Using these test samples 
as substrate surfaces, evaporated lilms of gold, 
platinum, and nickel were deposited and the 
reflectances measured as a function of wave- 
length from 0.5 to 2 u. 

The data are presented as the ratio of the 
hemispherical-angular reflectance of a rough- 
ened surface to that of a perfectly smooth surface 
(a,, = 0903 u) of the same material, p,,,,/pho,P vs. 

OPTICALROUGHNESS RATIO. o,,/A 

FIG. 3. Hemlspherwal-angular reflectance, ground glass substrate 

SURFACECOATING 

Ni[Z] Au' o,,. IJ SURFACE. II 

0.2 - NOTES:l. SOLID POINTS- RERUNS NICKEL 
2. o NICKELON GROUND GLASS 
3. l COLDON NI'XLSUBSTRATE 

0 
0 1.0 2.0 3.0 4.0 

OPTICALROUCHNESSRATIO, oo/h 

FIG. 4. Hemispherical-angular reflectance, mckel substrate. 
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the ratio of the optical RMS roughness to between ground nickel, gold, platinum, or 
wavelength, a,/& where O, was determined aluminum remains to be explained. 
previously in [2]. To resolve this peculiar behavior of nickel, 

Since the nickel surfaces had been exposed to sputtered films of pure nickel were applied to 
excessive handling, they were restudied after some of the ground glass samples. The data 
having been cleaned. There was no indication (Fig. 4) agree within experimental error with the 
that any major change had occurred in the results in [2] for pure nickel surfaces. Therefore, 
roughness distribution at the wavelengths used. it must be concluded that the cause is primarily 
The results are shown in Fig. 4 (solid points) and associated with the nickel surfaces r61. 
satisfactory agreement is obtained -where the Further examination of the re& in [2] 
two sets of data overlap. reveals that when the angular-hemispherical 
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FIG. 5. Hemispherical-specular function vs. optical roughness ratio. 

The hemispherical-angular reflectance re- 
sults* of gold and platinum on ground glass 
agree within 2 per cent with those of aluminum 
(Fig. 3). The results for gold on a nickel substrate 
show a change in hemispherical-angular reflect- 
ance by a factor of 2 as compared to nickel and 
are in fair agreement with those of gold on 
ground glass. These results indicate that the 
surface materials of aluminum, gold and plati- 
num do not affect the normalized hemispherical- 
angular reflectance. However, the discrepancy 

l It was assumed that the optical roughness o,, is inde- 
pendent of the film. 

41 

reflectance is normalized with respect to the 
specular reflectance both the aluminum on 
ground glass and nickel surfaces give similar 
results as shown in Fig. 5. This indicates, as is 
shown in Fig. 2, that the roughness character- 
istics of the two materials are similar. 

Considering all of the above facts, the differ- 
ence between the absolute hemispherical- 
angular reflectances of nickel and other surfaces 
is thought to be associated with high surface 
stresses caused particularly by changes in the 
crystalline structure of the nickel [6]. These 
changes could result from the grinding process, 
contamination of the surface, by the grinding 
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compounds (inclusion of grinding grit into the 
surface) and by the sputtering process used to 
apply the thin film in the case of ground glass 
substrate. The situation of highly stressed thin 
films of nickel on glass substrates has been 
observed in work on microminiature electronic 
circuits [6]. This causes large variations in the 
optical properties of the surfaces. Similar effects 
were found for various types of surface prepara- 
tions of nickel on smooth surfaces [7] and for 
roughened surfaces [8]. 

According to Davies LS], the angular-hemi- 
spherical reflectance of a roughened surface to a 
perfectly smooth surface for o,,/L > 1-O is 
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experiment. For nickel the experimental value is 
approximately 0.001, and for aluminum it is 
between 0.002 and 0.003. If agreement with the 
aluminum data is the desired result, for the case, 
a’/az = 15, it appears that Davies’ equation 
must be multiplied by a factor of four. The 
specular ray reflectances are in agreement with 
the aluminum results when the correction is 
applied. 

It should be pointed out that Davies’ equation 
(1) can be conservatively used at most for angles 
of incident t+G up to 20”. The results of Torrance 
and Sparrow [9] are useful here in making this 
assessment. It has been suggested that equation 

P ah 1 

- = 32~~ cos I(/ Poh, P 

[(cos 8 + cos t+b)] e-’ (sin 0 d 8 dq) 

0 0 

z = L (sin 8 cos cp - sin *)2 + sin’ 8 sin’ cp 
2 

(cos 8 + cos lj)2 I. (1) 
Three curves calculated using values of a2/az 

of 10, 15 and 20 are shown in Fig. 2 for the 
distribution function of reflected radiation, and 
a value of 15 best describes the experimental 
results. Using the relation between the specular 
reflectance and bi-angular reflectance of a 
scattering surface in the specular direction [4], 
the ratio of the specular reflectance of a scattering 
surface to the specular reflectance of a polished 
surface becomes 

P,(+) I a2 
- = _Z ~ COS II/ AOi 

.p,,,(+) 8n a, 
(2) 

Since P.~,~(~C/) z ps, ,($), the ratio of reflectances 
given by equation (1) can be normalized by 
equation (2) to yield p,,Jpr Using a’/a,’ of 10, 
15 and 20, calculations of p,Jps are shown in 
Fig. 5. Again the value of a2/az = 15 agrees 
most closely with the experimental results. 
Finally, equation (2) is used to calculate the 
specular ray reflectance of the scattering surface 
for the various values of a’/a,” and one finds 
that the results are not in agreement with the 

(1) is in error [lo] and strongly depends on 
a’/a#f and $. The strong dependency on a”ja,” 

is illustrated in Fig. 5. The disagreement of 
experimental data and equation (1) [lo] was in 
the back-scattering azimuth (cp = 1800). 

Before any complete assessment for small 
angles of incident can be made of equation (l), 
more precise data are required, specifically of 
the type reported in [9]. 

A word of caution about using equation (1) 
for very small values of wavelength compared to 
surface roughness. Porteus [11] has demon- 
normalized results. This technique thus gives a 
the RMS slope M, and the autocovariance 
length a for describing the reflectance under 
these conditions. 

The preceding discussion has been centered 
around surfaces of isotropic roughnesses. Russell 
[3] presents angular-hemispherical reflectances 
for surfaces with unidirectional roughness pre- 
pared by sanding the surface in one direction 
with various grades of emery paper. Samples of 
pure copper and of stainless steel were prepared. 
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The results of [3] are normalized according to the RMS surface roughness to incident wave- 
the procedure presented in this paper, and the length. This treatment yields a single curve for 
mean roughness height, measured by a profilo- aluminum, gold, copper and stainless steel. The 
meter, is used in the roughness ratio. The final unidirectional roughness of the copper and 
result is shown in Fig. 6, and the trend of un- stainless steel samples do not influence the 
directional roughness is similar to the isotropic 

SURFACE Omm.P ly. 10" 

0 COPPER [3] --7z 
0 COPPER 2.5 
0 STAINLESS STEEL 0.5 

a STAINLESS STEEL 1.25 
-THIS STUDY ISOTROPIC SURFACE 

1.0 f 
UNlOlRECTlONALROUGHNESS [3] 

” 1.U 2.0 3.0 

MECHANICAL ROUGHNESS RATIO. o,,,/A 

FIG. 6. Unidirectional surface roughness effects. 

results. The results of [3] for copper between 
the wavelengths of 0547 u have not been 
included because over this wavelength range 
the reflectance changes from approximately 
40-90 per cent, and it is difficult to obtain good 
results where the reflectance changes rapidly 
with wavelength. 

CONCLUSIONS 

Results of measurements of hemispherical 
reflectance characteristics of roughened surfaces 
are presented for aluminum, gold, platinum and 
nickel films on substrate materials of glass and 
pure nickel. Various uniform surface rot&messes 
were obtained by standard optical grinding 
techniques. 

A single curve may be obtained showing the 
effects of surface roughness on the mono- 
chromatic hemispherical reflectance. This is ac- 
complished by plotting the ratio of the hemis- 
pherical reflectance of a roughened surface to 
that of a perfectly smooth surface vs. the ratio of 

possible means of intercomparing reflectance 
measurements of samples which have been 
roughened by several different methods. The 
nickel data do not agree with this general curve, 
and it is believed that surface effects such as 
lattice strain, etc., are the cause of this deviation. 

The relationship between surface roughness 
and the wavelength of the incident radiation is 
quite evident. The data indicate that when the 
wavelength is less than the surface roughness, 
a,/1 > 1, the normalized reflectance is essentially 
a constant value. Previously it was assumed that 
the reflectance would decrease as a smooth 
function of (IO/A. Also as the wavelength becomes 
larger than the surface roughness, the reflectance 
approaches that of the smooth surface. These 
results were observed for the four films tested 
on both substrate materials. 
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R&u&-On a mcsurt le pouvoir rCflecteur total de surfaces mttalliques avec une rugosid uniforme et 
contr6ke en employant une sphere en soufre intkgratria en rayonnement infrarouge et un spectromttre 
Beckman DK-2A. Lea surfaces ttudi&s ttaient du verre dCpoli et du nickel recouvert de lilms d’aluminium, 
d’or, de platine et de nickel. Les r&sultats indiquent qu’au del& d’un rapport de la rugositk de surface & 
la tongueur d’onde incidente a& 1 i les vafeurs normal&es pour i’aiu~niu~ I’or et le platine peuvent 
etre rep&sent&s par une courbe unique. coci Ctait vrai pour lea deux cas d’une rugositb uniforme uni- 
dire~tionnelk et d’une rugosite uniform% him que les r&ltats pour le nickel dkvient de cette co&e. 
On croit que les causes pour cette d&v&ion sent Ii&es aux contraintea de surface produites par des change- 

ments de structure cristalline et on la discute ici. 

Zlarrmmeafasamag-Messungen der hemisphlrischen Reflexion von metallischen Oberfliichen mit bestimm- 
ter einheitlicher Obeffllchenrauhigkeit wurden mit Hilfe einer infraroten, integrierenden Schwefelkugel 
und einem Eteckmann DK-2.4 Spektrometer durchgefiihrt. Dii untersuchten Obcrfliichen bestanden aus 
Milchglas und Nickel, beschichtet mit Aluminium, Gold, Platin, sowie aus reinem Nickel. Die Ergebnisse 
zeigen, dass ab einem Verhfiltnis ObefflLhenrauhigkeit N Welknl&nge der einfallenden Strahlung 
oJ3 = 1, die normalisiertm Werte fiir Ahuninium, Gold und Platin durch eine einzige Kurve wiederge- 
geben werden kannen Dies gilt sowohl fiir einheitiich gleichgerichtete als aucb iZr isotrope Rauhigkeiten, 
obwohl die Nickelwene voa dieser Kurve abweichen. Als Grund dieser Abweichungen werden Ober- 
~~~hens~nnungen angenomme~ die von Ver~nderun~ in der kristallinen Struktur herriihren. Sie 

werden in der Arbeit diskutiert. 

Amu3Ta~-klaarepeHsR nonycqtepkisecKoft 0TpamaTenbiioll c110~06ii0~~K MeTannnYecKWX 
UOBBpXHOCTBft, HMBIOUtIiX KOHTpoJIHpyiO4yIO OnHOpO~HyIO IUt3pOXOL%aTOCTb, hLJIW CfiWmibl, 

mnonbayrr HH#paKpacHnB KHTerpHpytorqHB map ~8 cepbl w cneKTposreTp EeKMaHa AK-2A. 
PaccMaTpwBaeabte qOB8pXHOCTK 6wa HaroToanenbt aa cTeK.qa H HHHena w ITOKP~IT~I 

UJIBHKaMH aJIlOMHHUR, ELOJIOTB, nJIaTHHbl H HHKBJIR. AaHHare IlOKaBhIBalOT, ‘iT0 KpOMe OTHO- 
IIIBHHR UIBpOXOBaTOCTIt IlOBBpXHOCTK K naA8IOlltB# RJlHHe BOJIHI,I, oo/A Z 1, HOp.wa.?aaO- 
BBHHbIe AaHHblt? .XJIfl aJIW)MHHHR, BOJIOTa W IIJIaTHHhI MOI’yT 6blTb lIpBACTaBJI0HL4 OgHOk 
KpHBOR. 3TO CllpaHeAJtUBO K8K AnH OAHOpO~HOfi HBHallpaBaBHHOft LlIf?pOXOBaTOCTH, T8K II 
,UJlct HBOTpOnHOft l.U8pOXOB8TOCTK, XOTR AaHHhlB AJIU HHKBJIR OTKJXOH#HOTCR OT BTOft KpHBOfi. 
r@i’iHHhl BTOrO OTKJlOHBHHR, BBpORTHO, CBRBalibl C riOBf3pXHOCTHblMH H8npRHCt?HWRMH, 
BUBBaHHUMW H8MepeHHUMM B KpKCTaJrJlHYBCKOft CTpyKType, H OHH 06Cy%AaiOTCH 8 8TOM 

!IoKsaAe . 


