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Correlation of Polarized Light Phenomena With the 
Orientation of Some Metal Crystals 

C. J. Newton and H. C . Vacher 

A photometric study was made of t h e refl ection of plane pol arized light normalh' 
incident in a metallographic microscope upon specimens of tin, aluminum, and monel 
with various surface treatments. A high degree of correlation was found in most c9,se~ 
between the extinction posit ion and the projection of the optic axis or of the cubic axis 
making the greatest angle with the surface normal. Moreo ver, a fourth power sine relation­
ship was obser ved between the change of intensity and t he angle between t.he surface normal 
and the optic axis in t in. The intensity correlation in the case of the cubic metals was not 
so clear, but a slight indication of position dependence was observed for a luminum. The 
results indicate that the optically anisotropic effects observed with cubic m etals can be 
caused both by an isotropic fi lms and by oriented surface contours, but that the latter is the 
source of t hose effects that are correlated \\'i t h t he crystall ograph ic orientation of t he grain. 

1. Introduction 

In continuation of an investigation [1 , 2] 2 of Lhe 
c' utility of plane polarized ligh t in metallography, 

a study has been made of tin and aluminum crystals, 
and additional daLa have been obtained from monel, 
a 70 nickel- 30 copper alloy. The previolls vlOrk 
at the National Bureau of Standards by D. H. 
Woodard [1] showed a nonuniformity of inLensity 
of polarized light reflected from plas tically deformed 
metal grains, suggesting an observa ble co rrelation 

;' between such intensity and crystallographic orienta­
tion . The specific problem of such co rrela.Lion was 
pursued in a study by H. C. Vachel' [2], who showed 
a correlation between extincLion positions ilnd the 
projection azimuth of a cubic ax is. 

In the present stud y the relative maximum and 
minimum intensities of tbe refl ec ted light were 
measured pho tometrically and correlatcd with crystal 

" orientation. 'Voodrow, :'fott , and Haines [3] used 
,; a photometric me thod but gave no data cOl'l' elating 

intensities with orient.ation. Supplementary experi-
ments \Vere made to provide information concerning 
the cause of the observed optical anisotropy, which 
has been the subject of some uncertainty [4,], 

2. Theoretical Aspects 

The Lheory of the reflection of plane polarized 
light from metallic specimens is one of considerable 
complexi ty [5]. This discussion 'will be limited to a 
qualitative description of the special case of a plane 
polarized beam incid ent normal ly upon the reflecting > surface [6], which is very nearly the case when the 
metallographi c microscope is used with low-powered 
o bj ectives. 

For isotropic metals (cubic structure), normally 
incid ent plane polarized light is reflected inherently 
with neither rotation of the plane of polarization nor 
in troduction of elliptical polarization ; therefore, 

1 Ita lic fi gLl res in brackets indicate t he literature references at the end of this 
paper. 
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examinaLion by rotation of th e stage of the micro­
scope wiLh crossed nicols exhibits continuous extinc­
t.ion. A lil(e situation exists when the optic axis of 
the crysLal is perpendicular to the surface of a crystal 
belonging to the uniaxi al class ifLcation, which includes 
the tet~'ogonal , hexagonal , and trigonal systems. If 
the optIC axis and the surface normal do not coincide, 
it is necessar.\' to consider Lhe orientation of th e plane 
they dele rmine. The intersect ion of this plane with 
the surface detcrmin es a lin e called the principal 
direc tion, and the incident light vecLor can bere­
solved in to componenLs parallel Lo and perpendicular 
Lo th is clirect ion . Refi ecLivities and phase changes 
upon refl ection differ for these two components. The 
refl ecLed light is, in general , ellip tically polarized, and 
the fLeld obscrved though Lhe crossed analyzer of the 
microscope is bright. There are, however , foul' 
special po ibons in a complete revolution of the stage 
where the plane of vibration of the normalh- incident 
beam is parallel to or perpendicular to the principal 
direction in the specimen surface. At these special 
positions of th e stage, th e refl ec ted ligh t remains plane 
polarized in the original plane and is extinguished by 
the analyzer . 

The theory of reflection from orthorhombic, mono­
clinic, and trielinic materials is of great complexity 
and will not be discussed here. Fortunately these 
cases of lower symmetry rarely arise in metallurgical 
problems. 

The above discussion has been confLned to the 
effect on polarized light of the intrinsic optical char­
acteristics of a single flat surface. In view of the 
possibility, however, that the optical an isotrop.v of 
metallographic specimens may be caused by surface 
contours, the process of multiple refl ection of plane 
polarized light must be considered. To this end, 
experiments were conducted as will be described 
later with models made with one, two , or three p er­
pendicular front-surfaced aluminized mirrors. 

The polarization figure [7] is another phenomenon 
that can sometimes be observed with the polarizing 
microscope and, if distinct, can be used in crystal 
orientation problems. It resembles the interference 



FIGUlm 1. Polarizati on fiyw"es formed by reflect'ion from monel. 
Monel contrast solntion, 41X objective, and short focal length telescope a~ an ocular. 

figure [8] observed with convergent plane polarized 
light passing through transparent anisotropic mate­
rials. Instead of arising from path differences 
caused by birefringence, the polarization figure, 
according to Cameron and Green [9], results from the 
rotat ion and ellipticity introduced in reflected polar­
izedlight when th e incident beam is not normal to the 
reflecting surface. The procedure for observing the 
figures is given in section 3.3 . When this procedure 
is followed, a bright field containing two dark lines, 
called the isogyres, will be observed. These} arise 
from reflections at those special angles from the 
surface where, because of par ticular relations of the 
planes of the polarizer and analyzer , the angle and 
plane of incid ence of the convergent beam and th e 
optical characteristics of the surface itself, there is a 
cancelling out of the various factors that disturb th e 
plane polarization in the reflected beam. From those 
special angles alone, therefore, is the r eflected ligh t 
extinguished by the analyzer. As illustrated in 
figure 1, the isogyres gen erally appear as two branches 
of a hyperbola in the field, but a cruciform figure is 
formed at four special positions. These are th e 
same positions that give extinctions when the inci­
dent light is quasi-normal as is the case with a low­
powered objective. Th e details, even if only quali­
tative, of th e cause of this ph enomenon are rather 
involved. For a r easonably elemen tary explanation, 
th e reader is r eferred to an article by E . N. Cameron 
and L . H. Green [9], who have studied these figures 
as they relate to the optical properties of ore minerals. 

-- ._---
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3. Materials and Procedures 

3 .1. Materials 

The greatest experimental difficulty encountered 
in this study was the securing of suitable metallo­
graphic specimens with large grains and with sur­
faces as free as possible from imperfections such as ) 
fine scratches, irregular pits or nonuniform films, 
which would mask the pertinent polarized-light 
ph enomena. In order to avoid errors arising from 
differences in surface preparation , polycrystalline 
specimens were used . Many specimens were exam­
ined, but the data presented in this report were 
obtained from four: One each of tin and aluminum 
and two of monel. The purity of the tin was 99.96 ~ 
percent and that of the aluminum, 99 .99 percent. 
The monel was commercial grade, which h ad been 
heat treated to grow large crystals [2] . Tho prepara­
tion of each specimen is described in section 4. 

3.2. Determination of Crystal Orien tation 

A major preliminary activity was the determina- < 
tion of the crystallographic orientation of each grain 
used in each specimen. This orient.ation was defined 
with respect to the normal to the surface of the speci­
men and a reference mark on the surface defining 
zero azimuth. 

In the case of monel, these determinations were 
made by means of angular measurements of the 



traces of twinning planes in two mutually perpendic­
ular surfaces liD]. Monel is a face-centered cubic 
metal, and the twinning planes are (111) planes. 
With this information, and with the aid of stereo­
graphic plots and standard projections, it was possi­
ble to establish the orientations of groups of twinned 
crysLals near the edges of the specimens. 

Specimens of aluminum and tin were obtained 
with gr ains large enough for the determination of 
orientations b y X-ray diffraction , using the back­
reflection Laue method with a Greninger net [11, 12]. 
This method was very simple to employ in the case 
of the cubic aluminum, but consid erable difficulty 
was encountered with the tetragonal tin. In prac­
tice, one pattern alone was not sufficient with the 
latter to allow the assignmen t of an unquestioned 
orientation to a grain. It was necessary to m ake 
one or more check patterns with the X-ray-beam 
incident at an angle to the specimen surface so as to 
be parallel to some low-index crystallogl'a,phic dlrec­
tion, according to the tentative interpreLation of t11e 
first exposure. If the r esulting pattern agreed with 
the proper stand ard pattern made previously from 
ano ther grain whose orientation was kno\"n with 
assurance, the orientation of the new grain was 
considered determined. 

3.3. Measurement of Reflected Polarized Light 

)' The microscope used in this study uses a Foster 
prism l13] as the polarizing-analyzing element. The 
obj ectives were nominally strain-free. This prism 
acts as p ermanently crossed nicols; hence, no effect 
of slight ly uncrossing the analyzer was investigated. 
The prepared specimen was placed on the rotating 
stage of this polarizing microscope and set in the 
zero azimuth position with reference to an edge, 
grain boundary, or scratch on the sUl'face. A 5.6x 

I objective lens and a 5x ocular wer e used. B y m eans 
of stage adj usting screws, a particular grain was 
centered under th e cross lines on the ground glass of 
t he microscope camera. After satisfactory centering 
and magnification, the bellows was adjusted until 
the grain under study would cover the photocell 
aperture. The ground glass was removed and a 
slide bearing the photomultiplier tube, centered and 

:~ limited by a %2-in.-diameter aperture, was put in its 
place. The light flux passing into th e sensitive tube 
caused a proportional deflection of th e needle on the 
dial of a commercial electronic photometer. As the 
specimen was rotated, the intensity of the reflected 
light would rise and fall in an approxim ately sinu­
soidal pattern. The usual procedure was to make 
thTee complete revolutions of the stage while record­
ings were taken of the angular settings of the stage 
and the photometer current proportional to the ligh t 
intensity at each of the four maxima and each of the 
foUl' minima. 

It was observed for anyone surface that the mini­
mum intensities from all grains were nearly the same, 
arising from the scattered light from surface imper­
fections and from the microscope elements. All of 
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the m aximum intensities from a gJ'a in were averaged 
together, and the difference taken between th at 
average and the average mininmm intensi ty read­
ings from the grain . This intensiLy difJ'erence, !J.I, 
is the quantity used in the reported results. Other 
intensi ty functions, such as the Tatios of vat'iou s in­
tensities, were examined but were found to be less 
satisfac tory. The angular settings for maximum 
intensity and minimum intensity (ex tinctions) were 
also averaged in a manner to allow for their dist ri­
bution throughout the complete cirele, yielding a 
grand average valu e of the first quadrant extinction 
angle, which was based upon all 24 angular readings. 
Through the use of results based on averages of large 
numbers of r eadings, personal errors were minimized. 
The extinction angle is defined as the angle from the 
fiducial line to the position of minimum refl ection. 
If, moreover, polarization figures could be observed 
(as they readily were with th e monel specimens), 
their crossing positions were also averaged in to the 
value of the extinction angle for each grain . T o 
make these figures visible, the incident ligh t was 
m ad e highly convergent by the usc of a high-power­
ed objective, such as 41x. Moreover, as th e figure 
was form ed at the back fo cal pJane of the objective, 
th e method of observation was modified by the re­
moval of th e eyepiece. Usually the figure could 
then be seen directly or through a pinhole eyepiece; 
viewing was often improved by a lens system, such 
as a shor t-focus telescope, which allowed focLlsing in 
the propel' plan e. 

4. Results 

4 .1. Tin 

The tin specimen was prepared by m el ting the tin 
in a %-in . quartz ring resitng on a piece of polished 
graphite. It was then air-cooled. Approximately 
15 specimens were made, r esulting in only one in­
stance of a specimen (J 144, fig. 2) whose sUl'face 
contained numerous grains large enough (about 1 
mm in smallest dimension) for convenien t determi­
nation of orientation by X-ray diffraction. 

Consid erable difficulty was encoun tered in prepar­
ing the surface of this soft metal. It was never 
ground on papers but polished with only a diamond 
abrasive, 0 to 2 microns, on microcloth that h as been 
boiled for 2 hours before being used. Then th e 
sp ecimen was etched in ac idified ferric chloride 
reagent [14]. Figures 3, a and b, show th e same 
surface ligh tly and heavily etch ed. 

On the surface of the specim en th ere were 29 
grains large enough to give usable back-reflection 
Laue patterns. The crystallographic orientation of 
the surface normal for each grain is shown in the 
stereographic triangle in figure 4. The stereographic 
angular coordinates of the optic axis (the c-axis, or 
[001] axis), the azimuth referred to a fiducial line in 
the surface and the colatitude, or zel'li th distance 
relative to the surface normal, are given in table 1. 



'----

A 

FWLCRE 2. Tin specimen 114/, . 

REFERENCE MARK 

_--'-"T--.-- ON SPECIMEN. 

B 

A, Etched wi th 5-pcrccnL [l' rric ch loride solution. approximately X 4; B , sketch for idl·ntificat ion of gra ins. 

FIGUlm 3. Surface of tin 1144 after etching with 5-percent ferric chloride solution. 
A, Light etch , X 50; B, deep etch, X 50. 

4 
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T I N 1144 

FICURE 4. Crystallographic orientations of sU1jace nm·mal with 
respect to individual crystals in the polished sU1 jace of tin 
11 44. 

N umbers 1 to 29 correspond to the nu mbers iden tify ing t he crystals in fi gnre 2. 

TABLE 1. Photometel· minima, tin 1144. light etch 

Orien tat ion 

Grain j,! 

</>, 
- - - --- --- ------

Degrees De!!"es Deorees De,!, ees J)c{j r ces 
L _______ _ 10.4 19. G 2lJO 289 4R I 
2 ______ __ I. S G9.8 250 291 2(j - 4-1 
3 _________ 2,1).8 69.5 2.50 248 ria 2 
4 ________ 

I 

G.9 RO.7 171 IS(j 3() - 15 
5 ______ 4. i 72.3 72 84 15 - 12 

6 _____ ____ 3:l. 7 65.4 245 2 11 73 4 
7 ____ • ___ 36. 6 21. 9 112 11 3 72 - I 
8 _____ __ 3.2 80. ° 170 184 18 - 14 
9 _____ ___ 26. G 6i .2 157 160 60 - ;) 
10 ____ ____ 1.9 6.6 277 280 3 1 - 3 

11 - ___ 39. 2 51. 8 322 320 82 2 
12 ___ _____ a9. 8 53. ;) 323 320 81 3 
13 _______ 21. 4 6J. 6 332 326 54 Ii 
14 __ ______ 25. 2 7.8 278 276 62 " 15 __ _____ ._ 43.4 3 U 301 299 76 2 

16 _______ 14.6 52.3 2~2 228 54 4 
17 ________ 19.9 5.0 275 272 56 3 
18 _______ 42.8 82.7 263 260 85 3 
19 __ _____ _ I. G 0. 8 91 120 19 - 29 
20 ___ ___ _ 29. 8 55.1 55 53 64 2 

21 ________ 12. 0 J.4 18 1 172 ·10 9 
22 ___ . ___ _ 47.2 12.5 12 12 70 0 
23 ___ _____ 39. 4 30.7 121 123 76 - I 
21. ____ ___ -10. 7 87. 8 268 268 78 0 
25 _____ ___ 33. 3 27. 8 208 213 71 - 5 

26 ________ 24. 8 34.2 2H 216 71 - 2 
27 ________ 25.5 68.1 338 336 67 2 
28 _______ _ 2.1 42. 2 312 304 35 8 
29 ________ 24_ 7 1.2 91 92 b8 - 1 

Ayemge 11'."1=6 .3°. 

If wo arbit rar ily take 1'.1=3 as the y alue below whi ch m lid judgments 
of extinction a ngle cannot be made, grains 2, 10, 19, a nd 28 are excluded, 
uu d 

A verage 11'."1= 4.0° . 

The following symbols are used in the tables : 
,1!= Change of intensity of ligh t falling on sensitive 

tube as grain is rotated from a position giving 
maximum intensity to an extinction position . 
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COLATITUDE OF C- AXIS, DEGREES 

FJG U HE 5. Relation of!;.[ to an gle bet ween sUljace normal and 
c-axi s (colatitude) in gmins of lightly etched lin 11 44. 

>/I. = ExLincLion angle: The flverage angle obtained 
by a rotation of the microscope stage from a 
reference line on Lh e surface of th e specimen 
to the posiLion of the fi.rst extinction. 

cpc= AzimuLb of Lll e c-axis (Llle opLic axis) of tin, 
measured from the same flducialline as that 
used in measuring extinction angles . 

cp,, = Azimuth of the projecLion of th e eubic axis 
ma king th e great es t angle wi th Lhe surfa ce 
normal. 

>/I: = Adjusted extinction angle: >/Ie plu s such a mul­
Liple of 90 0 as to give a vallle near CPc or CPa, as 
the case migh t he. 

>/Io= Adjustecl avera ge of extinction angle and polar­
ization fi gure crossings when the latter were 
usable. 

!:l>/l = Difference between the adjusted extinction angle 
and th e azimuth of th e active axis; >/I: or >/1o 
minus CPc or CPa, as the case might be. 

0= Colatit ude of the active axis: The angle between 
the ae tive axis and the normal to the surface. 

a = Angle between surface normal and [llO] direc­
t ion in AI. 

~= Angle between surface normal and [ll1] direc­
tion in AI. 

'Y = Angle between surface normal and [100] direc­
t ion in AI. 

Tablc 1 also includes the photomeLer data and the 
extinction angles for the ligh tly etched specimen, 
with the differences between the c-axis azimuths and 
the extinction angles. The average difference was 
6.3 0 • However, if !:lI= 3 is arbitrarily taken as the 
value below which valid judgments of extinction 
angle cannot be made, four grains are excluded, and 
the average difference is 4.0 0 • The results show 
that, with the exception of these four dim grains, 
there was excellen t agreement of extinction angle 
with azimuth of th e c-axis. Figure 5 is a graph of 

l 
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A B 

FIGUHE 6. Aluminum specimen 1143. 
A, Etched with T ucker's reagent, X 4; H, sketch for identificat i.on of grains . 

,l'; I' ... : 

.. 
" : 

" 
.,. ;;. . .. 

B ..... 

FIGUHE 7. SUljace oj aluminum 1143 aJteT certain tTeatments. 

A and TI , Etched with '-rucker's reagent, X 50 and X 500, respectively; C, anod ized, X 50; D and E, etched with modified '-rucker's reagent, X 50 and X 500, 
respectively. 
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III versus 0, Lhe angle between the surface normal 
and the c-axis for this specimen of tin. The curve 
drawn was for the equation 

t:.l = 45 sin4 0, 

for which no theoretical justification was attempted. 
However, it exhibited reasonable symmetry and 
behavior at the end points, and the probable errol' 
in the value of the colatitudes of th e data points 
compared with those of points on this curve was less 
than 5°. 

Measurements were also taken from specimen 
1144 after the surface had been deeply etched. The 
average difference between extinction angle and 
c-axis azimuth more than doubled, and the t:.I 
relationship to the c-axis colatitude developed so 
much scatter that it could hardly be called more 
than a trend. 

4.2. Aluminum 

The aluminum specimen, 1143, was a coarse­
grained cast specimen that h ad been polished by 
conventional metallographic procedure. Its gr anular 
structure is shown in figure 6. The intensity meas­
m ements were made after treating the polish ed 
surface in four ways: smface 1 was the result of 
etching with Tucker's reagent (15); surface 2 was, 
after repolishing, anodized in an electrolyte recom­
mended by P earson, M achland, and Hay [16) ; 
surface 3 was a repetition of the anodizing treatmen t; 
and smface 4 was the result of a deep etch with a 
modified Tucker's reagent [17). These surfaces may 
be seen in figme 7. To show th at the faces of the 
deep pits in this case were parallel to cubic planes, 
the positions of the specular reHections of ordinary 
light from them were measured with an optical 
goniometer [18). The results checked satisfactorily. 

The crystallographic orientation of th e surface 
normal for the aluminum grains is shown in the 
stereographic triangle, figure 8. The stereographic 

'(100) 10 •• 3 

0----6e------- 0(110) 

ALUM INUM 1143 

FIGUHE 8. Crystallographic orientations of surfaces normal 
with l'espect to individual crystals in the polished surf ace of 
aluminum 11 43. 

Numbers 1 to 10 COlTcspond to the numbers identifying th e crystals in figure 6. 
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coordinates, azimuth and colatitud e, for the cubic 
axis making the greatest angle with s lll'face normal, 
are given with photomeLer da ta from surface 4 in 
table 2. T able 3 presents the inLen iLy and orienta­
tion relationship, which is shown graphically in 
figure 9. 

For the etch-pit conditions, surfaces 1 and 4, the 
agreement between the extinction angle and the 

TABLE 2. Photometer minima Al 1143, second etch pit condition 

Orientation 
Grain ill f. f ~ flf 

.po 5 

--- ------ ------
Degrees Degrees Degrees Degrees Degrees 

L __ ______ 29,6 17.2 17 19 75 - 2 
2 __ __ _____ 65.8 62. 7 63 62 83 + 1 
3 _________ 90,5 84,0 354 357 87 -3 
L ________ 27.8 57.5 148 147 84 +1 
5 _________ 45,3 23.6 24 21 80 +3 6 ___ _____ _ 165 59,8 150 147 90 +3 L ___ _____ 201 29.9 120 119 86 +1 8 __ __ " ___ 59.1 11. 0 281 281 88 0 9 _________ 22.1 80,4 350 355 63 -5 
10 ___ 0 ____ 107 54,9 325 325 88 0 

Average Iflfl=L9°. 

2 ,) • 

• 

2 . 1 

• 

• 
H 

<1 1. 9 

!? 
(!) • 0 
J 

• 
1. 7 

• 

1. 5 

• • 

• 
I. 3 L---..L-__ ...L... __ ....I.... __ ....L_......J 

0 20 -10 o 10 20 

({3 0 a) • DEGREES 

FIGUHE~9 . R elation of DJ of aluminum grains to the difference 
in angles between surface normal and the nearest [110] and 
[1111 axes. 



TABLE 3. I ntensity and angle relationships in AI 11 43, second 
etch-pit surface 

Grain I AT a {3 l' {3 -a log 10l'. [ 

---------- ------------
Degrees Degrees Degrees Degrees 

L . __ . . . .. 201 8 32 39 24 2.3032 
6 . • •• .... . 165 28 44 17 16 2.2175 
10 _ ... •... 107 29 43 16 14 2.0294 
3 ...• ..• . . 90.5 26 40 20 J4 1. 9566 
2 .. .. ..•.. 65.8 33 42 14 9 1. 8182 
8 .•...... . 59. I 38 48 8 10 1. 7716 
5 .• .. .•.. . 45. 2 32 38 17 6 1. 6561 
L .. . ..... 29. C 22 26 31 4 1.4713 
4 .. .. ..... 27.8 32 41 15 9 1. 4440 
9 . •.. ..... 22.1 29 11 43 - 18 1. 3440 

aizmuth of the cubic axis of greatest colatitude was 
good. The average difference for surface 1 was 4.2 ° 
and for surface 4, l.9 °. No doubt the intensity was 
related in some way to the orientation of the surface 
with respect to the grain's crystallography, but no 
empirical relationship could be found that was 
satisfactor.v over the entire range of th e limited 
amount of data at h and. For convenience, one 
treatment of this data is presented in figure 9. 
Howcver, no real functional relationship is implied. 

The qualitative aspects of the reflection of planc 
polarized light from the aluminum with etch pits 
correlatcd well with tbe multiple reflections observed 
from the pit mod els made with front-surfaced mirrors 
because the faces of the etch pits are but sligh tly 
imperfect cubic planes. 

A few limited experiments were mad e with three 
mirror models. One was a single-plane fron t-smfacod 
aluminized minor with a stem normal to the plane. 
One was a "cube corner," three mutually perpendic­
ular mirrors, with a stem making equal angles with 
the faces. Th e third consisted of two mirrors at 
right angles wi th a stem perpendicular to their linc 
of intersection and making equal angles with each 
face. From experiments conducted with these mod­
els, it appears that there is a useful analogy between 
the orientation of the plane of the reflected polarized 
light and the orientation of th e image of a linear 
obj ect multiply reflected by the same mirror system . 

Reflection from the single-plane mirror, normal 
incidence, showed no rotation of the plane of polari­
zation. Nor did reflection from the three mutually 
perpendicular plane mirrors, no matter wlJat the 
position of th e model as it was rotated about its 
stern , corresponding to a ll11 ] direction. Study of 
the light reflected from the model made of two per­
pendicular mirrors , however, was more complex. 
",V'hen the line of intersection (corresponding to a 
cubic axis) of the two surfaces was parallel to or at 
right angles to the plane of polarization of the inci­
dent light, the plane was not changed upon reflection. 
When the line of intersection was at 45 ° to the plane 
of the incident light, the plane of the reflected light 
was rotated 90°. Or, in general, for a rotation of 0° 
of the model about its stem, corresponding to a [110] 
direction, there was a 20° rotation of the plane. 
These results were implied in the equations pertain­
ing to multiple reflection of polarized light published 
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f·----'1' . " " . II I, 
II I, 

" 

RAY DIAGRAM FOR RIGHT-ANGLE MIRROR 

"""OJ 0 6 
OBJECT F F F 

IMAGE FORMED BY ROTATING MIRROR 

FIGURE 10. I m age Jonnation by Tight-angle min or. 

by Olwen Jon es in 1924 [19]. This turning of the 
plane of polarization is analogous to th e rotation of 
the image of an object placed before such a rotnting 
mirror, as illustrated in figure 10. 

In observa tions with the etched specimen, the 
greatest t::.I wa s observed from grains with their 
surface normals near [110]. In accordance with 
reflection from the two-minor model, the intensity 
of the ligh t passing through the crossed analyzer 
rose and fell four times per revolu tion. In the metal­
lographic specimen, the grain with its surface Ilormal 
nearest [Ill] had the small est t::.] , that is, gave the 
smallest increase in light above the faint light at 
extinction. This agrees well with the three-mirror 
model, which did not rotate the plane of polarization 
in any position , and therefore always showed extinc­
tion when viewed through a crossed analyzer. The 
results of the experiments with the mirror mod els 
would lead one further to expect a minimum t::.I 
from grains with normals near lIDO]. This, however , 
was not observed to be very pronounced. A possible 
explanation could be that pits of this type were sub­
ject, on the average, to a greater degree of imperfec­
tion because more cubic faces would be involved in 
each such pit than in the two simpler cases. 

The anodized films, surfaces 2 and 3, were reason­
ably light, just heavy enough to give smooth, nearly 
uniform cover. Polarized light, upon reflection 
from these surfaces was markedly affected, both as 
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1,3e 

(100) o _..::;.8..:;... __ ---=:6~· _______ O (110) 

MONEL 724 

FIGUHE 11. Crystallographic orientations of sUljace normal 
with 1'espect to individual crystals in the poli shed sll1jace of 
monel 724. 

to extinctions and to striking color when examined 
through the sensitive tint plate. There was no appar­
ent correlation, however, between this activity and 
the crystallographic orientation of the und erlying 
metal. A film-orientation correlation wa reported, 
however , by P earson , Machland, and Hay [16], em­
ploying a heavier film than was used in this study. 

4 .3. Monel 

The surfaces of the two monel specimens, 724 and 
1138, were polished mechanically and etched with 
two reagents: A, a cyanid e-persulate aq ueous solu­
tion and B , monel con trast solution [20]. Each 
solution was used twice alternately on specimen 724; 
only the cyanide solution was used on specimen 1138. 
As pointed out in section 3.2, orientations of grains 
used were determined by the twin-trace method; the 
positions of the surface normal relative to the 
crystallographic directions in tbe grains are shown in 
stereographic triangles in fi gures 11 and 12. The 
stereographic coordinates, azimuth and colatitud e, 
of the cubic axis of greatest colatitude are given in 
table 4 for monel 724, along with photometer data 
and extinction angles based both on photometer 
minima and polarization figure crossings. These 
data were taken from the surface with the second 
cyanide etch , preparation 3. Table 5 compares the 
intensity of ref-Jection and the precision of the cub ic 
axis azimuth-extinction angle correlation for the 
four surface preparations of this specimen . Table 6 
lists the grains in the four cases in order of decreasing 
6.1. It is apparent that the several sets of measure­
ments of reflection showed much variation, especially 
in terms of intensity and its change, 6.1. In all four 
cases there was reasonable agreement of extinction 
angle with the azimuth of the cubic axis of greatest 
colatitude, bu t the average differences in the cases 
where the cyanide etch was used were less than half 
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FIGUHE 12. Crystallographic orientations oJ sU?jace nonnal 
wit h respect to individual crystals in the polished sU1jace of 
monel 11 38. 

Optical data, monel 724, sll1jace J II 

Orientat ion 

Grai n aT ",,0 M 

"'. ------- ----
Deorees Deyrees JJeorees D Cffrees 

L 2l. 0 27 34 77 - 7 
2 •.. 7.9 347 345 79 2 
3 .... .. - 29. 0 286 280 70 0 
L ... 5.8 323 321 07 2 
5 ____ .. 5. l 357 3 68 -6 

6 .... 40.5 250 25J 89 - J 
7. 5. 3 346 353 55 -7 
8.. ... l. 8 207 214 89 -7 
9. 43.5 82 83 76 -2 
10 •.... ... 23. 1 172 168 70 4 

Average 1 ~",, 1= 4 . l o . 

TABLE 5. Comparison of approximate intensity of reflection 
and precision of results with various sU1jaces on monel 724 

1\1ax imulll 
~Tfor A vrrage Surrace E tch Iror 

grain 9 grain 9 I~"" I 
------

D egrees 
'-................ Cyanide 50.5 43. 7 5. 1 
2. __ .............. Contrast. =:::::: 21. 5 20. 5 10. 2 
L . . . ----------- Cyanide ._ ...... 51. 2 43.5 4. 4 
4 ... . .....•• ----- Contras t . ....... 285. 0 279.0 13.0 

TABLE 6. Gmins of monel 724 mniceci by intensit.y values . 

Surface condition 

Rank 2 I 4 
______ . ____________ g'_'ai_n ___ g'_'ai_ll ___ gr_aU_"_ gram 

L ........................ __ 9 
2..................... ...... .... 1 
3.. . .... . ....................... 6 
4 ... . ...• __ .......•..... .... •... 3 
5............................... 10 

G_ ...••••••......•.•••.•...•.••• 
7 .... _ .•. •.....•. • . • . • .•..... • .• 

?6::::::::::::::::::::::::::::::1 
5 
7 
2 
4 
8 

6 
9 

10 
3 
5 

6 
9 
3 

10 
1 

5 
8 

9 
10 

1 
7 
3 

4 
5 
2 
G 
8 
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TABLE 7. Photometer minima for grains of Monel 11 38 5 .1. Value of Polarized-Light Measurements in 
Determining C rystal Orientation 

Orientation 
Grain 

<p. 0 
---------------

Degrees Degrees Dearees Degrees Degrees 
L ________ 40. 2 36 36 39 89 -3 
2- ________ 41. 2 23 293 291 80 2 
3 _________ 44. 9 60 330 330 81 0 
L ________ 14. 8 3 93 89 84 4 
5 __ _______ 15.6 28 28 35 82 - 7 

6 _________ 23.3 8l 351 346 83 5 
L ________ 9. 7 4l 311 324 69 - 13 8 _______ __ 17.2 86 86 81 85 5 
9 _________ 31. 2 36 36 32 84 4 

Average 1"""1=4.8° 

as large as those in the contrast etch cases. In all 
cas~s, ~owever, th.ere w~re large shifts in r anking the 
grams m terms of m tensIty , as can be seen in table 7. 
H.ence, ~here ~as obviously no correlation of intensity 
WIth orIentatlOn, except the vague observation that 
the grain with surface normal nearest the [100] 
direction was always of smallest t:.I, whereas the two 
grains with normals nearest [110] were always near 
the top of the list in t:.I. 

The other monel specimen, 1138, was etched with 
the cyanide reagent only. The surface normals of 
the grains are located in th e stereographic triangle 
m figure 12, and the coordinates of the cubic axis of 
greatest colatitude are given in table 7 alonO' with 
the photometer and microscope data. These ~esults 
are comparable with those from monel 724, showing 
good agreement of extinction position with the 
azimuth of the cubic axis of greatest colatitude and 
only a hint of correlation of intensity with a~gles 
between the surface normal and the [110] direction. 

It should be stated that the correlations were 
usually poor when the normals to the surface were 
far from the [110] direction. This was observed for 
several. grains in a differen t area of specimen 1138, 
for WhICh data are not presented here. The extinc­
ti~:m angles had a fair degree of reproducibility but 
dId not always correspond with the azimuths of the 
cubic axis of greatest colatitude. In these cases they 
often corresponded to the azimuths of the axis most 
n~arly normal to the surfac:e. This was in agreement 
WIth some of th e observatIOns reported in the paper 
by Vacher [2], where specific data on a few such 
grains with anomalous extinctions were presen ted . 
This disturbing behavior did not appear in the case 
of aluminum or tin. 

5. Discussion 

The practical value of the polarizing microscop e 
for the determination of the orientation of crystal 
grains in metallographic specimens and the source 
or mech anism of th e optical anisotropy will be dis­
cussed in the ligh t of th e foregoing results. 
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An examination of th e results presen ted above 
reveals varying degrees of correla tion between certain 
characteristics of reflected polarized light and the 
crystallograp~y of the grains in the r eflecting metal 
surface. It IS true, however, that a complete orien­
tati~n determination of a grain in a metallographic 
sp eCImen can.not be made alone from polarized­
lIght observatIOns such as these. The first difficul ty 
encountered is the obtaining of a suitable specimen 
surface, that will not cause the per tinen t phenomena 
to be masked by the extraneous optical effects of 
scratches, irregular pi ts, nonuniform films cold­
working, .inadequate etching, etc. If a' nearly 
perfe?t, .lIghtly . etched surface with polarizing 
actIVIty IS obtallled, th e observation with crossed 
polarizing elements of th e four extinction angles as 
the specimen is rotated will give within a few deO'rees 
four possible positions 90 0 apart for the azi~1Uth 
of the "active" axis. This is the optic axis of a 
uniaxial. material , or the axis making the greatest 
angle WIth the normal for a material showing aniso­
tropic effects due to etch pits with facets parallel 
to cubic planes; or stated another way when the 
polarizingly active specimen is in an ' extinction 
po.si~ion on the microscope stage, the plane con­
tammg the surface normal and the active axis will 
coincide with either the plane of polarization of the 
polarizer or that of the analyzer. 

If the surface quality is such that polarization 
figures can be observed, this ambiguity is cut in half. 
The four settings of the specimen , observed cono­
scopically, which give th e cross figure, correspond to 
the extinction positions. As the specimen is rotated 
the isogyres spread apart and move toward the edges 
of the field in the quadrants containing the projection 
of the optic axis of a uniaxial material [9]. In this 
st~dy. th~ observation of polarization figures with 
umaxial .t Ill was found to be very difficul t , but such 
observatIOns were m ade quite successfully with 
etched monel, where the position of the cubic axis 
of greatest colatitude governed the behavior of the 
isogyres just as the optic axis is expected to do in 
theory. Locating the projection of the active axis 
in this way reduces its possible azimuth to two 
positions 180 0 ap ar t. Polarization figures were not .-) 
observed with aluminum either etched or anodized. 
In general, the degree of surface perfection required 
for the formation of these figures is even higher than 
th at required for consist ent extinction angle obser­
vations. Apparently the presence of textured films 
pits, etc. , precluded their use with the aluminum and 
tin ~peci~ens. The other quantity measured, change 
of lll tensity of polarized light as the sp ecimen is 
rotated, is less reliable in its relation to orientation 
probably because of its very great dependence upo~ 
surface condition. Nevertheless, if we can generalize 
from the observations of t in, it appears that for 
uniaxial materials with carefully prepared surfaces, 



the order of grains ranked in terms of decreasing 
AI will cOlTespond very closely to the order of those 
ranked in terms of decreasing colatitude of th e optic 
axis , approximating a fourth-power sine law. 

On the other hand, the case for cubic materials is 
more complex and apparently is subject to more 
disturbing factors. This is shown by the great varia­
t ions and inconsistencies of the intensities observed 
with monel. The observations with etch pits on 
aluminum were somewhat encouraging, and lead 
one to suppose that if suitable etchants that consist­
en tly create pits with known faces, preferably 
cubic, are employed [1 8], empirical relationships 
might be found for some isotropic materials. 

It is apparent that the measurement of extinction 
angle and intensity is not sufficient to permit one to 
obtain a complete orientation determination. This 
procedure can be of great valu e, however , as an aid 
when other methods are being employed, as, for 
example, the twin-trace method or the etch-pit 
refl ec tion method. Ambiguities often arise in twin­
trace studies; and, with the method of refl ections of 
ordinary light from etch pits, large deficiencies of 
precision are often an impediment. The additional 
information supplied by polarized-light examination 
will be an aid in resolving the difficulties encountered 
in such cases . In connection with the back-reflection 
Laue method , polarized-light daLa will facilitate the 
assignment of indices or the positioning of the 
specimen so that more readily interpreted p aLterns 
can be obtained . 

5.2. Cause of the Optical Anistropy of Metals 
Having Cubic Structure 

In section 1 brief reference is made to the question 
of the source of the polarization phenomena. Obser­
vations r eported h ere showed distinct cases of 
polarization activity due both to a surface film (the 
anodized surface) and to surface contour (the etch 
pits) . It is no t surprising that an effect on the 
refl ected polarized light can be due to either mechan­
ism. The question would still remain, however , 
whether the effect of the film on the light was du e to 
intrinsic anisotropy or to underlying metal-surface 
contour. It has been shown here that, when surface 
contour (etch pits) alone was involved , there was 
good correlation of the optical effects and the crystal 
orientation. The data from lightly anodized sur­
faces, however , gave no such correlation. It is there­
fore evident that the anisotropy of these light films 
was no t related in any simple manner to the under­
lying surface con tour, if such contour was a function 
of the crystal orientation, as in the case of the etch 
pits. H ence, it seems probable that these films are 
inherently anisotropic but that their orientation is 
related in an as yet undefined manner to the orienta­
tion of the underlying grains. 

The results from monel were very much less defi­
nite than those from aluminum, but they showed a 
slight resemblance to the latter. Their lack of con­
sistency can perhaps be attributed to the variation 
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of degree of attack on cubic face by the eLching 
reagents. 

When working with tin the condiLions were some­
what different. The fact th at the metal iLself was 
anisotropic was tll(;l controlling fac tor in its behavior. 
Because of the softness of the metal, a very light 
etch improved the resul ts by removing disturbing 
surface features such as polishing scratch es, but the 
heavy etch worked against a correlation because of 
excessive irregular attack or an accumulation of an 
obscuring film of etch prod ucts. 

6. Summary 

Metallographic specimens of tin, aluminum, and 
monel were prepared, and the crystallographic 
Ol'ientations of many of the grains in each specimen 
were determined. The refl ection of plane polarized 
light normally inciden t upon the specimens after 
various surface treatments was examined by means 
of a polarizing microscope and an electroni c photom­
eter. In some cases convergent light was used and 
polarization figures were observed. Very significant 
correlation was found in most cases between the 
extinction angle and the azimuth of the active axis. 
Moreover, in the case of tin , the ch ange of intensi ty 
of tbe ligh t from a grain was approximately propor­
tiona.! to the fourth power of th e sine of the angle 
between the opLic axis and the surface normal. In 
the case of aluminum and monel, the relationship of 
intensity to orientatiOJ) was not so clear . The results 
support the hypoth esis that the source of the optical 
anisotropy of polarized-ligh t reflection from cu bic 
meLals is an ol'iented- surface con tour . 

The authors acknowledge cap able assistance of 
Ellen A. Buzzard in preparing the metallographic 
specimens and express their gratitud e to Mrs. 
Buzzard and Ruth E. Dowden for aid in the prepar a­
tion of many of the dr awings and photogr aphs used. 
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