
Electron Probe Microanalyzer and Its Application

To Ferrous Metallurgy

by R. Castaing, J . Philibert, and C. Crussard

AP PARATUS described in this paper uses the
proper t ies of Xvradiation , emitted by substances

under electron bombardment, as a means of rapid
chemical point analysis. The method is based upon
the princip les of emiss ion X-r ay spectrography
pio neered by Moseley in 1913.

A ve ry finely focused beam of electrons- the
electron probe-is projected on the surface of a
sample, which has a very large area compared with
the beam di am eter , at the poi nt where it is desired
to know the chemical composition. The mi nute vol­
ume of the sa mple which is thus irradiated emits
a complex X -ray spectrum consisti ng principally of
the characteristic radiations of the el ements present
in the volume. Measurement of the wavelength and
in te nsity of each component of this spectrum thus
affords a simple method of determin ing the chemical
identity and concen tration of these elements .

The vo lume of sample which is analyzed at each
position of th e beam is limited by the diffu sion of
electrons in the sample . For an accelerating pot en­
tial of the electron beam of about 30 kv, which is
a convenient value for producing the characteristic
radiation, this diffusion exten ds over a di ameter of
abo ut 1 p. norma l to the beam, and a bo ut 2 p. in th e
d irect ion of the beam . Thus a beam of 1 p. in diam e­
ter leads to a volume of abou t 2 p. in d iameter being
irradiated . The limit s of the anal yzed region a re
thus conside rably smaller than those obtained by
usin g spark or arc emission spectrometry, w hich
m us t extend to about 50 p. at right angles to the
beam, and those obtained in X - ray fluo rescence
analysis, w here the penetration of the specimen is
considerably greater.

The ap paratus itself consists of three m ain pa rts :
an electron optical system , an X-ray spectrograph
and an op t ical microscope. The elec tron op tical sys­
tem cons ists of a tun gsten ca tho de emi tting the elec­
t ron s, and a pair of magn eti c lenses which foc us the
electron beam on the specimen to be analyzed. The
specimen is prepared in the usu al way, as in optical
micrography. The X - radiation, emitted at the focal
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Fig. I-General layout of the elect ron probe microanalyzer.

spot where the elect ro ns strike the sample, is ana­
lyzed with a curved crystal, Geiger-Muller coun ter,
vacuum spectrograph. The light micro scope, de­
signed to observe the surface of the sa mple in the
region to be analyzed, is p rovided wi th a reflect ing
objective placed on the axis of the second magn etic
lens. It s m agn ification is X4 50.

The quan t ita ti ve deter mination of an ele ment A
in the analyzed region is m ad e by m easur in g the
intensity I ., of a strong characteristic lin e of the ele ­
ment, as emitted from the sa m ple , and then the
in tensity leA) of this sa me line as emi t te d fro m a
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Fig. 2-View of the open spec­
t rometer .

piece of pure element A moun ted near the sam ple.
It can be shown, and this is one of the greatest ad ­
vantages of this technique, tha t the ratio IAII(A) is
to a fir st approximation eq ual to the concentration
of element A in the sample. T he comparison of these
in tensities of radiation of the same wavelength
makes the m ethod absolute, and avoids the use of
standard alloys of composition covering a range of
composition including that of the specimen. This
factor is of prime importance if the method is to be
of any practical use, since it would be impossible
to make a series of standards which would be homo­
geneous on the small scale required for this tech­
n iq ue.

An exact analysis requires that corrections for
self - absorp tion in the specimen and fluorescence
radiation be made. .Graphs and eq uations givi ng
these corrections have been established and, afte r
d ue a llowance, it is possible to obtain a p recision of
about 1 pet fo r chemical analyses.

T he equipment described here, called her ea ft er
a microana lyzer, enables the determina ti on to be
made of all the elements of a tomic n um ber greater
than that of chlorine. It may be possible, by the
use of specia l counters, to ex tend this limit down­
ward in a tomic n umber to include alumin iu m and
m agnesium . The analysis for very light elemen ts ,
such as carbon, whose characteristic r adiation is
extremely soft, raises problems of technique w hich
might make the method unsuitable for industrial
use.

This m etho d of rapid chemical analysis has al ready
fo und many uses in the field of m etallogr aphy , and
may also be extended to the study of non-conductors,
providing these are firs t coated w ith a very thin
m etall ic layer (about 3 m « thick) , w h ich makes the
surface conductive. Thus an im po r tan t field of ap ­
p lication is opened up in mineralogy. The study of
certain elemen ts in m ar ine sedi men ts has a lready
been successfu lly carrie d out with this equipment.

It must be poin ted ou t that the limit of r esolu tion,
normal to the beam , so far obtained (about 2 /-,), is
not in heren t in the m ethod itself, but resu lts from
the use of relat ively thick samples. If very thin
samples were used, suc h as ca n be obtained by ion ic '
bombardm ent through w hich the beam could pass
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Fig. 4-Manganese segr egation in Hadf ield st eel. Zones of
high manganese content (a , b, b', and c) corr espond to th e
carb ide-containing bands , see Fig. 3.

Fig. 3-Hadfield st eel with segregation bands, an nea led 2 hr
at 850·C. Note that the impact spot s are smalle r than the
black dots , due to a spread ing of the conta mination a round
the impact. Etched with nital. X450. Reduced approx imately
35 pct for reproduction.
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Fig. 6-Schema tic diagram of oxida t ion of a Ni-Cr alloy .

that p urpose, sections pa r allel to the axis of th e r od
have been examined by conven tional m icrography
an d with the m icroanal y zer . The banded structure
is rev eal ed markedly after an an neali ng a t 850°C
for 2 h r by carbides precipitated along some b ands,
as shown in F ig. 3.

A row of black dots seen in the same figure r epre­
se n ts the successive impacts of the electr on p rob e,
when the sa m ple has been analy zed in the appa­
ratus. These impacts are due to contamin a tio n by
an elect ron beam of increased intensi ty .

Segregation has been observed a long that line ,
Fi g. 4. Zo nes of h igh manganese content cor respo nd
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withou t sca tter ing, this limit could be decr eased
still further without the technique becoming sign ifi­
ca n tly more complicated.

Construction of the Apparatus and Preliminary Trials
Tw o m icr oanal y zer s have been constructed at t he

Office National d 'E tudes et Rech erch es A er o­
n autiques (ONERA) to the d esign of one of the
a utho rs .v" The cost of constr uction w as bo rne by
ONERA and IRSID '(Institu t de Recherches de la
Siderurgie}, each of w hich now h as one com plete
model in operation. The layou t of the apparatus is
shown in F igs. 1 and 2.

The remain der of this paper is devoted to a de­
scription of som e prel iminary tests wh ich have been
m ade a t IRSID to es tablish some possible applica­
ti on s in m etallurgy . These were confined to studies
of segregatio n, diffusion , iden tifica t ion and analysis
of m etall ic phases and, finally , the microanalysis of
miner al s.

Segregat ion of Manganes e- Althou gh m anganese
is r eputed not to sho w major segr egat ion , it h as
lon g been known from m icroradiographic studies
that minor segrega tion occ urs! A typi cal case of this
is to be found in the banded structu re of steels t hat
conta in a rather h igh per centage of m anganese.
Quantitative information on the degree of m anga ­
nese segregation can be obtained with the equ ip­
ment descr ibed . For the purposes of illustration two
stee ls have been chosen .

T ire S tee l: The tire steel analyzed as fo llows : C,
0.55 pet ; Mn , 1.05 pet ; S, 0.026 pet; Si , 0.3 pet ; P ,
0.020 pet.

The Comstock etch, wh ich r eveals the segregation
of p hosphorus , showed the typical struc ture of t he
bands of segregation. It is interesting here to note
the presence of su lfides in the hi gh pho sp horus zones.
Ta bl e I shows the resu lts of the authors' analyse s
for m anganese and iron a t differen t location s.

These r es ults show t hat, besides the regions of
h igh m anganese con tent r esulting fro m the p resence
of su lfides, there is a con siderable increase of m an­
ganese in the m etall ic m atri x in the r eg ions where
p hospho r us segrega tes.

Had field Steel (12 Pe t Mn, 1.28 Pet C ) : A thor ough
in ves t igation of the decomposition of austenite in
this steel" ii has led to the conclusion th a t manganese
segregation shou ld be important in th is steel. For

Fig. 5-0pen-hearth steel sca le; mechanical polishing , 1)
metal; 2) FeO, ash grey; 3) FeS, yellowish grey; a nd 4) dark
grey silicate. X1200. Reduced approximately 30 pct for repro­
duction.

to the carbi de-con taini ng bands, but it should be
noted th a t the reported man ga nese conten t corres­
po nds to that of the m atr ix , and not to tha t of the
carbides, which are richer in m anganese.

Select ive Oxidation Durin g Scalin g-Scaling :
Bi llets heated in an oil-fired furnace are coated with
complex scales. W ith the microanalyzer, the va r ious
const ituen ts ca n be studied , using a m icrographic
section . T he photomicrograph of the in ter ior of this
sca le, as fo und on a typical op en- hearth billet (0.4
pet C, 0.6 pet Mn , 0.31 pet Si, 0.22 pe t Ni , 0.14 pet
Cu ) , shows the ex isten ce of four phases, Fig. 5. The
r esults of the analyses, shown in Table II , en able
the phases from the iron ( + manganese ) content to
be identi fied, the approximate compositio n of the
phases bein g known in advance. The id entifications
are given in the last column of the table.

Considerab le en r ich ment of nickel has been ob ­
served in the m etal which is surrou nded by oxides,
sulfides, an d sili ca tes, whereas those ph as es them­
se lves con tain no t r ace of n ickel. An increase in the
copper content has been found in the su lfide, w hile
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Table II. Results of Analyses

Analyzed Pel Pet Pet Pet Total of Ide n tlfi -
Region Fe Mn Ni C u Metals cation

I-White 96 0 3 0.75 100 Meta l
2-Ash grey 77 ~0.5 0 0 77 t o 77 .5 Ox ide :F eO

3- Yell owish
g rey 62 ~0.5 0 o.a 63 to 63.5 Sulfid e :FeS

4-Dar k grey 52 1 to 1.5 0 0 53 Silic a t e

Fig. 7-Fe-30 pct Cr alloy annealed at 10S0°C. Ferrite and
carbides; electrolytic polishing . X700. Reduced approximately
30 pct for reproduction.

Table III. Resul ts of Analy ses

'I'em pe ra.t ure
or lI eat

Treat men t Pha s e P et Fe P et W P et Cr Total

{ Ma t r ix 84.5 8.5 5 98
l :IOO 'C Carbide 3 1.5 60 3 94 .5

{ Matr ix 87.5 5.5 5 98
1050'C Ca rbide 31.5 56 3 90 .5

been determined , and anal yses for vanadium will
be carried out sho rtly.

The results in Table III refer to the complex ca r ­
b ides of tungsten and to the m atrix , excluding the
small carbides (of vanadium).

B. Austeniti c Steel for Turbine Blades. Small
precipi tates were obser ve d on a micrographic sp eci­
men of an aust enitic steel (for turbin e blades ) con­
taining ni ck el, chromium, and cobalt, and a small
perc entage of molybdenum, tungsten, and col um­
bium ; these were carbides of columbium, this ele­
ment being found in the precipitates only and n ot
in the matrix . It was immediately verifi ed that this
was columbium and not tantalum.

Fe-Cr A lloys : The r esults of G. Pomey on the
cT- transfor mat ion of Fe-Cr alloys" sho w that for
a 45 pet pure ch romium alloy the percentage of iron
and chromium in the " and IT-phases (IT formed by
cold-working ) are equ al. These r esults have been
confir med. Thus, th e t ransformation takes place
withou t diffusion.

By m aintaining the temperature at 1050 °C and
usin g im pure alloys, com pl ex ca r bides of iron and
of chromium can be formed , which redissolv e on ly
above 1200 °C . For a 30 pet Cr alloy, annealed at
1050 °C, F ig. 7, it was found that the matrix Wq,S

on ly slightly impoverished (28 .5 pet Cr) but , with in
4 to 5 ,.,. of the carbides, the percentage of chromium

often has a higher percentage of iron than of
manga nese.

Carbid es: In h igh-alloy steels the microanalyzer
ca n be used to foll ow the gro wth of carbides during
high -tem perature heat treatment.

A. High Speed Steel. Anal ys es have be en made
of samples used (by J . P apier) in a study of hi gh­
speed steel of the type 18- 4- 2.' The analysis of this
steel gave, in weight percent : C, 0.8; W, 18.8; Cr,
4.4; and V, 1.9.

Her e again a dir ect study of the metallic matrix
was mad e wherea s, in the usu al method, which uses
electrolytic extractio n of carbides, the composition
of t he matrix has to be det ermined by diffe rence.

The sa mples have been treated in two ways:
annealing at 1300 ° and at 1050 °C. In the first case,
th e carbides were rel atively large (about 5 ,.,.), whi le
in th e second case their dimensions were as small
as the limit of r esol ution of the microanalyzer.
Three el ements, ir on , tungsten, and ch romium, have

• • e -•

, I : .. , . "

•
•

.. . ."
~'. ......

~ .,._.-.- . "

. ' .

• (>,...
• '..

. •• •
••... ~.

•
.

•
• •
• d _'"... .I

" • es
e__-, • • II

none was observable in the oxide or in the silicate.
Finally, m an ganese was found in the silicate.

Interna~ Oxidation of Ni-Cr Alloys: In the field
of studies of the oxidation mechanism of binary
allo ys of iron, nickel , or chromium," analyses have
be en made of the products of oxidation of a Ni -Cr
allo y (4 .6 pet Cr) . A sect ion, perpendicular to the
surface, shows three distinct zones : 1) metal, 2)
metal + precipitates of Cr,O., an d 3) dense oxide,
Fig. 6.

F rom the analysis of zone 2 it has been verifi ed
that the only metal in the precipitates is chromium.
In the metall ic matrix the percentage of n ickel
varies progressively fro m 95 pet near zone 1 to 99
or 99.5 pet near the oxide zone 3, which corresponds
to a decrease in chromium due to Cr,O. precipita­
tion.

Identifying and Studying the Phase-Equilibrium
Diagrams-It has been shown above, in the study
of the scaling of billet s, that the microanalyzer can
be used for iden tifying phases of nearly sto ich io­
metric compounds. Further exam ples of this will
be given for various substances, e.g. , sulfides and
carbides. It should be noted here that the micro­
analysis of two phases in equilib r ium makes t he
establishment of the eq uilibrium diagram possib le
with considerably fewer sam ple s than with any
previous m ethod.

Sulfide»: Microanal yses have been made of two
types of su lfides encountere d in cast iron. The
yellowish grey sulfides , t he so-called iron-su~fides,

con tain 60 to 61 pet Fe and 2 to 3 pet Mn . The ash
grey sulfides, or mamqanese- su lfuies, contai n 43 to
25.5 pet Mn and 20 to 37.5 pe t F e. In both cases the
total metal con tent is always about 63 pet, It is
important to note that the iron-su lfide contains
hardly any manganese, while the manganese- sulfide

392-JOURNAL OF METALS, APRIL 19S7 TRANSACTIONS AIME



800

+ 950·C.

• 1.00Cfc.
• 1.0~crc.

.1.07S·C.

600400

10

~ 6
-0
L

C
~ 4
c

°u

o 20 40 60 80 100
otorm c concentrahon in Zr 1%1

~ 30r---1--+-t\----+--------+---+--~

o
t:
(1)
o
u 20r---+-+-''t--+---+-----+---+---+---l
c
o
ii5

tE
~ 1Or--------..---II~~~~-----h"'-----;,f-----j

+---- -----

20 40 60 80 100
penetration (micronsl

12:--------.,...----r---------,.------,
i

3 8
c

o
~~

~50r---+-+---+-----4-
I.
U
(1)
II)

NE
~401------+-++---+-----4---+----1

o

_200 200
penetration (microns)

\ I

25 ----r-I~-t -~

60r---:---.----r--------,.---.-----,

_100-====.------_~.__:

501----+----+----+-

75f----+---+--- -+-----+--"o;,---++-----t----t--------i

Fig. 8-Concentration-penetration curve of U-Zr diffusion for
48 hr at lOOO°C.

Fig. 9-Variation of
the diffusion co­
efficient with atomic
concentration in
zirconium.

Fig. 10-Concentra­
tion-penetration
curve of Cu-Fe; dif­
fusion for 64 hr at
1100°C.

went down to 26 pet. The analysis gave the follow­
ing composition for the carbide: 59 pet Cr and 31
pet Fe, which probably corresponds to the carbide
M7C3 •

. Studies of Diffusion-The microanalyzer is espe­
cially useful in studying the interdiffusion between
two metals, or alloys, at high temperature. With
this apparatus, the penetration curves can be traced
rapidly and with a high degree of accuracy. Two
studies are now being pursued: one concerning the
diffusion couple Fe-Cu; the other, in collaboration
with the Atomic Energy Commission, concerning
the couple U-Zr. From these curves the diffusion
coefficients, their variation with concentration the
activation energy, and (for diffusion in multiple
phases) the limits of solubility, can be obtained.

Both concentration penetration curves are given
here in order to indicate the high degree of pre­
cision the method can yield.

1) For a general study of U-Zr diffusion, U-Zr
couples formed by welding at 600°C under a high
pressure have been utilized, and diffusion curves
obtained in the temperature range where v-uranium
dissolves in all proportions in j3-zirconium.10

Fig. 8 shows the penetration curve studied after
a diffusion treatment of 4 hr at 1000°C. For these
measurements, the Kat rays of zirconium and L«,
rays of uranium were chosen. The diffusion co­
efficient was observed to vary considerably with the
atomic concentration C of zirconium. The values of
the diffusion coefficient ate = 10 pet and C = 95
pet are 3.2x10-\l sq em per sec and 8.0x10-1o sq em
per sec, respectively; the diffusion coefficient is also
seen to pass through a minimum of 4.3x10- IO sq ern
per sec at c = 80 pct, Fig. 9.

2) The Fe-Cu couples were made by vacuum
melting pure copper in pure iron crucibles above
the temperature at which E-phase is formed, i.e.,
above 1094°C.1l

The diffusion of copper in iron was seen to pro­
ceed mainly along grain boundaries. After quench­
ing and etching, each grain is seen to be surrounded
by a succession of differently colored rings. The
copper concentration in these aureoles have been
measured from the interface Fe-Cu or from grain
boundaries to the interior of the grains. Fig. 10
shows the results obtained by a diffusion treatment
of 64 hr at 1100°C. The solubility limit of copper
in iron, measured very near the y/y + liquid inter­
face, is seen to be 10 pct (in weight).

The penetration of copper in iron indicated in the
graph is measured along a direction in the plane of

observation, but this plane is oblique to the plane
of the interface.

Studies of Iron Ore-It is possible to study non­
conductors as well as metals, provided they receive
a special preparation such as metallizing.

Oolites, extracted from a Lorraine are, were
studied in this manner. These were first embedded in

Iron Ore

First oolite

Second oolite

Table IV. Results of Oolite Analysis

Analyzed Region

{

Cen t r a l nucleus
Black zones
White zones
Grey zones

{

Cen t r a l nucleus
Black zones
Dark grey zones
White zones

Fe, Pet

50.5
43.5 to 44.5
48.5 to 49.5
45.5 to 46.5

52.5
42.5

45.5 to 46.5
48 to 49

plastic, and mechanically polished, Fig. 11. Analy­
ses of the iron contents were made of the nucleus
and the various concentric layers of the oolite, Table
IV. The percentage of manganese in oolite is too
low to permit precise measurements; however, it
seems that the zones which are richest in iron are
also the richest in manganese.

Conclusion
This short survey of the first results obtained

with the fine-focus emission spectrometer demon­
strates the great variety of its applications. It is
possible to carry out local analyses of non-conductors
(such as ores) as well as metals or alloys of one
or more phases and, further, to measure all the
variations of composition within one phase such as
a segregate. The very light elements cannot be de­
termined, as has been stated in the introduction.
The microanalyzer has also been used to find the
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Fig. II-Oolite from the ore of Sainte-Barbe, embedded in
plastic and mechan ically polished. X150. Reduced approxi­
mately 25 pct for reproduct ion.

composition of non - metallic inclusions, of su lfide s,
carbides, and oxides formed by internal or surface
oxidation. By analyzing the surrounding matr ix ,
the distribution coefficien t of variou s elements be-

tween precipitates and matrix is automatically
obtained. If the precipi tates hav e been obtained by
prolonged annealing at a fixed temperature, it is
easy to establis h the equi librium di agram.

Experience has shown th at the accuracy of these
analys es is excellen t . The relative error is about 1
pet for percentages which are not too low . The
detection thresho ld of an element seems to be at
concentrations of about 0.2 to 0.3 pet.
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Oxidation of Zirconium Between 400° and 800°C

The vacuum microbalance method is used to study the oxidation reaction for two surface prep­
arations over the temperature range of 400° to 800 0e. The results fit in well with the authors pre­
vious work at temperatures of 200° to 425°e and with the work of other groups at higher tempera­
tures. An analysis of the rate data shows that the cubic ra te law fits the experimental data best
for the abraded specimens. However, the parabolic rate law can be fitted to the data if an initial
deviation is disregarded. W ith chem ically polished spec imens, a good fit is obtained with the para­
bolic rate law. The parabolic rate law constant A gives two straight lines when plotted as log A vs
1I T. For the temperature range of 200° to 525°C an energy of activation of 18,200 cal per mol is
calculated while a value of 28,600 cal per mol is calculated for the temperature range of 525 ° to
750 0e. The results of this work bring together the prev iously determ ined high-temperature oxida­
tion studies of Cub icc iotti with the early low-temperature studies of Gulbransen and Andrew.

by Earl A . Gulbransen and Kenneth F. Andrew

D RY ox idation of zir con iu m has been studied by
several groups.r" The present work extends our

early study' to the high- temperature studies of
Cu bicciotti" and Bell e and Mallett." Gulbransen and

E. A. GULBRANSEN, Member AIME, and K. F. ANDREW are
associated with the Research Laboratories, West inghouse Electr ic
Corp., Pittsburgh.
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Andrew' showed that the paraboli c rate law fit ted
the 2- hr experiments between 200 ° and 425°C after
a n initial devia tion. An energy of activation of
18,200 cal per mol was calculated . Cu bicciotti,' in a
study between 593 ° and 880°C, showed t ha t the
parabolic rate law fitted the data and an energy of
ac tivation of 32,000 ca l per mo l was calcula ted . In
contrast to these studies on sheet specimens , Belle
and Ma lle tt" studied the oxidation reaction on rod
specimens and found a cubic rate law to fit the dat a.
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