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Abstract

A new method of general applicability for analyzing data from anomalous
dispersion small-angle X-ray scattering (ASAXS) measurements is described.
ASAXS is used as a contrast variation method to label the scattering from a single
element in a complex material containing several types of scatterers. The contrast
variation is achieved through the anomalous dispersion of X-rays. Thus only one
sample is required for a complete analysis. To label a scatterer by ASAXS, the
atomic scattering factor of an element in the sample is varied by the selection of
photon energies near the absorption edge of the element. Careful selection of the
photon energies allows the contrast of only the labeled scatterer to change. Data
from several small-angle scattering measurements, each conducted at a fixed
energy, are combined in a single analysis.. The gradient method, used as an
extension to a standard SAXS data analysis method, is demonstrated by isolating
the volume fraction size distSbution of Crz3C6 in 9Cr- 1MoVNb steel.
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persion small-angle X-ray scattering (ASAXS) measurements is described. ASAXS

is used as a contrast variation method to label the scattering from a single element

in a complex material containing several types of scatterers. The contrast variation

is achieved through the anomalous dispersion of X-rays. Thus only one sample is re-

quired for a complete analysis. To label a scatterer by ASAXS, the atomic scattering

factor of an element in the sample is varied by the selection of photon energies near

the absorption edge of the element. Careful selection of the photon energies allows
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!. IN'I'IIOI)U("I'I()N

_illa.li-_ulgl_; X-my ,,.;citttcl'illg (SAXS) lla.'-;lj_:_;;olil<;well-r_:cogniz<:d_Lsa l)rl;lilier

technique for the characterization of a wide variety of inaterials. (Guinier _ l'burnet,

1955, Brumberger, 1965, Kostorz, 1979, Glatter & Kratky, 1982) SAXS can be used to

obtain microstructural parameters such as the mean size, total interracial surface area

per unit volume, volume fraction, and size distribution of scatterers with characteristic

linear dimensions on the scale of nanometers to micrometers. Precipitates, voids,

oxides, and composition-modulated structures are typical of the scatterers observed

in condensed matter samples. Microstructural parameters are extracted from the

magnitude and shape of the X-ray intensity profile scattered at small angles from

the transmitted beam. Ordinarily, SAXS does not discriminate with respect to the

scattering species. For materials containing several scattering species, the measured

scattering pattern represents a combination of the individual patterns from each of the

various scattering types present. The size distribution of a particular species can be

calculated from the whole for the special case in which its scattering is well-separnted

from all the rest. This situation arise._when the size range of the given species is very

different from that of the other scatterers. However, in general, it is impossible to

separate the scattering of one species from the total (measured) pattern.

In neutron scattering, one experimental technique commonly used to separate

scattering species is contrast variation. In Isotopic substitution Small-Angle Neutron

Scattering (Simon, Lyon, & de Fontaine, 1985) (ISANS), the contrast of one scatterer

is varied while the contrasts of all the other scatterers are kept constant. An example

is the substitution of deuterium for hydrogen. Similar to isomorphous replacement,

ISANS requires a different sample for each variation in contrast. For complicated

materials, this means that many sample preparations and many independent SANS

measurements are required. An inherent problem with this technique is the necessity

3
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f<_,"illstlt'itlg t,llat, cxc<+'l+tfor t,ltc i:;otol+iC sttbstittit, iotts, tim" satl_l>l<_'s_u'e idcntic_d.

For X-t'ays, cotltr,'w,t v,xriation is available by changing tim ettergy of tire incident

pliotoas, thereby making use of anomalous dispersion. We will call this technique

Anomalous dispersion Small-Angle X-ray Scattering (ASAXS). The same sample is

used for all measurements, avoiding the potential microstructural differences among

samples associated with ISANS. With the current generation of high-intensity, broad

spectrum, synchrotron radiation X-ray sources, ASAXS is a.vMla,ble for the study of

scatterers containing 3d transition elements and the lanthanides, which are funda-

menta_l to many important complex materials.

ASAXS techniques are based on the fact that the atomic scattering factor of

a particular element changes significantly when the energy of the incident photons

approaches the binding energy of one of the core electrons of that element. Thus

the ASAXS contrast variation is a continuous function of photon energy, allowing

the selection of numerous contrasts for each sample. Shevchik (Shevchik, 1977) pre-

sented a method for frequency-modulated X-ray diffraction using anomalous disper-

sion. Shevchik's method relies on the continuous nature of the scattering contrast as

a function of photon energy to extract information about the labeled atom. A theory

of differential anomalous scattering has been presented elsewhere (Fuoss, Eisenberger,

Warburton, <_ Bienenstock, 1981). With the differential technique, two experiments,

each at a different photon energy, are combined in a single analysis. The differential

technique is suitable for both ASAXS and ISANS. In the present paper, we describe

a gradient method for collecting and analyzing the data from an ASAXS experiment.

With the gradient method, an arbitrary number of measurements, each at a different

photon energy, are combined together in a single analysis in a manner similar to that

proposed by Shevchik.
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A. SAXS

Assume that a sample consists of a matrix that contains scatterers of uniform

composition and shape, randomly-dispersed, and distributed in size, and that scat-

tering interference between the scatterers is negligible. The differential scattering

cross-section of the small-angle scattering from such a sample, dE/dl2(h), can be

written as:

dE oo

IzXPI_ fo a(h,r)_(r)dr, (1)T6(h)

where h = (4_r/A) sin(0), A is the wavelength of the incident photons, 20 is the scat-

tering angle, IApl 2 is the scattering contrast of a scatterer with respect to the matrix,

G(h, r) describes the morphology and volume of the scatterers and instrumental ef-

fects such as collimation and the incident spectrum, and 9_(r)dr is the volume fraction

of scatterers of characteristic linear dimension r in a bin of width dr. The X-ray scat-

tering contrast,

IApI2= IP,- pol - r. Acz fz , (2)

is the square of the difference in scattering length density between the scatterer (p,)

and the matrix (po). Here r,. = 2.818 fm and Z is the atomic number of the element

with concentration difference ZXcz between the scatterers and the matrix. Taking r

as the sphere radius, the morphology term for spherical scatterers, assuming perfect

collimation and monochromatic incident radiation,
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i_. All,)tn_dous I)i._lw.r:dc)n

For X-re.y sc,_ttcrilq_ at sIil;Lll a.ngics, tile atolnic scattcring f_ctor of clement Z,

f (E) = Z + f (E) + if (E), 0)

where the latter two terms are the corrections due to anomalous dispersion. When

the energy, E, of the incident photons, is near the binding energy, Eb, of one of the

core electrons in element Z, the real part of the anomalous dispersion corrections,

f'z( E) ,'., 9b ln [ Eb - E IEb ' (5)

where gb is the oscillator strength (James, 1965) of the core electron. The imaginary

part, f", is due to absorption in the sample. For E slightly below E_, f" is small and

independent of E. When E becomes greater than Eb, there is a significant increase

in the absorption of X-rays, as required for the liberation of the bound electron.

Anomalous dispersion effects continue to be important even for energies fax removed

from the vicinity of absorption edges. Thus it is necessary to include the f' and f"

terms for all elements in the system to be studied.

The core electron binding energies vary in a systematic fashion with atomic num-

ber, as shown in Fig. 1. The core electron binding energies of the K shell electrons are

well separated to allow their use in labeling the scattering due to individual elements.

For example, Fig. 2a, based on the calculations of Cromer and Liberman (Cromer

& Liberman, 1970) demonstrates this separation for two elements (V and Cr) with

adjacent atomic numbers (Z -" 23 and 24) at energies near the K absorption edge.

The core electron binding energies of the L shell electrons have a more complicated

separation, as shown in Fig 2b for the elements La and Ce (atomic numbers 57 and

58). There are three edges for the L electrons. ASAXS measurements are conducted

below the LIn edge to avoid fluorescence (to be discussed later).



C. ASAXS

'l'lle ellc'rgy-th.,l_etl_leilt sclttteri,lg contrast

'&P'2(E) = Ir_-_Aczz [Z+ f_(E) + if_(E)]l 2. (6)

As already noted for samples of complex materials with more than one type of

scatterer, it is not possible to solve Eq. (1) for the size distribution of each scatterer

by means of a single photon energy experiment. The small-angle scattering from a

complex material,

dl; "h = oo
-_[ ,E) _IAP[='(E) fo G,(h,r)_o,(r)dr, (7)

at

where the sum is over all the different species s of scatterers. However it is possible

to obtain a weighted size distribution from the measured intensity. We call that

weighted size distribution the scattering strength distribution, defined as:

xT(r, E) =--_ IApl,2CE)oatCr), (8)
at

where the sum is over all the different types of scatterer. The scattering strength

distribution for each different photon energy is obtained as the solution of

-_(h,dEE) = fo°°G(h,r)xr(r,E)dr, (9)

assuming that all the scatterers can be described by a common morphology term

G(h, r). Solution of Eq. (8) for the individual _oat(r)is then contingent upon obtaining

sufficient variation in IApl2at(E)from experiments at different photon energies to label

each scatterer.



!11. I,;XI' i';IH MI';N'I'A I,

A. l'hotou Euergy Selectioa

The energy spread of the incident X-rays affects tile selection of the photon energy

for anomalous scattering experiments. For a double crystal monochromator at an X-

ray synchrotron, the intensity in the tail of the energy spectrum is proportional to

(E0- E) "-4 where Eo is the incident photon energy. Fluorescence occurs for E > Eb,

where Eb is the absorption edge to be used in the anomalous scattering experiment.

E0 should be chosen to minimize the fluorescence, since it increases the background.

Because of fluorescence, anomalous scattering measurements are conducted with E0 <

Eb.

Another consideration when E0 < Eb is the intensity of resonant Raman scattering

(RRS), another form of inelastic scattering. The intensity of RRS (Sparks, 1974,

Eisenberger, Platzman, & Winick, 1976) goes as -._ 1/(Eb - Eo). The success of an

ASAXS experiment depends on producing a large change in fz(Eo) as the photon

energy moves away from the absorption edge of element Z. The maximum change in

f_z(Eo) occurs at E0 = Eb, as seen from Eq. (5). However, the presence of RRS and

the long energy tail of the monochromator spectrum require that the photon energy

nearest the absorption edge be chosen at least 2 to 3 monochromator resolution

elements below Eb.

The photon energy farthest from the absorption edge is chosen to obtain the

maximum difference in f'(Eo) from the near-edge value while holding nearly constant

the scattering factors of all other elements in the system. For the Or K absorption

edge, Eb = 5989 eV. The difference between the near and far energies can be about

200 eV, which gives Af ,-_ 3 e.u., or zSf/f _ 0.1 at h = 0 (Fig. 3).
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I_. (,ra.dieut Method

The gr_tdieat tu<.,tltod for ASAXS is useful witch olte cart lind a range of pllotoa

energies such that tile scattering contrast of only the labeled scatterer changes while

that of the other scatterers remains constant. In this case, from Eq. (8),

<gzr

I = q0,(r). (I0)OIApI_ ,,laol+,la,l]....

An exampleofa complexsystemtowhichthegradientmethod isapplicableis

the ferritic/martensiticsteel9Cr-IMoVNbwhich has smalladditionsofthestrong

carbideformersV and Nb. The nominalcompositionofthisalloyisgiveninTableI.

CompletedetailsoftheASAXS experimentaregivenelsewhere(Jemian,Weertman,

Long,& Spal,1991).Three precipitateshavebeenobservedby transmissionelectron

microscopy(Mamiasz& Klueh,1990,Mamiasz& Klueh,1991):NbC, VC, and Crm<2+.

The totalamountofextractedprecipitateobservedbyTEM was a fewweightpercent.

Broad beam X-ray energy dispersive spectroscopy (Maziasz & Klueh, 1991) (XEDS)

showed the partition of extracted precipitates to be 10-15% VC+NbC and 85-90%

Cr23C6. From the alloy composition, if all of the V and Nb atoms axe in the carbides,

one would expect about four or five times more VC than NbC.

The binding energy of Nb K electrons, 18986 eV, is at the upper limit of the

monochromator at many synchrotron X-ray beam lines. The binding energies of V

and Cr K electrons, 5465 and 5989 eV, respectively, are near the low end of _;he

energy range accessible to the hard X-ray monochromator. Thus, the K edges of V,

Cr, and Nb are all accessible. However, the low observed amount of NbC implies

that its scattered intensity would be quite low. The large expected volume fraction of

Cr23C6 scatterers, combined with a significant Acc_ makes the K edge of Cr the most

suitable for a demonstration of the ASAXS gradient method. ASAXS experiments

at the Cr K edge were made to label the scattering from a distribution of Cr23C6 in

9



t,l.: 9Cr-I Mt)VNI) sl,<:<:l.

Attomalous dispersio,, corrections, f'(E) and f"(IS) for Cr, were calculated from

EXAFS-type transmission measurements (Jemian, Weertman, Long, & Spal, 1991)

from a sample of the 9Cr-IMoVNb steel. These are compared in Fig. 3 with theoretical

calculations (Cromer _ Liberman, 1970). Agreement to within 4-0.2 electron units

was found between the experimental and theoretical values (disregarding the EXAFS

structure observed on the high-energy side of the absorption edge). Also indicated in

Fig. 3 are the three photon energies (a, b, and c) used for the ASAXS measurements.

The calculated scattering contrasts of NbC, VC, and Cr23Co are plotted in Fig. 4

for the three energies we used near the Cr K edge. Across this energy range, the

contrast of NbC is nearly constant and quite low. While the scattering contrast of

VC is two to three times greater than that of Cr23Co, the scattered intensity from

the Cr2zCs precipitates in the 9Cr-IMoVNb steel should be greater because of their

larger volume fraction and larger size (as known from TEM measurements, Maziasz

& Klueh, 1991). Also, the change in the scattering contrast of VC across this energy

range is small while the contrast of Cr23C6 changes by a factor of three. The change

in the scattering contrast of Cr23Co is due to the decrease in the atomic scattering

factor of Cr produced by anomalous dispersion. While there is also Cr in the matrix,

its concentration in the Cr2aCs particles is much higher.

The ASAXS intensity curves at the three energies near the Cr K edge are shown

in Fig. 5 for the sample aged 5000 h at 755 K. The data points correspond to the nor-

malized measured intensities. A scattering strength size distribution, zr(r, E), was

calculated from each curve, after Eq. (9), using a maximum entropy constraint (Pot-

ton, Daniell, & Rainford, 1986). In the calculations, it is assumed that the carbides

are spherical, as described in Eq. (3). The three distributions are shown in Fig. 6.

Tile lines shown in Fig. 5 are the intensities back-calculated from xr(r, E). Tile solid

10
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li_t('s in Fig. 6 l_a.vcI)(,(._ drawl_ to g_i(h" tl_c ('yc.

' /k 2'rl,__l,,_,(,or ,_i)t(,tor_-r(,',E) _. I Plcr_C°(E),

i:gxT(r, E) I
_-_c_,_c0(_), (it)

gives the volume fraction size distribution of chromium carbide, _pc,_c_(r), as shown

in Fig. 7. The form of Eq. (11) reflects the fact that IApl_cand 2IApiNbcchange

negligibly over the 200 eV energy range of the scattering experiments near th,_ Cr K

absorption edge. Fig. 8 shows Tc_23c_(r) obtained for the 9Cr-IMoVNb steel sample

subjected to 5000 h aging at 755 K. The symbols indicate the values derived f'om

Eq. (11). The vertical bars are the standard deviation of each value and indicate the

estimated margin of error in the analysis. These errors represent the level of confidence

one can expect from the size distribution. With such low signal-to-noise ratios, the

small features in the size distribution were taken to be statistically insignificant. The

curve was then smoothed (solid lines) to guide the eye. The estimated total volume

fraction of Cr2aC6 is 0.0071(1). The volume-weighted mean diameter is 194(1) nm

and the half-width of the distribution is 134(2) nm.

C. Discussion

Anomalous scattering measurements can be used to label a single type of scatterer

in a complex system using a single sample. Through the use of a gradient method

involving three or more experiments, a statistical analysis is possible which provides

an estimate of the systematic error in the procedure.

The gradient method may be applied either to the scattering strength distribu-

tions, as in Eq. (10) or to the differential scattering cross-sections themselves before

data reduction, as in

I a,(h,
II
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'i'litis l,ll<' graxlicill, ili_;i,lio_l lll_l.y lic illeorlloraix:_! illto ._i,aild+u'd nlotliods o[ small-

a,iigl(; scattering analysis. Ill the (;xaiul)le prcs(;nted h('rc, the gradient method iia.s

been uscd to extract the particle size distribution of Cr23C6 precipitates from an

overall distribution weighted by the additional effects of distributions of VC and NbC

precipitates.

We mention in passing that the gradient method may be extended to small-

angle neutron scattering from bulk ferromagnetic polycrystalline samples containing

paramagnetic scatterers. For magnetic SANS, the scattering contrast is a continuous

function of the angle between the scattering vector and a saturation magnetic field

applied to the sample. Compare this with ASAXS in which the scattering contrast is

a continuous function of photon energy.

Application of the gradient method is usually limited in several respects. Funda-

mentally, the scattering contrasts of all the unlabeled scatterers must be held constant

(or nearly so) for all experiments. This requirement is relaxed as the relative amount

of unlabeled scatterers decreases. The scattering contrast is proportional to A_z; only

elements with a large difference in the atomic enrichment between the scatterer and

the matrix can be labeled. A high-intensity, broad spectrum source of X-rays, such

as synchrotron radiation, is required to obtain the contrast variation from a typical

material where the volume fraction of labeled scatterers may be on the order of 1%.

At the National Synchrotron Light Source, the available range of photon energies,

typically from 5 to 20 keV, allows one to probe the anomalous dispersion effects of

the 3d transition elements and the lanthanides. On the low energy end of this range,

absorption along the optical path is usually the limiting factor. The highest energy is

limited by the available spectrum of the source. For double-crystal monochromators,

the energy bandpass and long tails of the double-crystal monochromator spectrum

limit how close to the absorption edge one can select photon energies without being

12



.ll'o(,t,o_l i_y IIt,oroscc.tlcc. i,i tt, ra, these li,nit I.llc ,tt..xittlttltt (:l,a,tgc ilt Af/f possi-

ble. ilowcw'.r, even i,I tile case of very small AE/E, iifct.itttc bro_tdetting of the core

hole (Shevchik, 1977) limits &fir to ca. 30%.

IV. CONCLUSIONS

To use anomalous dispersion, the scatterer to be examined must contain an el-

ement with an absorption edge that is accessible to a synchrotron X-ray beam line

monochromator. This generally includes the $d transition elements and the lan-

thanides. Additionally, a scatterer containing the labeled element must comprise a

significant volume fraction of the sample. The concentration of the labeled element in

the scatterer must differ significantly from that in the matrix. ASAXS has an advan-

tage over ISANS in that only one sample is required for a complete X-ray analysis.

It has been shown that the anomalous dispersion effect is sufficiently localized in

photon energy to allow the labeling of a single scattering species by contrast variation.

Variation of the incident photon energy by ca. 200 eV near the binding energy of

a K electron of a $d transition element is sufficient to obtain a change in f'(E) of

2 ,-, 3 e.u. To illustrate the effect of this anomalous dispersion difference on the

scattering contrast, a change of about a factor of three in the scattering contrast of

Cr23C6 in a 9Cr-IMoVNb steel was calculated for a 200 eV energy variation near the

Cr K absorption edge.

The gradient method relies upon the ability of the experimenter to vary the

scattering contrast of the labeled scatterer while holding the contrasts of the other

scatterers constant or nearly so. To illustrate, the gradient method was used to

label the size distribution of a single scatterer (Cr23C6) in a complex system (9Cr-

1MoVNb steel) and to assess its statistical reliability through the use of experimental

data from several different scattering contrasts. X-ray anomalous dispersion was used

13



a.._l.l_<"co,ll0ra.,_l,va.ria.i.{<),111e(:l_uli._,ll.l,(or,lla.tiollfE'_)tll<:<)tnl)l(:,lWI11,_u'Ytccli,li<lUC_,

sll<:ll ,_s TEM a.d XEi)S, w_ useful in the analysis. Applic_tio. of t,he gra(tie.t

metlLod was made by building upon existing data analysis techniques. A method for

e×tending the gradient method to magnetic SANS has also been suggested.
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FIG. 1. Core electron binding energies (absorption edges) accessible in the synchrotron

X-ray region.

FIG. 2. Anomalous dispersion terms /'(B) and f"(E) vs. photon energy, calculated

by the method of Cromer and Liberman (Cromer & Liberman, 1970). (a) For vanadium

and chromium (Z = 23 and 24), and (b) for lanthanum and cerium (g = 57 and 58). The

three different L-electron binding energies are indicated for Ce.

FIG. 3. Chromium anomalous dispersion terms J'(E) and f"(E) vs. photon energy,

near the Cr K edge (5989 eV). The symbols are experimental values calculated from trans-

mission data of the 9Cr-IMoVNb steel, while the solid lines are calculated by the method

of Cromer and Liberman (Cromer & Liberman, 1970). The energies used for the ASAXS

measurements are indicated as a = 5974, b = 5949, and e = 5789 eV (Jemian, Weertman,

Long, & Spal, 1991).

FIG. 4. Calcui,_ted scattering contrasts of NbC, VC, and Cr23C6 with respect to the

matrix for three energies near the Cr K edge (5989 eV). Energies a, b, and c refer to the

energies indicated in Fig. 3 (Jemian, Weertman, Long, & Spal, 1991).

FIG. 5. SAXS from a sample of 9Cr-IMoVNb steel aged 5000 h at 755 K. Size dis-

tributions (see Fig. 6) are calculated from the experimental data (symbols). From these

17
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distrihutious, the i=ttensit.y<:t=rv,'._;_rcb;tck-c;dcula,tcd for coutpa,rlsol=with the,*'xpcrilucata.I

d;tta. C,iJrvesa, b, and ¢ refer to the l>hotoaeuergies iudic=_ted iu Fig. 3 (.lemiau, Weertman,

Loag, & Spal, 1991).

FIG. 6. Scatteringstrengthsizedistributions,xz(r,E), calculatedfrom theexper-

imentaldata of Fig.5. Curves a, b, and c referto the photon energiesindicatedin

Fig.3 (Jemian,Weertman, Long,& Spal,1991).

FIG. 7. Illustration of the ASAXS gradient method for two diametral bins (86 and 250

nm) in the Cr23C6 volume fraction size distribution of the sample aged at 755 K (Jemima,

Weertman, Long, _ Spal, 1991).

FIG. 8. Volume fractionsizedistributionofCr_C6 in9Cr-IMoVNb steel,determined

by the ASAXS gradientmethod. The sample was aged 5000 h at 755 K. The vertical

barsrepresenttheslopeofthe gradientanalysis.The solidlineissmoothed to guidethe

eye (Jemian, Weertman, Long, & Spal, 1991).
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'I'A III,I.,S

't'AIlI, E I. Nominal composition (weight percent) of 9Cr-lMoVNb steel Carpenter Tech-

nology heat #30394. The principal alloying elements are Fe, C, Cr, Mo, V, and Nb.

C N AI Si P Ti V Cr

.084 .053 .014 .4 .01 .005 .198 8.57

Mn Fe Co Ni Cu Nb Mo W

.46 balance .055 .09 .04 .073 1.02 .05
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