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ANALYSIS OF RADIATION-INDUCED MICROCHEMICAL EVOLUTION IN 

300 SERIES STAINLESS STEEL 

H. R. Brager and F. A. Garner. 

Hanford Engineering Development Laboratory 
Richland, Washington 

The irradiation of 300 series stainless steel by fast neutrons leads to 

an evolution of alloy microstructures that involves not only the formation of 

voids and dislocations, but also an extensive repartitioning of elements be

tween various phases. This latter evolution has been shown to be the primary 

determinant of the alloy behavior in response to the large number of variables 

vrhich influence void swelling and irradiation creep. The combined use of scan

ning transmission electron microscopy and energy-dispersive X-ray analysis has 
I 

been the key element ~n the study of this phenomenon. Problems associated with 

the analysis of radioactive specimens are resolved by minor equipment modifica

tions. Problems associated with spatial resolution limitations and the com

plexity and heterogeneity of the microchemical evolution have been overcome by 

using several data acquis~tion techniques. These include the measurement of 

compositional profiles near sinks, the use of foil-edge analysis, and the 

statistical sampling of many matrix and precipitate volumes. 
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Introduction 

The irradiation of metastable alloys such as AISI 316 and 304 has recently 

been shown to lead to two concurrent and interactive evolutions, one involving 

the microstructural components associated with swelling and irradiation creep, . 
and. the other involving extensive repartitioning of elements between the matrix 

a~d various phases (1-5). Presented in this paper is the key role played by 

scanning transmission electron microscopy (STEM) and energy-dispersive X-ray 

(EDX) analysis in the identification 'and study of this latter phenomenon. The 
• 

following sections discuss the modifications of.commercially-available STEM/EDX 

equipment necessary to overcome the difficulties associated with examination 

of radioactive specimens, and the types of data acquisition procedures used to 

determine the complex nature of the microchemical/microstructural evolution. 

Finally, a summary is presented of the radiation-induced evolution of AISI 316 

as revealed by a combination of STEM/EDX and other techniques, and the impact 

of this evolution on dimensional and mechanical properties. 

Modification of STEM/EDX Equipment 

The majority of the measurements described in this study were performed 

on a JSEM-200 STEM equipped with a Kevex energy-dispersive X-ray detector 

system connected to a Tracor~Northern 880 multichannel analyzer. As described 

elsewhere (6), the analysis of radioactive specimens is compli~ated by the 

presence of both gamma radiation and characteristic X-radiation. Typical 

activities due to long-lived isotopes in AISI 316 specimens (nominally 3 mm in 

diameter and 0.25 mm thick) measure about 10 Rad/hr at 2.5 em after irradia

tion to 1 x 1023 n/cm2 (E >0.1 MeV). The decay-gamma rays cont+ibute to in

creased deadtime in the X-ray detector system and a decreased spectral resolu

tion, while the X-r~ys ch~racteristic of various decay-daughter isotopes pro

vide a false indicat: .. ~m of elemental composition. 

The majority o:· .. ~e decay radia~ion directed toward the detector is pre

vented from reaching it by placing a conical-shaped 16 mm long tungsten colli

mator between the specimen and the detector. The collimator also attenuates 

photons generated by other sources in the microscope. ohown in Figure 1, the 

collimator is mounted at a fixed location on the microscope column at the same 

elevation as the specimen. As discussed elsewhere (6), the attainment of an 

adequate signal-to-noise ratio at the detector requires a trade-off between the 

specimen--to-detector distance and the intensity of the beam on the specimen·. 

The beam intensity and beam spreading determine the spatial resolution. The 

specimen/detect·or configuration used in this study requires a relatively in

tense eJ,.ectron beam and thus leads to a spatial resolution on the order of 30 

to 50 nm. 



. In order to determine the various elemental concentrations in an area 

under examination, the X-ray signal is analyzed by the detector circuitry and 

resolved as a function of X-ray energy. The characteristic decay X-rays are 

then measured for an equal amount of time when the electron beam passes 

through the hole in the center of the specimen. The decay spectra are com

prised principally of mid-range (about 8 keV) X-rays which, for most cases, 

are less than 1% of the total signal. The. resolved decay spectrum is then 

"stripped" or subtracted .from each energy channel. Correlation factors be

tween X-ray intensities and composition are determined from analysis of un

irradiated homogeneous meta·l standards of known composition. The measurement 

uncertainties were determined to be about ±2% for major alloy components and 

about ±10% for minor solute components. 

Two other modifications were made to the STEM. First, the vendor-supplied 

double-tilt specimen holders used in the side entry goniometer which are con

structed of copper were replaced by a modified holder constructed of beryl

lium. This holder is shown in Figure 2 and possesses both a threaded cap to 

securely hold the specimen and a larger solid angle for uninterrupted line-of

sight between the specimen .and detector. Beryllium was chosen to eliminate 

the generation of copper X-rays and to eliminate their second~order influence 

on the apparent concentration of other elements (7). The second modification 

was to alter one of the fixed resistors of the first condenser lens ·control to 

provide a continuous variation of lens current. This allows an optimization 

of the signal-to-noise ratio at the X-ray detector while also allowing maximum 

resolution of the STEM-generated image on the CRT screen. 

Data Acquisition Strategy 

There are a number of factors which complicate the analysis of radiat_ion

induced evolution in 300 series stainless steel. First, the resolution limit 

of 30 to 50 nm is rather large compared to the scale of the microstructure 

that develops at relatively low irradiation temperatures. It is also often 

large with respect to some of the concentration gradients found to develop 

near microstructural sinks during irradiat'ion. Second, the microstructure 

under examination is often quite complex as shown in Figure 3, and the many 

phases are not only sensitive to irradiation temperature but are undergoing 

continuous evolution during irradiation. The evolution·is quite heterogeneous 

in nature, however, progressing at different rates and sometimes by different 

paths in each small vo1ume sampled. Therefore, conclusions about the nature 

of the evolution cannot be safely deduced from a single or small number of de-· 

terminations. Third, the major microstructural participants in the evolution 

are frequently small with res~ect to the usual foil thickness employed. This 

factor often does not allow determination of the composition of a small 



precj.pitate, but yields an avera~e composition of the surrounding matrix volume. 

Another problem is that light elements such as carbon, nitrogen and oxygen can

not be detected with the presently available commercial EDX equipment, a problem 

which complicates the analysis of the various carbon-rich phases that develop 

in these steels. 

A number of data extraction techniques have evolved in order to study the 

nature of the radiation-induced evolution and overcome some of the complica

tions discussed above. These involve both different ~pecimen preparation 

methods, statistical sampling techniques and the use of bulk extraction tech

niques which complement the microanaiysis methods. 

In-Foil Analysis 

Figure 4(a) illustrates representative microstructural features which can 

be studied using microanalysis techniques. Two of these features, voids and 

grain boundaries, obviously cannot be extracted and must be examined in-foil. 

The nature of adjacent composition gradients is of primary interest but the 

X-ray signal generated by the electron beam will represent a line-of-sight 

average over the composition gradient as it extends through the matrix. It 

will also. represent an average over the width Qf the excited volume, which in

creases with depth in the foil due to scattering of electrons out of the in

cident beam. Figure 5 illustrates this point, showing the relationship of 

line-of-sight averages to the actual profile for a highly idealized void, foil 

and electron beam. If the measured profile can be unfolded, it represents a 

microstructural record (8) of the diffusional processes in progress during ir

radiation. Figure 6 shows typical measured concentration profiles for nickel 

and chromium in the vicinity of void surfaces in AISI 316 at a high neutron 

fluence and temperature. -The segregation of nickel at void surfaces is pri

marily balanced by an outflow of chromium. There is also a lesser outflow· -of 

iron, but no measurable gradients were found to exist in other major components 

such as molybdenum or silicon. This microstructural record therefore provides 

data which can be used to validate and rank the operation and relative contri

bution of various diffusional processes postulated to operate during irradia

tion. For instance, the segregation of the slow-diffusing nickel and the com

pensating outflow ·of the faster diffusing chromium offer substantial support 

for the proposed inverse Kirkendall effect (9), wherein slow-diffusing species 

are concentrated by default at the bottom of vacancy gradients as a consequence 

of the selective outflo'" of faster-diffusing elements. 

Similar microstructural profLJ:e records can be developed from regions ad

jacent to and within precipitates, but this subject will be developed in a 

later section. Grain boundaries also participate in the segregation process 



but ~he microanalysis results can sometimes be misleading. Figure 7 shows the 

segregation profiles observed at 520°C in annealed AISI 316. The apparent de

cline in nickel content near the boundary is illusory and reflects a problem 

peculiar to analysis of thin microstructural features. The relatively thick 

foils needed for_boundary analysis and the 30 to 50 nm resolution limit tend 

to obscure the presence of small y' precipitates within the foil. These pre

cipitates are denuded near the boundary, however. The large decrease in nickel 

content in the vicinity of the boundary is due to the local absence of y' while 

the small peak at the boundary represents the inverse'Kirkendall concentration 

of nickel. 

Extraction Replica Analysis 

Figure 4(b) illustrates the use of extraction replicas as a method of 

analyzing precipitates without the influence of the surrounding matrix. An 

advantage of this technique is that the influence qf decay radiation is de

creased substantially. The disadvantage of this technique is the partial or 

sometimes total loss of some kinds of precipitates due to selective dissolu

tion. For instance, the normal procedure for thin foil preparation (electro

lytic thinning in 10% perchloric and 90% glacial acetic acid) appears to dis

solve the y' or Ni3Si phase while preserving most carbide and intermetallic 

phases. Since the irradiation-induced y' phase is usually distributed as very 

small precipitates, it was necessary to extract this phase using another 

electrolyte (1). Cawthorne and Brown (io) were able to tentatively identify 

this phase in the foil by analysis of the moire fringe without specifying its 

exact composition, but extraction replication and EDX microanalysis were 

necessary to establish the elemental composition (1). 

foil-Edge Analysis 

If a given precipitate is not selectively attacked by the electrolyte 

used to prepare the thin foil, then microanalysis can proceed on precipitates 

of reasonable size which are attached to the edge of the foil. Illustrated in 

Figure 4(c), analysis near the foil edge not only reduces the influence of the 

matrix but preserves a record of the compositional gradients in the adjacent 

matrix. Figu:r·e 8 illustrates the use of this technique in the examination of 

an irradiation-induced fcc precipitate (G-phase) formed in 20% cold worked 

AISI 316 irradiated to high fl uence and moderate temperature. 

It is not unusual, however, to find several kinds of precipitates co

existing in the same grain, with each type exhibiting a different solubility 

in the electropolishing procedure. Figure 9 shows that both the y' and G

phases populate the grain located near the foil edge, but of the two only the 



G-phase is both sufficiently large and stable during electropolishing to alloVT 

the foil-edge analysis approach. 

, Hhen the f~il-edge technique Has first employed in the study of the elemen

tal flow sequences in precipitates, several unexpected observations were made. 

First of all, Laves precipitates (nominally Fe 2Mo) _appeared to be changing in 

composition during irradiation. Although diffraction analysis indicated the 

presence of Laves at all fluences above 5 .x 1022 n/cm2 (E >0 .1 MeV) at tempera

tures over 600°C, foil-edge microanalysis showed a steady reduction in iron and 
• 

molybdenum in these precipitates with increasing fluence and a concurrent increase 

in nickel and silicon. It ·was not known, however, whether Laves of traditional 

composition was continually dissolving and nickel-rich Laves precipitating, or 

whether nickel and silicon were infiltrating the precipitates and either diluting 

the precipitates or replacing iron and molybdenum. The first composition profiles 

~rom the adjacent matrix indeed exhibited gradients in nickel composition which 

were indicative of nickel flow into the precipitates. The profiles shown in 

Figure 10 are not so illuminating_ on the direction of flow of molybdenum and 

silicon, however. The lower level of these elements, their higher diffusivity 

and the heterogeneity of the microchemical evolution all combine to yield an 

ambiguous record of the elemental flow. The direction of flow can be inferred 

from comparison of the mean matrix compositions of these elements at different 

fluence levels, however. Note in Figure 11 that in at least one matrix area the 

molybdenum level has risen during irradiation to its average bulk composition 

while the precipitate molybdenum level is rather low, indicating that molyb-

denwn has substantially deserted the Laves phase. The nickel level of the 

matrix has also fallen somewhat. It is very difficult to draw a clear conclu

sion from a few such profiles since the variability of the segregation process 

is expressed throughout the i:r:racli.ated volume, and the precipitate particle 

density is sufficiently heterogeneous to preclude a simple determination of 

the total amount of any one element in the precipitates. 

Statistic~l Sampling Analysis 

Additional information on the direction of elemental flows .can be gained 

from the random spot analysis of many small representative matrix volumes. 

These volumes are chosen to be large enough to measure a substantial volume of 

material, but small enough to avoid including features such·as precipitates. 

As shown in Figure 12, the many areas sampled in one specimen exhibit a large 

range of local concentration _levels for each of the elements nickel, silicon 

and iron. \f.hile this observation underscores the heterogeneity of the evolu

tion, it is rather obvious that nickel and silicon flow in the same direction 

with respect to the precipitates, while molybdenum flows in the opposite direc

tion. 



.When this information was obtained it provided an explanation for some 

initially perplexing data published by Porter and McVay (5). Using bulk ex

traction techniques they reported that the precipitates formed in 20% cold 

worked AISI 316 during irradiation at 550°C gradually increased in volume but 

suffered substantial and progressive decreases in iron and molybdenum while 

gaining. nickel. Whereas it was previously assumed that molybdenum, nickel and 

silicon were all concentrated into precipitates during irradiation (3), the 

molybdenum concentration in the precipitates actually peaks at some moderate 

fluence and declines thereafter during irradiation. 

Another application of the sampling procedure is demonstrated in Figure 

13, in vrhich the distribution of matrix nickel contents is presented for two 

AISI 316 specimens of different starting conditions which were exposed to 

identical irradiation conditions. The solution annealed specimen contained 

Laves precipitates which were substantially enriched in nickel and silicon, 

with some indication that the mean levels of these elements were higher than 

that of the 20% cold worked specimen. Note that the average matrix nickel 

level of the annealed specimen has been reduced from the original 13.5% level 

to. about 9%. The cold worked specimen at these conditions has a matrix nickel 

content that has been reduced to an average of 10.4% and the distribution is 

much broader. Oth~r studies (1,3,4) have shown that the AISI 316 alloy in 

either the solution annealed or cold worked condition is proceeding toward a 

matrix nickel content of about 9%, a level which is independent of temperature 

and starting condition. 

Another important observation was made in the data field shown in Figure 

13. The void swelling of the annealed specimen was about 8% and qulte homoge

neous, while the void swelling of the cold worked specimen was only 0.6% and 

quite heterogeneously distributed. In almost all cases, however, large area 

(about 0.5 ~m in diameter) analyses of voided regions in the cold worked speci

men showed the nickel content to be in. the <10 wt. % range while regions which 

had not yet begun to swell contained ~ll wt. %nickel. This is only one of 

several clues in these studies which indicate that the onset of void nucleation 

is determined more by microchemical· considerations than by dislocation density 

or helium level. 

Summary of the tlicrochemical Evolution 

'rhe complexities and heterogeneity of the microchemical evolution of AISI 

316 have required that this study focus more on the techniques of data extrac

tion· rather than the relatively minor problems and equipment modifications 

asso"ciated with the radioactivity of the specimens. This experience has also 

been typical of that encountered in the study of AISI 304 (5) and various 

modified AISI 316 alloys (3,4). Although the evidence compiled in the course 

of this and other related studies is too large to present here, a summary of 



the I?rinciples involved in the microchemical evolution of the 300 series alloys 

will be briefly presented to aid related studies by other researchers. These 

principles were revealed by combined TEM, diffraction and STEM/EDX techniques. 

It appears that in the 300 series alloys the development of dislocation 

and.loop microstructure (and to a lesser extent voids) proceeds toward a satu

ration state, comprised of number densities and component identities, which· 

are independent of starting microstructure. The microchemical evolution in

duced by radiation also appears to proceed toward a s~turation state but at a 

much more sluggish pace, although certain temperature·paths or preirradiation 

treatments can short-circuit the sluggishness (3,10). 

The various microstructural components interact with the defect fluxes and 

lead to point defect gradients which function as the driving force for the seg- -· 

regation process. The element nickel seems particularly prone to concentrate 

·at defect sinks in response to the inverse Kirkendall effect and perhaps other 

mechanisms. The matrix nickel content is then reduced, although not by much 

unless solutes such as silicon and carbon are present. These elements copreci

pitate with nickel at microstructural sinks and form a microchemical reservoir 

capable of removing from the matrix approximately.three atoms of nickel for each 

silicon (and possibly carbon) atom. In AISI 316 this leads to a reduction in 

matrix nickel content from 13.5 to 9 wt. %. 

The most interesting feature of the precipitate-related segregation process 

is that the path by which the segregation process proceeds does not appear to in

fluence the final outcome. A large variety of phases can develop, depending 

strongly on irradiation temperature and history, minor variations in composi

tion and preirradiation thermomechanical treatment. But all such phases either 

form as nickel and silicon-rich phases or become ·progressively richer in these 

elements as a result of the infiltration-exchange process. At fluences ap

proaching 100 dpa even the Laves (Fe2Mo) phase approaches a composition of 

Ni 3Si. If no other phase forms in the intermediate temperature range centered 

at about 500°C, the "phase of last resort" forms eventually. This is the y' 

phase (nominally Ni3Si) which not only requires irradiation to form but once 

formed will. dissolve in the absence of displacive irradiation (3,4). 

The consequences of the nickel segregation process are rather large. If 

the solute content is increased over the nominal specification for AISI 316, 

the mat:r-ix nickel content can be driven so low as to initiate the transforma

tion of nubstantial amounts of matrix austenite to ferrite (3,4). In AT.SI 304 
the initial nickel level is only 9 •rt. % and the nominal 0. 5 wt. % silicon 

is snffi r.i P.nt. to ~A.1lSf! the transformation ( '5), 



. It also appears that the nickel content (at levels below 30%) is the major 

determinant of the swelling and irradiation creep rates, once the saturation 

microstructure has developed. Just as· the ini ti.al nickel content ( C.Ni) has be~n 

shown to be the major factor determining the magnitude of svrelling ( ll) , the 

declining instantaneous nickel content in a specific alloy has been correlated 

with the acceleration of the creep and swelling rates (3,4). When the average 

matrix nickel content reaches the level C~i = C~i - 3 (Si +C), then the steady 

state swelling and creep rate is established. 

The many phases that can be involved in the segregation process all exhibit 

a different· sensitivity to the host of variables which influence the evolution. 

Some are sensitive to cold work while others are not. In general, cold work 

decreases the rate of nickel removal in all precipitate phases in AISI 316 but 

accelerates the process for some phases in other alloys, such as AISI 304 and 

321 (12). The sensitivity of the microchemical evolution to variables.such as 

stress (13), temperature change (10), and neutron flux (4) has been shown to 

be related to the respone of the various second phases to these variables. 

Conclusions 

The radiation-induced microchemical evolution of 300 series stainless 

steel has been shown to be the major determinant of alloy behavior in response 

to the host of operating variables known to influence the evolution of dimen

sional and mechanical properties .. Conventional transmission microscopy tech

niques are not in themselves sufficient to characterize this evolution, however, 

and the combined STEM/EDX technique is a necessary tool. The problems imposed 

by decay radioactivity can be solved by equipment modifications; and the pro

blems associated with spatial resolution limitations and heterogeneity of alloy 

response can be overcome by developing a balance of data acquisition procedures 

which include the measurement of compositional profiles near sinks and. staLls

tical se~pling of many matrix and precipitate volumes. 
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Fig. 6 - Typical line-of-sight profile measured at void surfaces in 20% AISI 
316 irradiated to 1.0 x~o2 3 n/cm2 (E >0.1 MeV) at 650°C. 
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irradiated at 500°C to a fluence of 1.4 x 102 3 nicm2 (E >0 .1 MeV ). 
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Fig. 10 - Concentration profiles of nickel, molybdenlli~ and silicon observed 
near the surface of three Laves precipitate particles in 20% cold 
worked AISI 316 irradiated at 6'50°C to a fluence of 1.0 x 102 3 
n/cm2 (E >O;l MeV). . 
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Fig. 12 - Local-spot determinations of elemental concentrations in many 
regions in 20% cold worked AISI 316 irradiated at 650°C to a fluence 
of 1.0 x 102 2 n/cm2 (E >0.1 MeV). Note that nickel and silicon con
centrations tend to increase together while nickel and molybdenum do 
not. This indicates that nickel and silicon flow together and against 
the flow of molybdenum. There are large local variations in all ele
ments, however. The trend lines.were established by a least squares 
analysis~ · 
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Fig. 13 - Distribution of nickel content at differ:ent locations in irradiated 
· AISI 316 specimens irradiated at 650°C to a fluence of 1.0 x 102 3 

n/cm2 (E >0.1 MeV). 




