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ABSTRACT

The high flux of point defects to sinks during neutron irradiation can

result in segregation of impurity or alloy additions to metals. Such

segregants can be preexisting or produced by neutron-induced transmutations.

This segregation is known to strongly influence swelling and mechanical

properties. Ove'r a period of years, facilities have been developed at ORNL

incorporating AES and RGA to examine irradiated materials. Capabilities of

this system include in situ tensile fracture at elevated temperatures under

ultrahlgh vacuum 10~10 torr and helium release monitoring. AES and normal

incidence inert ion sputtering are exploited to examine segregation at the

fracture surface and chemical gradients near the surface. Work on irra-

diated stainless steels shows that this technique, coupled with scanning

electron fractography, conventional and analytical electron microscopy, allow

one to identify the important microstructural features affecting the

observed embrittlenient. The sensitivity of the AES and RGA techniques allows

one to examine microchemical fluctuations that are not accessible by analyti-

cal electron microscopy.
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INTRODUCTION

The effects of neutron irradiation on the properties of structural mate-

rials frequently appear to Involve internal interfaces such as grain

boundaries, precipitate-matrix interfaces, and internal-free surfaces (e.g.,

of voids and bubbles). The properties of these interfaces are likely to be

strongly influenced by trace element segregation driven by both equilibrium

and nonequilibrium mechanisms. The purpose of this paper is to describe the

use of Auger electron spectroscopy (AES) and residual gas analysis (RGA) for

the study of interfacial segregation in irradiated alloys. Experimental

results on neutron-irradiated Inconel 706 (IN706) will be presented as an

example of how these techniques can be applied.

BACKGROUND

The correlation between interfacial segregation and changes in mechani-

cal properties of polycrystalline material is well documented. Reductions in

both fracture stress and total elongation for tensile tests have been observed

to coincide with metalloid segregation to metal interfaces. Such segregation-

induced embrittlement has been reported for sulfur in nickel (1,2) and nickel

base alloys (3); phosphorous in iron (4,5) and austenitic steels (6) and

bismuth in copper (7). The data of Hondros and McLean (8) for the Bi-Cu,



system show both the ultimate tensile strength and grain boundary energy

decreasing as bulk Bi content is increased. A similar study by Joshi

and Stein (7) showed that reductions in fracture stress, ultimate tensile

strength and total elongation correlate well with increases in bismuth con-

centration at grain boundaries in bismuth-doped copper.

The usual treatment of segregation induced embrittlenient begins with

an expression for the work done in creating a grain boundary crack (W)

W - 2ys - YGb
 + wp + WD • O)

The tftrms in this energy audit are Y s surface free energy, Yg^-grain boun-

dary energy, Wp-plastlc work, and WD-miscellaneous dissipation. Therrao-

dynamic arguments as well as experimental observations show that equilibrium

segregation to an interface decreases interfacial energies. The 2 Ys~^Gb t e r m

represents the energy expended in reversibly producing a brittle crack.

This term could be increased or decreased, as a result of segregation by

some amount AY which is the change in cohesive energy of the boundary.

Since fracture ultimately means that bonds are broken, this is often con-

verted to a change in average interfacial bond energy. This averaging

approach, of course, neglects important spatial variations in bond energy.

Equation (1) is also restricted to the growth of an isolated crack and

therefore neglects competing processes taking place throughout the specimen.

Rather modest changes in surface energy can profoundly influence other

material properties. Figure 1 shows the effect of surface energy on the

energy for vacancy cluster (void) nucleation (9). Nucleation rates repre-

sented there (upper curve, 2.3 x 10~" cm~^ s~* lower curve, 3.1 x 10' cm"'

s~l) span 15 orders of magnitude.

While much of the literature connecting impurity segregation with

embrittlement addresses only equilibrium segregation, irradiated materials
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may also experience non-equilibrium segregation. Non-equilibrium segrega-

tion results from the flux of irradiation-induced point defects to internal

sinks. Enrichment or depletion of impurities or alloy constituents at sinks

can occur, depending upon the type of interaction that exists between these

elements and the point defects.

Figure 2 illustrates schematically three mechanisms by which non-

equilibrium segregation might occur. The first case shown in Fig. 2

represents an enrichment of slower moving alloy components at a grain

boundary (one type of sink) for elements diffusing by a vacancy

mechanism. Case 2 addresses the case of self-interstitial diffusion and

results in grain boundary enrichment of faster diffusing species.

Defect-element binding is represented by case 3 which can result in grain

boundary enrichment of the bound species. The current state of kinetic

models for irradiation-produced segregation can be found elsewhere (10).

It is important to keep in mind that nonequilibrium segregation (by

definition) occurs in opposition to thermodynamic driving forces. At some

point a steady-state condition will be reached when back-diffusion (driven by

equilibrium thermodynamics) will balance the nonequilibrium flux due to

defect production in the lattice. It is also important to note that since

equilibrium segregation tends to minimize YGb a n v nonequilibrium level of

segregation will cause YQb t 0 ^ greater than its minimum value.
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A second effect of irradiation on segregation could be increased kinetics

of equilibrium segregation. The extent of segregation at equilibrium is

generally expected to increase as temperature is decreased; however, the kine-

tics of segregation will decrease. This competition between kinetics and ther-

modynamics tends to limit the extent of segregation that actually occurs at low

temperatures. By increasing atomic mobility, irradiation could permit ther-

modynamically favorable (but kinetically limited) segregation to occur in

shorter periods of time or at lower temperatures than would be possible in the

absence of irradiation.

Finally, significant quantities of helium can be produced via (n,ct) reac-

tions on many alloys, especially those containing nickel. Segregation of helium

to internal interfaces could have significant effects on alloy behavior. If

bubbles are formed at internal boundaries, this of course would lower the load

bearing cross section and facilitate localized (and hence low ductility) failure

in the vicinity of the boundaries.

In all cases where solute enrichment at internal interfaces occurs, the

region of enrichment is expected to be rather narrow. For the case of equilib-

rium segregation, solute-enriched regions are typically only a few atom layers

(< 1 nm) thick. Somewhat thicker regions are often anticipated for non-

equilibrium type segregation, sometimes extending several tens of nanometers

from the interface plane.

When segregation occurs in a very thin region at an interface, it can be

difficult to detect using conventional analytical techniques. Auger electron

spectroscopy (AES) is a well-established tool for examining thin interfaclal

regions when they can be_ exposed as_ external surfaces. AES is sensitive to

only the top few atom layers on an exposed surface because it involves detec-

tion of characteristic low-energy Auger electrons. Subsurface regions can be
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exposed for analysis by sputtering with inert gas ions. Alternate AES and

sputtering permit information about the depth distribution of segregated

species to be obtained.

An important requirement for the use of AES to study interfacial segrega-

tion is that the interface in question must be exposed as a free surface. In

the case of internal interfaces, this is normally achieved by fracturing the

specimen along those interfaces. The conditions under which this fracture takes

place are important and can significantly affect the interpretation of AES

results. One requirement is that the fracture surface be created under ultra-

high vacuum (UHV) conditions. At pressures greater than idO"*' Pa, contamination

of clean surfaces occurs so rapidly that AES results are significantly affected.

One benefit of having to fracture specimens in a UHV environment is that

any gas release upon fracture can be easily monitored. If a residual gas

analyzer (RGA) is used, the pressure increase due to a specific gaseous species

can be determined. This approach has proven useful in the past for observing

helium release from irradiated specimens; however, other gaseous transmutation

products could also be detected.

In the remainder of this paper we will present and discuss experimental

results on neutron-irradiated Inconel 706. This alloy exhibits poor elevated-

temperature ductility in postirradiation tensile tests. The failure mode in

these tests is largely intergranular, suggesting the possibility that

irradiation-induced or -enhanced segregation might be important.

Experimental Techniques

Figure 3 is a top view of an Auger system that has been developed over

a period of years at Oak Ridge National Laboratory. Experimental studies

using this system have been previously reported by Clausing and Bloom (11),



Sklad et al. (12) and White et al. (13). This system uses a cylindrical

mirror analyzer with coaxial electron gun and electronics. The electron

gun has a 5 pm minimum spot size and the electron beam can be rastered to

provide images and elemental Laps of the surface being analyzed. A normal

incidence 1 kV inert ion sputter gun with movable sputter shield and a quadru-

pole mass analyzer are also part of the system. Not shown in Fig. 3 is a

transfer-lock device into which specimens are introduced prior to entry through

the specimen entry port into the main chamber.

Figure 3 also shows the location of a tensile fracture stage,

described in greater detail in Fig. 4. Electrical leads are used to pass

current through the specimen for elevated temperature tests. The hollow

threaded pull rod and ceramic standoffs limit the specimen load to approxi-

mately 90 lb. The specimen holder (shown down-side up) together with a

specimen [0.4 in. (1.016 cm) long with a 0.04 in. (1.016 mm) cross section] are

shown in Fig. 5. All specimens in this work entered the system in an electro-

polished condition. Temperature measurements were made by sighting through

the front viewing port (Fig. 3) onto the notched portion of the Auger bar

with an infrared pyrometer.

Table 1 gives the composition of the IN706 used in this study. Tensile

specimens of this alloy were given the following thermal treatment (955°C,

1 h/water quench/843°C, 3 h/air cool/720'C, 8 h/furnace cool to 620°C/620°C,

10 h/air cool), which we designate the STA (solution treated and aged)

condition. These tensile specimens were then irradiated to a dose of

5 x 10^2 n/crâ  at 500°C. The results of tensile tests a< iihese specimens

are summarized in Table 2. When tested at 610°C, these specimens show almost
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no ductility, in sharp contrast to the unirradiated alloy. There also appears

to be some increase in yield strength and decrease in ultimate tensile strength

associated with the irradiation.

Figures 6 and 7 compare TEM micrographs of unirradiated and irradiated

IN706-STA, respectively. The unirradiated alloy (Fig. 6) is strengthened by

Y' and y" and has a precipitate-free zone adjacent to grain boundaries which

contain n phase precipitates. Figure 7 shows the microstructure of a specimen

from the head of the irradiated tensile specimen T3 (Table 2). The irradiated

specimen has no detectable precipicate-free zone and does have voids or bubbles

at precipitate-matrix interfaces along the grain boundaries.

A notched Auger tensile specimen, A3, was cut from the gage section of

failed tensile specimen, T3. The Auger specimen was fractured at approximately

610°C in the AES system and the resulting fracture surface was examined using

AES. The helium partial pressure was monitored during fracture, and no release

of helium was detected.

A derivative type Auger spectrum from the fresh fracture surface of specimen

A3 is shown in Fig. 11. This spectrum was obtained by rastering the primary

electron beam over roughly one-half of the fracture surface; and as such repre-

sents an average surface composition for that surface. In addition to the

intentionally added metallic alloying elements (see Table 1), P, C and 0 are

present in significant concentrations. An approximate* quantitative analysis

*These values are obtained by measuring the peak-to-peak intensity for each
element, dividing that intensity by an elemental sensitivity factor, and
normalizing these values to 100%. This does not correct for matrix effects,
distribution effects, and differences in electron mean free path.
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of this spectrum indicates P, C, and 0 levels of 5, 5, and 1 at. %,

respectively. Spot analyses on this fracture surface indicated that the

phosphorous concentration varied significantly, and was as high as 13 at. % in

certain areas. This indicates phosphorous concentrations on the fracture sur-

face over 600 times the average bulk concentration.

Carbon and oxygen levels indicated in Fig. 11 are also significantly

greater than bulk levels. The observed carbon could arise from at least three

sources: (1) elemental carbon segregated to the fracture surface, (2) carbon-

rich precipitates on the fracture surface, and (3) adsorption of carbon con-

taining residual gases (e.g., CO and CH4) from the analysis chamber* Similar

possibilities also exist for oxygen; however, it is believed that most of the

oxygen observed in Fig. 11 results from contamination by residual gases.

Following the analysis of the as-fractured surface, specimen A3 was posi-

tioned in front of the inert ion sputter gun and sputter etched for 5 min.

The ion current density and ion energy were adjusted to allow an etching rate

of approximately one atom layer per minute. Figure 12 shows an Auger spectrum

of specimen A3 after the 5-min sputter etch. Comparison of the spectra in

Figs. 11 and 12 reveals that the phosphorous peak is gone. This indicates that

the phosphorous-enriched zone near the fracture surface is only a few atom

layers thick. This comparison will also reveal that the carbon and oxygen

signals have increased. The increased carbon could be due to the "smearing" or

uncovering of carbon-rich precipitates.

Figures 8, 9, and 10 show scanning electron micrographs of the fracture

surface that was analyzed using AES. The failure mode in this specimen was a

mixture of intergranular and transgranular modes. Figure 10 shows the small

dimples that covered many of the grain boundary facets. The spacing of these

dimples and the cavities in Fig. 7 are similar.
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In order to determine what effect, if any, the postirradiatlon heating at

610°C might have had on these results, in situ heating of unirradiated IN706

foils was carried out. AES analysis of external surfaces indicated that 2—4%

phosphorous can segregate to the external surface of this material when heated

for 10—30 rain in the temperature range 600-650°C. These observations indicate

that the grain boundary fracture surfaces created by high-temperature fracture

may not have the same composition as the unfractured grain boundaries in "as-

irradiated" material.

In an effort to expose grain boundaries (for AES analysis) without any

postirradiation heating, electrolytic hydrogen charging has been exploited.

Hydrogen charging was conducted in a round bottom flask outfitted with a heating

mantle, reflux condenser, and two platinum electrodes. The specimen was held

in a platinum wire mesh envelope and suspended between the electrodes using

platinum wire. A 4% H2SO4 solution containing 0.25 g/L of AS2O3 was used

for charging, and a current density of 0.1 A/cm^ at 4 V was maintained at the

specimen. In order to maximize the thickness of the hydrogen diffusion zone,

temperatures close to boiling are desirable. Our work has successfully used

temperatures of 85—90°C and charging times up to 72 h. Longer charging times

are desirable; however, during lengthy charges a surface film periodically forms

on the specimen which must be removed by electrolytic polishing to ensure free

entry of hydrogen. Preliminary AES results from this effort indicate that as-

irradiated boundaries contain 1—2 at. % phosphorous. Helium partial pressure

was also monitored, but no helium release detected. Future experiments on

hydrogen charged specimens are intended to compare grain boundary compositions

for unirradiated and irradiated alloys.
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Discussion

A partially Intergranular fracture surface of irradiated IN706, created by

in situ straining at elevated temperatures, has been analyzed using AES. Large

phosphorous enrichment (nearly 600 times the bulk concentrations) was observed

on this fracture surface. Scanning and transmission electron microscopy indi-

cate that the fracture path probably follows grain boundaries and precipitate-

matrix interfaces, cutting through voids on both types of boundaries. Internal

cracks, created during the initial tensile testing, could also have been present

in the AES specimen. The resulting fracture surface, therefore, consists of

grain boundaries, precipitate-matrix interfaces and void surfaces, as well as

some regions of transgranular fracture.

All of these interfaces (except internal cracks from tensile testing) were

exposed to neutron irradiation at 500°C. They were also exposed to postirra-

diation thermal cycling during the tensile testing, and during fracture in the

AES system. The phosphorous segregation indicated in Figs. 11 and 12 could

result from either the irradiation or the thermal exposure, or some combination

of the two. As we previously mentioned, AES analysis of "as-irradiated" IN706

shows lower, but still significant, phosphorous enrichment on partially inter-

granular fracture surfaces.

The absence of helium release upon fracture Is puzzling. Previous studies

by Clausing and Bloom (11) and Sklad et al. (12) on alloys irradiated to similar

fluences showed definite evidence of helium release. The possibility exists

that any helium present in the alloy 'could have been lost during the tensile

test; however, recent tests on hydrogen charged "as-irradiated" IN706 also did

not show any helium release. This seems to leave only the possibility that the
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helium Is trapped elsewhere In the microstructure, and not released upon

fracture. Determination of bulk helium levels in "as-irradiated" alloys should

help to clarify this point.

Conclusions

The use of RGA and AES to study solute segregation to interfaces has been

discussed, and experimental results on irradiated IN706 have been presented.

AES results indicate that phosphorous segregation to internal interfaces takes

place during irradiation at 500°C; however, the mechanism (irradiation-induced

nonequilibrium segregation, irradiation-enhanced equilibrium segregation, or

purely thermal segregation) cannot be deduced without appropriate control

experiments.

The process of exposing internal interfaces for AES analysis must be given

careful consideration in these experiments. The composition of intergranular

(or tnterfacial) fracture surfaces produced during fracture at elevated tempera-r

ture may not be entirely representative of "as-irradiated" interfaces. To the

extent that changes occur after irradiation, but prior to separation of the

interface, they, of course, may still be relevant to the fracture process. To

the extent that segregation occurs to a fracture surface after it is exposed, it

cannot be considered to have influenced the fracture process. For this reason,

the ability co expose "as-irradiated" interfaces, without additional heating,

seems highly desirable. Hydrogen charging is one promising way of doing this.

The complexity of the alloys, and. the variety of interface types exposed

for AES analysis, will also affect the extent to which experimental data can be

interpreted. Clearly, experiments intended to explain mechanisms of fracture

should concentrate initially on simple alloys where only grain boundaries, and

possible void surfaces, are exposed for analysis.
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While no helium release has been observed in IN706, the use of RGA for this

purpose seems well established. Much work seems needed Co determine the factors

that influence whether or not helium will segregate to interfaces and influence

mechanical behavior.

Finally, extrapolation of our knowledge about unirradiated alloys suggests

that segregation may strongly affect the behavior of irradiated alloys; however,

clear demonstration of a cavise-and-effect relationship is far from established.

In general, other irradiation-induced effects such as hardening, void formation

at interfaces, and alterations of precipitate-free zones can be expected to act

in combination with segregation to produce a net loss in ductility.
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Fig. 1. Free energy of vacancy cluster formation versus cluster size
for two values of surface energy. (L. K. Mansur and W. G, Wolfer, ORNL-TM
5670).

Fig. 2. Schematic illustrating qualitatively three mechanisms for

irradiation-induced solute segregation-

Fig. 3. Top view of the Auger system used at ORNL.

Fig. 4. Elevation view of the Auger straining stage with a specimen in place.
Fig. 5. Specimen, specimen holder, and one-half of specimen holder

containing fractured specimen for Auger analysis of fracture surface.

Fig. 6. Microstructure of unirradiated Inconel 706 in the STA condition.

Fig. 7. Microstructure of Inconel 706 STA irradiated to 5 x 10 2 2

n cm"2 at 500°C and tested at 610GC.

Fig. 8. Fracture surface of A3 magnified 100x.

Fig. 9. Portion of A3 fracture surface magnified 1000x.

Fig. 10. Portion of fracture surface shown in Fig. at a
magnification of 5000x.

Fig. 11. Auger spectra obtained by rastering 4 keV electron beam
over V2 A3 fresh fracture surface.

Fig. 12. Auger spectra obtained by rastering 4 keV electron beam over the
same area as in Fig. 11 following 5 min sputtering with argon ions at 1 kV.
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Fig. 1. Free energy of vacancy cluster formation versus cluster size
for two values of surface energy. (L. K. Mansur and W. G. Wolfer, ORNL-TM
5670).
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Fig. 2. Schematic illustrating qualitatively three mechanisms for irradiation-
induced solute segregation.
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Fig. 4. Elevation view of the Auger straining stage with a specimen in place.
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Fig. 5. Specimen, specimen holder, and one-half of specimen holder
containing fractured specimen for Auger analysis of fracture surface.



Fig. 6. Microstructure of unirradiated Inconel 706 in the STA condition.



Fig. 7. Microstructure of Inconel 706 STA irradiated to 5 x 10 2 2

n cm"2 at 500°C and tested at 610°C.



Fig. 8. Fracture surface of A3 magnified 100x



Fig. 9. Portion of A3 fracture surface magnified lOOOx



Fig. 10. Portion of fracture surface shown in Fig. at a magnification of 5000x.
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Fig. 11. Auger spectra obtained by rastering 4 keV electron beam over 1/2 A3 fresh fracture surface.
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Fig. 12. Auger spectra obtained by rastering 4 keV electron beam over the same area as in Fig. 11
following 5 min sputtering with argon ions at 1 kV.


