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Abstract

A series of high-dose iron and helium ion irradiation experiments were carried out to
investigate the effects of minor solutes on the irradiation response of model ferritic alloys.
The irradiated microstructure was characterized by transmission electron microscopy
and radiation-induced hardening was measured using an ultra-low load indentation
technique. The low load technique with its corresponding low indentation depth was
required because the thickness of the irradiated layer was only 1 to 4 um. An attempt
was made to correlate the observed microstructural changes with the measured
hardness changes, and reasonable values were obtained for strength of small interstitial
loops as dislocation barriers in the copper-free materials. However, the addition of
copper to iron was found to greatly refine the radiation-induced microstructure. Although
further additions of either interstitial or substitutional solutes tended to coarsen it again,
the presence of a defect structure that was too small to be resolved by TEM limited the
microstructure-mechanical property correlation efforts. The helium ion irradiations
revealed a very strong copper-vacancy binding interaction that is relevant to the
formation of copper-enriched precipitates in irradiated steels.
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FOREWORD

The work reported here was performed at the Oak Ridge National Laboratory (ORNL)
under the Heavy-Section Steel Irradiation (HSSI) Program, T. M. Rosseel, Program
Manager. The program is sponsored by the Office of Nuclear Regulatory Research of the
U.S. Nuclear Regulatory Commission (NRC). The technical monitor for the NRC is C. J.
Fairbanks.

This report is designated HSSI Report 26. Reports in this series are listed below:

1. F M. Haggag, W. R. Corwin, and R. K. Nanstad, Martin Marietta Energy Systems,
Inc., Oak Ridge Natl. Lab., Oak Ridge, Tenn., Irradiation Effects on Strength and
Toughness of Three-Wire Series-Arc Stainless Steel Weld Overlay Cladding,
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2. L. F Miller, C. A. Baldwin, F. W. Stallman, and F. B. K. Kam, Martin Marietta Energy
Systems, Inc., Oak Ridge Natl. Lab., Oak Ridge, Tenn., Neutron Exposure
Parameters for the Metallurgical Test Specimens in the Sixth Heavy-Section Steel
Irradiation Series, USNRC Report NUREG/CR-5409 (ORNL/TM-11267),

March 1990.

3. S. K. Iskander, W. R. Corwin, and R. K. Nanstad, Martin Marietta Energy Systems,
Inc., Oak Ridge Natl. Lab., Oak Ridge, Tenn., Results of Crack-Arrest Tests on Two
Irradiated High-Copper Welds, USNRC Report NUREG/CR-5584 (ORNL/
TM-11575), December 1990.

4. R. K. Nanstad and R. G. Berggren, Martin Marietta Energy Systems, Inc., Oak Ridge
Natl. Lab., Oak Ridge, Tenn., Irradiation Effects on Charpy Impact and Tensile
Properties of Low Upper-Shelf Welds, HSSI Series 2 and 3, USNRC Report
NUREG/CR-5696 (ORNL/TM-11804), August 1991.
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Tenn., A Comparison of the Relative Importance of Copper Precipitates and Point
Defects in Reactor Pressure Vessel Embrittlement, USNRC Report
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26. This report.
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Hardening Behavior of Ferritic Alloys at High Doses
and After Thermal Aging

Philip M. Rice and Roger E. Stoller

1 INTRODUCTION

This report describes a the results of a series of experiments carried out to investigate
the role of chemical composition on radiation-induced hardening using a set of model
ferritic alloys. The experiments involved both thermal aging and ion irradiations. The ion-
irradiation experiments were undertaken to investigate the feasibility of using charged-
particle irradiations as a tool for understanding irradiation effects in reactor pressure
vessel (RPV) steels and for correlating observed microstructural changes with measured
mechanical property changes. The potential advantages of such an approach arise
primarily from the greatly accelerated damage rate that ion irradiations provide; these
include the ability to (1) investigate high fluence (dose) effects, (2) rapidly evaluate a
broad range of materials, and (3) perform microstructural examination of irradiated
materials without having to deal with induced radioactivity.

The use of ion-irradiated specimens is well suited to microstructural investigation by
transmission electron microscopy (TEM). However, special techniques are required to
obtain mechanical property data from such specimens because the thickness of the
irradiated area is on the order of a few micrometers. In this study, a very low-load
hardness-measuring device called the Nanolndenter-11® was used.! This high-precision
instrument measures the force required to drive a Berkovich diamond indenter as a
function of penetration depth (displacement). In the case of ion-irradiated specimens, the
change in hardness caused by the radiation damage was measured as a function of
distance from the irradiated surface. The radiation-induced microstructure was
characterized by TEM, and the microstructural observations were used to calculate the
associated increment in hardening with a dispersed-barrier hardening model. The
measured hardness change could then be compared to the calculated value.

The high dose rate obtained in ion irradiations provides the advantages mentioned
above, but it also militates against a direct comparison with data obtained from
commercial reactor surveillance programs. Dose-rate effects are generally well
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understood in radiation-damage modeling. For example, it is well known that accelerated
displacement rates can lead to an effective temperature shift in some radiation-induced
phenomena.? An initial comparison of results obtained at 300 and 400°C indicated that
the difference in hardening was not significant for these two temperatures. Therefore, a
decision was made to conduct the subsequent irradiations at 300°C to help retain the
fine-scale microstructure characteristic of the 280-300°C RPV service temperature.
However, it is not currently possible to predict precisely how to extrapolate from the
~107% dpa/s damage rates obtained in the ion-irradiation experiments to the

~1019% dpa/s conditions experienced by commercial RPV materials. Thus, this work was
undertaken to investigate radiation-damage mechanisms and the role of chemical
composition rather than to simulate the neutron-irradiation conditions per se.
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2 MATERIALS SELECTION

A set of 22 model ferritic alloys was prepared by AEA Technologies (AEAT) in the United
Kingdom and the University of California, Santa Barbara (UCSB). These alloys
encompassed systematic variations in copper, manganese, titanium, carbon, and
nitrogen content. A high-purity iron from Blyth Metals Ltd. served as the base material.
All alloying, including the nitrogen, was made by addition. Each ingot was heat-treated at
1100°C after casting and then hot forged to yield a billet of approximately 20 x 80 x

400 mm.

A subset of nine of these alloys was selected for use in the series of ion-irradiation
experiments. The alloys were supplied to Oak Ridge National Laboratory (ORNL) by
UCSB. The compositions of the nine alloys selected by ORNL are given in Table 1, along
with their alloy designations and the base heat treatment carried out at UCSB. The
solution treatment at 775°C was intended to put all the copper in solution in the a-phase

Table 1. Alloy designations and compositions

Alloy Composition (wt-%)
number N (appm) Cu Mn C Ti
VM348 5 - - - -
VM349 80 — - - -
VM350 120 - - - -
VM390 20 0.51 0.06 <0.005 0.002
VM397 20 0.91 <0.01 <0.01 <0.01
VM399 120 0.51 0.01 <0.01 <0.01
VM387 10 0.51 0.05 0.17 0.003
VM360 10 0.89 1.03 <0.003 —
VM373 100 <0.01 0.01 <0.003 0.3

As-Received Heat Treatment:

Solution treated at 775°C for 17 h.
Quenched in salt bath to 450°C and held for 3 min.

Air-cooled.
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field, and the rapid quench was carried out to maintain a high level of dissolved copper. A
short temper at 450°C was intended to precipitate carbon in the form of dispersed Fe;C
or M3C intergranular carbides in the carbon-containing alloys.

These alloys have been extensively used by UCSB in neutron-irradiation experiments>
and by AEAT in thermal-aging studies.? The UCSB heat treatment was somewhat
different from the base heat treatment applied to these same alloys by AEAT. The AEAT
solution treatment was similar, 16 h at 770°C, but their material was water quenched.*°
A comparison of our aging studies of alloy VM397 with that conducted by AEAT suggests
that the AEAT solution treatment maintained a greater fraction of the copper in solution
while the UCSB's 450°C temper and slower air-cooling may have initiated some copper
precipitation.

The as-received microstructure of the alloy was characterized by TEM. An extensive
description of the observations was published in NUREG/CR-6332.% A brief summary of
the as-received materials is included here for completeness.

The major microstructural observations for the nine alloys were generally consistent with
expectations of clean model alloys. Although TEM measurements of grain size are less
accurate than those obtained by conventional metallography, our observations were
similar to those reported by AEAT.* The grain sizes were generally large, ~ 100 pm.
Exceptions were VM348, which exhibited a duplex structure; VM390, which exhibited a
finer grain size due to many low-angle boundaries; and VM360 and VM373, which both
showed slightly smaller grain size of ~50 um. Detailed dislocation measurements were
not made on all alloys, but the dislocation densities that were measured in VM348,
VM349, and VM350 were quite low, ~101 m~2. Figure 1 shows the general
microstructure of the low-nitrogen alloys with different copper levels.

The total precipitate density was low in most of the alloys, typically 1 to 7 x 1018 m3. The
precipitates were primarily oxide or sulfide inclusions incorporating trace metallic
impurities.

The authors have chosen to call the other main precipitate type observed in these alloys
“carbo-nitride flakes,” meaning they are either e-carbide platelets, a-nitride platelets, or a
combination of both. Higher densities of carbo-nitrides were observed in the alloys
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Figure 1. Typical “as-received” microstructures observed for the low-
nitrogen alloys as marked. The copper concentration increases
from left to right. All images are at the same magnification.

containing large amounts of nitrogen, as shown by the first two images in Figure 2. The
first two images in Figure 2 show the typical microstructure of the high-nitrogen alloys
with 0 and 0.5 wt-% copper. The third image shows the microstructure of the high-carbon
alloy VM387, which shows only a slight amount of carbo-nitride formation. The significant
difference between the size and density of the platelets in the high-nitrogen alloys as
compared with those in the high-carbon alloy strongly suggests that the platelets are
predominantly a-nitride rather than e-carbide. Analytical electron microscopy results also
strongly suggest that a-nitride precipitation was preferred over g-carbide precipitation.’

Although many of the solutes were present only at the level of impurities, some
conclusions about the effects of these various alloying elements on the observed
microstructure were drawn in the previously published study.6 One of the major effects of
increasing the N content was to increase significantly the intergranular oxide formation
and its associated carbo-nitride formation. Increasing the N content in the Cu-containing
alloys increased the ratio of Cr to Mn in the oxide particles. However, increasing the Cu
content in the low-N alloys seemed to decrease the ratio of Cr to Mn in the oxide
formation.
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Figure 2. Typical “as-received” microstructure observed for the high-
nitrogen or carbon-containing alloys as marked. Carbo-nitride
precipitates are clearly visible in each alloy. All images are at the
same maghnification.

Other comparisons among the alloys are possible, but there were few systematic
variations. The most obvious effect due to the increased carbon content was the
increase in cementite (Fe;C) formation, which was only rarely seen in the other alloys.
The intergranular oxide formation was replaced by TiC precipitation, and surprisingly the
carbo-nitride formation seemed to be slightly reduced. The addition of Ti was observed
to eliminate the carbo-nitride formation.
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3 EXPERIMENTAL TECHNIQUES

This section describes the techniques used to acquire the results that are presented in
this report. The initial irradiation experiments were conducted with Fe-ion irradiations.
Based on the experience obtained with these irradiated specimens, a decision was made
to perform further irradiations using a light-ion beam to obtain a larger irradiation volume.
These subsequent irradiations were conducted using a He ion beam. A brief section is
included to describe the lessons learned from the Fe ion-irradiation experiments.

3.1 Specimen Preparation

Specimens were prepared for ion irradiation as follows. First, 3-mm-diam discs were
punched from 0.5-mm-thick coupons of the as-received material. These were then
mechanically ground to 0.38-mm thickness and mechanically polished with successively
finer polishing solutions (down to 0.05-um alumina [Linde B]) before receiving a final
electrochemical polish using a perchloric-acid-based solution.

Because the irradiated area is relatively thin, specimens were prepared to expose the
irradiated volume in cross section. This technique requires electroplating of the disc
specimens to increase the thickness parallel to the beam direction, followed by
sectioning to produce discs that then have the irradiated area exposed. A two-part
plating procedure was followed. First, the specimens were electroplated with a thin layer
of iron, and then with about 1 to 2 mm of nickel. The iron plating is necessary to ensure a
smooth interface between the specimen and the subsequent thicker nickel plating. This
is required to obtain a smoothly polished surface for nano-indentation, and an even
polishing rate for TEM specimen preparation. Using nickel plating to provide the bulk of
the additional material reduces the amount of magnetic material introduced into the
microscope during TEM analysis.

The plated specimens were then sliced into specimens approximately 0.25 mm thick
using a diamond wafering saw. One of the slices was polished in the same manner as
described above, so that the surface around the interface was smooth enough to
conduct the hardness measurements. An electro-discharge machine was used to cut
3-mm-diam TEM discs out of the other slices. The TEM discs were ground and sanded
to 0.1 mm (0.004 in) thickness to minimize the amount of ferromagnetic material later
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placed in the TEM. The specimens were then electrochemically thinned to electron
transparency using a chilled perchloric electrolyte in a twin jet polisher. The composition
of the electrolyte was 600 ml methanol, 340 ml butyl cellusolve, 60 ml perchloric acid,
and 5 ml glycerine. The electrolyte was maintained at a temperature of -55°C throughout
the polishing and was stored in a freezer between uses to limit chemical reactions with
the material removed from the specimens. A schematic diagram of the specimen
preparation process is shown in Figure 3.

3.2 Measuring Hardness Changes

Specimens were prepared to expose the irradiated area in cross section as described
above, and the change in hardness caused by the radiation damage was measured
using the Nanolndenter-11® as a function of distance from the irradiated surface. This is a
fully automated, ultra-low-load microindentation tester that precisely measures the force
required to drive a Berkovich (triangular-base pyramid) diamond indenter to a prescribed
depth.! The load and displacement can be measured with resolutions of 30 pg and

TEM
Disc
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i
Fe i H
I Plating

Slice
Spesimens

o Banm

Hardness | ! TER:

Meagiiraimami Fianinaiion
T
(] -

Figure 3. Schematic of specimen preparation
steps for TEM examination and
hardness measurements following
ion irradiation.
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0.16 nm, respectively. For the alloys tested here, loads ranging from 0.022 g to 0.043 g
were required to reach an indent depth of 50 nm. Corresponding higher loads were
required for deeper indents.

For the Fe irradiations the following method was used. Starting several microns away
from the damaged region, measurements were taken approximately 5 pm apart along a
line with a very shallow angle to the interface such that each indent was approximately
0.1 um closer to the interface (i.e., the originally irradiated surface) until the interface was
crossed. The measurements were made with indents having nominal depths of 30 nm,
50 nm, 75 nm, and 100 nm taken at the same position. The distance of the indents from
the interface was measured using micrographs taken with a scanning electron
microscope (SEM), like the one shown in Figure 4.

VM 397

Fe Plating

Figure 4. SEM image showing indents across the irradiated region of an
iron-ion-irradiated specimen.

Only the indents with the 50-nm contact depth proved to provide both sufficient spatial
resolution and the ability to produce hardness data with acceptable scatter to be of use in
this investigation. The 30-nm hardness data tend to have too great a scatter due to
interference from a thin oxide layer. The 75-nm and 100-nm indents sample too great a
volume and thus do not have the desired spatial resolution.

An example of a hardness trace from VM390, the low-N alloy with 0.5 wt-% Cu, which
was irradiated with iron ions to a peak dose of 0.2 dpa, is shown in Figure 5. The solid
dots represent the measured values, which have been smoothed for the purpose of
displaying the data by averaging each value with four adjacent data points, two on either
side. Typically, the hardness of the unirradiated material was obtained as the average of
several indents placed beyond the end of range of the ion beam. This is more than 2 and
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Figure 5. Hardness as a function of distance from the
irradiated surface for atypical specimen of alloy
VM390 irradiated with 4-MeV Fe ions to a peak
dose of 0.2 dpa.

5 um from the interface for Fe and He ion irradiations, respectively. This value is
subtracted from the average of the three or four points at the peak of hardness to
determine the change in hardness, AH.

In the case of the helium-ion irradiations, a similar row of approximately 100 indents was
made at a very shallow angle to the original irradiated surface, starting a few microns
beyond the irradiated region and ending in the electroplated layer of Fe at the specimen
surface, as shown in Figure 6. Figure 6(a) is an SEM image of a typical row of indents in
one of the model alloys showing the large-grained alloy on top and the fine-grained
electroplate on the bottom. The dark band that the indents cross marks the end of range
of the He ions and is visible due to grooving (i.e., preferential polishing during the
electrochemical polishing process) caused by the high concentration of He bubbles in
the region. The broken white line is the oxide that grew on the original irradiated surface.
Figure 6(b) is a higher-magnification SEM image of the same set of indents where they
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Figure 6. SEM images of a typical indentation run on
one of the model alloys following helium ion
irradiation: (a) low magnification view
showing the entire indent run from beyond
the irradiated region on the left into the
electroplating on the right, and (b) higher
magnification image of the indents at the end
of the run. (The indents are ~100 nm deep,
twice that used to acquire the change in
hardness data.)

cross the original irradiated surface and enter the electroplate. Images like this one were
used to measure each indent’s position with respect to the original irradiated surface,
which will be referred to as the “depth” in the remainder of the report.

Figure 7 shows a set of hardness measurements from the Cu-free, low-N alloy VM348,
taken with indents having contact depths of ~50 nm. The indents were done at this
contact depth to ensure that a constant and reasonable volume of material was sampled.
The hardness values measured from indents beyond the irradiated region (> 5 um) were
averaged (shown as the horizontal line) and the change in hardness, AH, was measured
with respect to this average value. The scatter in the hardness measured beyond the
implanted zone (i.e., > 5 um) is representative of the uncertainty in the values measured
in the implanted zone. Note that the values at the peak (shown as open circles) are not
reliable due to the grooving that occurred in the region. The grooving resulted in the
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Figure 7. Hardness as a function of distance from the
irradiated surface for atypical specimen of alloy
VM348 irradiated with 2.5-MeV He ions using
indents with ~50 nm contact depths. Values
acquired within the grooved portion are marked with
open circles to indicate that they have large but
unknown errors.

surface not being flat; the area functions of the diamond indenter used to determine the
hardness thus have large and unknown errors resulting in unacceptably large
uncertainties in the hardness values taken within + 0.25 um of the peak.

Measurements similar to those shown in Figure 7 were made for each of the irradiated
alloys and are the basis for the hardness-change measurements reported later in the
report. Figure 8 provides an example of the measured hardness change on a sample
similar to the one shown in Figure 7, along with a corresponding cross-sectional TEM
photo to illustrate the general correlation between hardness change and the radiation-
induced defect structure. The interface between the irradiated sample and the nickel
plating can be seen at a depth of 0. The density of small dislocation loops increases
continuously up to the end of the range of the helium beam, at slightly more than 4.1 um.
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Figure 8. lllustration of the depth dependence of radiation-induced
microstructural development and measured hardness change
in alloy VM348 (Fe + 5 appm N).

3.3 Electron Microscopy

The TEM examination was carried out using primarily a Philips CM30 microscope
operated at 300 kV. Most dislocation-loop imaging was done using g = {330} imaging
conditions so that the background intensities were weak and the dislocation loops
appeared as sharp black spots. The microscope had an energy-dispersive X-ray (EDX)
spectrometer capable of detecting elements with Z > 11. All the TEM micrographs
appearing in this report were acquired with the CM30 microscope. The specimen
thicknesses used to calculate dislocation-loop densities were determined using the X-ray
fluorescence method, as described by Kesternich.®

Investigation of the chemical content of the precipitates was carried out using a Gatan
Imaging Filter (GIF) fitted to the CM30. Energy-filtered imaging was used to determine
whether the plate-like precipitates observed in the unirradiated materials were o nitrides
or £ carbides, and to verify that the small precipitates observed in the thermally aged
materials were rich in copper.’
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3.4 Summary of Experience from Fe-lon Irradiations

Three problems inhibited the determination of consistently accurate defect distributions
by TEM. The first is the need to have the specimen perforate close enough to the
interface to obtain a sufficiently large thin, irradiated area for examination. Secondly,
these ferritic steels rapidly form an oxide layer that can inhibit imaging of the smaller
radiation-induced defects. Third, the magnetic nature of these materials limits TEM
resolution by interfering with the electromagnetic lenses.

In addition, the initial electroplated layer must be chemically and mechanically similar to
the substrate material (i.e., Fe) in order to obtain a smooth surface at the interface for
nano-indentation and for the electrochemical thinning to consistently give a hole at the
interface. To help limit oxide formation at the interface, a “pre-electroplating” cleaning
cycle was initially tried. This cleaning was discontinued because it often removed an
unknown (but significant) amount of the material, leaving less than 1 um of irradiated
material to work with. This also made greater uncertainties in the dose value assigned to
0.5 um. The electroplating seemed to build up at a sufficient rate even with the oxide
present. In fact, the thin oxide layer actually made it easier to determine the position of
the indents below the surface in the SEM.

Indents with 50-nm contact depths were found to give the best results with respect to
spatial resolution and minimum scatter. The indents were then finished with 100-nm-
deep indentations to make their positions clearly visible in SEM images. The 50-nm
depth indents could be separated by as little as 5 um without interfering with the
hardness readings.

Working with only a 1-um irradiated depth was very constricting both for nano-
indentation and TEM imaging. This led to the decision to change the irradiating ions to
2.5-MeV He™, which penetrate ~4 pm below the specimen surface. This provides a larger
volume of material for examination and allows measurement of mechanical and
microstructural changes at several doses in each specimen.
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4. IRRADIATION CONDITIONS

All the irradiations were carried out using the ORNL Triple lon Facility®, with the
specimens being irradiated in the form of 3-mm-thick TEM discs at a temperature of
~300°C. The target chamber is capable of irradiating nine TEM discs at a time. Typically,
each target included three identical discs of three different alloys. The targets were first
heated to approximately 150°C using a electrical resistance heater, and beam heating
was used to reach the final irradiation temperature. The temperature of the specimens
was measured with a thermocouple spot-welded to the front of one of the target
specimens. The TRIM code (versions 91.14 and 92.04)1° was used to compute the
required ion fluences and the displacement dose as a function of depth beneath the
specimen surface. The ASTM-recommended average displacement energy of 40 eVl
was used in the TRIM displacement calculations.

4.1 Iron-ion Irradiations

The specimens were irradiated to peak doses of 0.02, 0.2, and 2.0 dpa, using 4-MeV
Fe** jons. Two dpa at the peak corresponds to an ion dose of 1.9 x 1012 ions/m2. The
ion beam current was typically 250 uA/m2 or ~8 x 10 ion/m?/s, corresponding to a peak
displacement rate of 8 x 10> dpa/s. The longest irradiation time was about 7 h. Figure 9
shows the results of TRIM calculations for these conditions, which indicate that the peak
damage occurs at ~1.1 um below the irradiated surface, and that at 0.5 um below the
surface the dose is about half that at the peak.

4.2 Helium-ion Irradiations

The second set of specimens was irradiated using 2.5-MeV He™ ions to a dose of

1.4 x 101 ion/m? at a temperature of ~300°C. The beam current was ~6 mA/m? or

3.8 x 108 ions/m?/s, and each target was irradiated for a total of ~11 h over 2 days. The
depth-dependent displacement rate in these irradiations varied from 2 to

20 x 10°° dpa/s over the range of depths examined; the dose variations discussed below
correspond to measurements made at different depths.

The results from TRIM calculations for the specified He-ion irradiation conditions are
shown in Figure 10. The solid line goes with the left axis and shows the damage in dpa
as a function of depth in the specimen. Comparison of Figure 10 with Figure 8 illustrates
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the agreement between the calculated and observed damage profiles. At 2-um depth the
dose is ~0.1 dpa; the peak dose of ~3.5 dpa occurs just beyond 4 um. The dashed line
goes with the right axis and shows the implanted He concentration [He] in atomic parts
per million (appm) as a function of depth. At the 2-um position, the helium concentration
is 10 appm. The peak helium level of 60,000 appm (6 at-%) occurs near the end of range,
just beyond 4 um. Thus, both dose and helium content are varying. The presence of
helium is not completely irrelevant to radiation damage in RPVs because helium is
generated in RPV materials by nuclear-transmutation (n,a) reactions, typically at a rate
of 0.1 to 1 appm He/dpa. The region around 2-um depth has a He/dpa ratio of ~100
appm/dpa, which greatly exceeds that obtained under fission neutron irradiation
conditions but is of interest for those investigating spallation neutron sources.
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5 RESULTS AND DISCUSSION

5.1 Copper Precipitate Formation Under Thermal Aging

Since copper precipitates are believed to be a major cause of hardening in RPV steels,

an initial investigation of precipitate hardening was carried out by thermal aging. This

was intended to verify that the copper had remained in solution in the high-copper model

alloys and to help provide a calibration point for the nano-indentation technique. Discs of
the high-Cu alloy VM397 that were 3 mm in diameter and 0.254 mm thick were
encapsulated in evacuated ampules and annealed at 550°C for times up to 15 h. The

measured hardness change due to copper precipitation is shown as a function of aging

time in Figure 11, where each of the nano-indentation data points represents the

average of 30 measurements with a 100-nm indent contact depth. For purposes of

comparison with the nano-indentation data, 200-g Vickers hardness measurements were

also made. The Vickers data are included in Figure 11, along with the results of yield-
strength measurements made at UCSB.

The peak hardness change is observed after the 10-h anneal for both indentation
techniques and between 5 and 10 h for the tensile measurements. The only significant
difference observed between the nano-indentation immurements and the conventional
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Figure 11. Hardness change as a function of time for
alloy VM397 under thermal aging at 550°C.

19

NUREG/CR-6643



techniques is for the 15-h aging time, where the material is slightly over-aged. A
comparison of these techniques over a broader range of material properties will be
discussed below.

The results of these measurements can be compared with the aging study carried out by
AEAT on the same alloy.* That work employed 20-kg Vickers hardness measurements
following aging of thick samples at 500°C. They found a time to peak hardness after
about 15 h, with the maximum hardness change being 637 MPa (~65 Vickers hardness
units). This compares very favorably with the results shown in Figure 11. The UCSB heat
treatment included a short temper at 450°C followed by air-cooling, whereas the AEAT
treatment involved quenching directly from the solution treatment. The AEAT heat
treatment would retain more of the copper in solution, and this difference could be
responsible for the somewhat lower peak Vickers hardness change, ~520 MPa, and the
shorter time to peak hardening observed here.

When Cu precipitates form thermally in Fe, they initially have a coherent bcc structure
and are not easily visible in TEM. The visibility of the precipitates increases when they
change to a heavily faulted fcc or 9R structure after they reach approximately 6 nm in
diameter.12123 After 5 h of annealing at 550°C, the density of visible Cu precipitates (i.e.,
the precipitates large enough to change to the 9R structure) was ~1.9 x 10?1 m~3 and the
average diameter was 8.3 nm. The evolution of the precipitate size distribution is
illustrated in Figure 12. These size distributions were obtained from TEM micrographs
taken down the Z = [111] axis for specimens annealed for 10 and 15 h. The density of
visible Cu precipitates (i.e., the precipitates large enough to change to the 9R structure)
continued to increase from ~3.2 x 102! to ~3.6 x 1021 m~2, while the average diameter
increased from 8.6 to 10.0 nm between 10 and 15 h.

In order to provide further verification that the precipitates had the expected copper-rich
composition, a study was undertaken using the GIF.” Energy-filtered images obtained
with an Fe-0.9 wt-%Cu specimen are shown in Figure 13. Black arrows point to the same
precipitates in both Figure 13(a) and 13(b). Figure 13(a) shows an iron “jump-ratio”
image obtained by dividing an image acquired with a 30-eV post-edge window centered
at 725 eV by an image acquired with a 30-eV pre-edge window centered at 685 eV. The
copper jump ratio image of the same area is shown in 13(b), for which the windows were
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centered at 948 and 904 eV. The fact that the precipitates are darkly imaging in 13(a)
and brightly imaging in 13(b) indicates they are deficient in iron and highly enriched in
copper.

The Russell-Brown modulus hardening model'* was used to estimate the hardening

arising from the visible Cu precipitates in the annealed specimens. The 15-h results were
used as the basis for this evaluation because the highest precipitate density was found in
this condition. Good agreement between the model and measured yield strength change
could be obtained with reasonable material and microstructural parameters.1® In order to
match the predicted and measured yield strengths, a ratio of the copper precipitate shear
modulus to that of the iron matrix was 0.72 and a dislocation density of 2 x 104 m~2 was
required. Based on these same parameters, the calculated hardening due to the visible
precipitates accounts for only a fraction of the hardening measured for the 5- and 10-h
anneal, 0.59 and 0.82, respectively. This indicates that the invisible, coherent bcc portion
of the size distribution is responsible for the balance of the hardening change.

5.2 Correlation of Nano-Indentation Hardness Data with Macroscopic Bulk
Mechanical-Property Measurements

Experiments were conducted using several ferritic and ferritic/martensitic alloys with

varying hardness to correlate the low-load-hardness values determined with a

Nanolndenter-11® with the more established macroscopic bulk property measurements.

Specimens for which the yield strengths were already known were chosen so as to span
the expected range of the irradiation-induced hardness change. The nine alloys of the
VM series (see Section 2) were used (cy, ~ 150 to 220 MPa) along with the set of
thermally aged VM397 specimens mentioned above. These had been annealed at
550°C for 1, 2, 5, 10, and 15 h. Measured yield strengths for tensile specimens that
received the same aging treatments were in the range of 250 to 300 MPa. To extend the
range over which the hardness change could be correlated, two additional alloys were
chosen based on their yield strengths. Alloy A533B, a commercial, fine-grained ferritic
alloy with a yield strength of 465 MPa, and HT-9 (12Cr - 1MoVW), a ferritic/martensitic
alloy with a yield strength of 750 MPa, were chosen. An example of each of the
microstructures is shown in Figure 14, which compares optical micrographs taken at
250x of specimens etched with a 5% HCI solution. The large ferrite grains of VM348,
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Figure 14. Optical micrographs of etched specimens showing the three typical
microstructures of the alloys used in this experiment.

typical of the VM series, are visible in the left image. The small ferrite grains of A533B
are visible in the middle image. The martensitic microstructure of the HT-9 alloy is clearly
visible in the image on the right. The 100-um scale marker applies to all three images.

Prior to hardness testing, the specimens were mechanically polished down to 0.05 um
and then electrochemically polished with a perchloric acid solution so that the surface
region was flat and damage free. The bulk hardness values were determined by
averaging six indents from a commercial Vickers hardness tester using 200-g loads and
having indent sizes in the tens of microns. The same specimens were indented to
various depths (50, 100, 400 nm) using the nano-indenter with the hardness determined
by averaging ten indents at each depth.

The nano-hardness values and the Vickers hardness values are plotted in Figure 15.
Nano-hardness values are determined by dividing the maximum load, P, by the
projected contact area, Ay, instead of the actual contact area, Acqn, Which is used in
the Vickers definition of hardness. The values for nano-hardness used in the correlation
shown in Figure 15 are marked with an asterisk to signify that they were modified by
multiplying by the ratio A, qi/Acqn (0.927 for a perfect Berkovich diamond) so that both
types of hardness share the same definition. The nano-hardness values show the well-
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known apparent increase in hardness with decreasing indent depth.1® However, the
hardness changes are consistent for all the alloys; thus only the intercept, and not the
slope of the AH\, vs AHy curve changes. The A533B data with a Vickers hardness of
~1.75 GPa show the greatest deviation from the best-fit line shown for the data at each
indent depth. Overall, the slope of each line is within a few percent of the bottom solid
line, which was drawn with a slope of 1.0.

The maximum load required to indent to a depth of 50 nm differs for each alloy. For the
alloys tested here, the range was 0.022 g < P,,5x < 0.043 g. Previously reported
comparisons between ultra-low-load hardness and Vickers hardness!’18 yielded a
poorer correlation than that reported here. Because those researchers conducted their
nano-hardness measurements using a constant P4, instead of constant maximum
depth, a further experiment was carried out for purposes of comparison. Using only a
subset of five of the alloys, a series of measurements were made with constant P,
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instead of depth. Constant maximum loads of 0.05, 0.1 and 1.0 grams were used. This
comparison of the modified nano-hardness values and Vickers hardness values is
displayed in Figure 16. The one-to-one agreement between Vickers and nano-hardness
change is similar to that shown in Figure 15. The lines for the two lowest loads are both
within 5 percent of 1.0, while the line with the 1.0-g load has a slope of about 1.1. In this
case, the A533B data appear more consistent with the data from the other four alloys.

For these alloys, using <0.05-g loads results in indents with contact depths less than

50 nm and thus the indents have spatial resolution of better than 0.35 um. Thus, at least
for these ferritic and ferritic/martensitic alloys, any change in hardness measured with
sub-micron spatial resolution with the nano-indenter is nearly identical to what would
have been measured as a bulk property change using a Vickers indenter.
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Figure 16. Plot of nano-hardness (measured using
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using a 200-g load) for the same specimens.
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The Vickers hardness values for these alloys were also shown to be linearly related to
the yield-strength values measured using the usual bulk tensile testing procedures, as
shown in Figure 17. The slope of the line relating yield strength to Vickers hardness was
found to be 2.79, which compares favorably with other recently published data'® but is
slightly below the traditional value of 3.0.2°

The successful correlation of the nano-hardness measurements with the bulk
mechanical properties is significant not only because of the validation of the nano-
indentation technique, but also because of its implications for ion-irradiation studies. This
validation permits a broader application of ion irradiations to simulate the environment of
nuclear reactors, allowing studies to be carried out without the added complications
associated with radioactive specimens. It is possible to use nano-indentation with ultra-
low loads to measure changes in hardness with sub-micron spatial resolution across the
surface of cross-sectional specimens. Conventional TEM imaging of the cross-sectional
specimens allows the defect microstructure to be characterized as a function of depth
below the original irradiated surface. For ion irradiations, the dose also varies as a
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Figure 17. Plot of yield strength vs Vickers hardness
(measured using a 200-g load) for the series
of alloys.
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function of depth in the specimen and can be calculated using standard methods. Thus,
changes in hardness and the defect microstructure can be measured and correlated over
a range of doses, from a single specimen.

Reliable estimates of mechanical-property changes can be obtained for the high-dose
conditions reached at the end of fission reactor lifetimes, without the added
complications associated with radioactive specimens. Similarly, the technique can be
used to more rapidly screen alloys for irradiation performance and to investigate
variables such as alloy composition or thermal-mechanical treatment.

5.3 Iron-lon Irradiation Results

5.3.1 Hardness Measurements

The effect of copper content on the resultant change in hardness in three low-nitrogen
alloys is displayed in Figure 18 for peak doses of 0.02, 0.2, and 2.0 dpa. For the lower
doses, all the data fall within a broad scatter band, marked as a shaded region in the
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Figure 18. Plot of the change in hardness as function of weight
percent Cu for the low-nitrogen alloy.
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plot, which is believed to show (within the experimental error of the technique) a linear
increase in AH with Cu content. The band shows an increase in AH of approximately
50% due to the addition of 0.9 wt-% Cu. It is interesting to note that despite the order-of-
magnitude increase in dose between the 0.02 and 0.2, there seems to be very little
difference in AH, suggesting that these low-nitrogen, low-carbon alloys have reached
some saturation level of damage at quite low doses.

The hardness values for the highest-dose irradiations, also shown in Figure 18,
suggested an inverse dependence of AH on copper, inconsistent with the two lower
doses. However, the unexpectedly high value of AH for the Cu-free alloy occurred only in
a very thin region (i.e., it appeared as a very sharp peak on the hardness trace) and may
represent phenomena not at work in the lower-dose irradiations. All attempts to make
TEM specimens from this sample failed due to poor interface bonding, so it is not known
at this time what caused this large increase in hardening. The high-dose irradiation of the
alloy with 0.5 wt-% Cu also showed an unusual hardness trace, with increased
hardening out to about 3 um, much deeper than any of the other traces, including that of
the high-Cu alloy.

5.3.2 Microstructural Observations

In the high-dose specimens the peak damage region is clearly visible under the proper
imaging conditions, even at low magnification. Figure 19 shows a typical defect structure
of a high-dose specimen taken with g = (§30) near the Z = [111] axis. Note the high
concentration of “large” defect loops beyond the 1-um depth, where the implanted ions
come to rest.

In the lower-dose specimens, and in the off-peak regions of the high-dose specimens,
the defects are only visible at high magnification. It is also often necessary to use weak-
beam dark-field imaging (WBDF) to see the defects. High-magnification images (typically
~10° x) were used in conjunction with a digitizing pad to measure defect distributions.
Figure 20 is an example of a measured defect distribution for the Cu-free, high-N alloy
VM350. The measurement was made on a WBDF image taken at 2 x 10° magnification
and photograghically enlarged to 5 times that value. This specimen was irradiated to
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Figure 19. Typical TEM micrograph of a specimen
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2.0 dpa at the peak, and the region measured was ~0.7 mm from the interface, just
before its peak hardness. The region had a dislocation loop density of 4.7 x 1022 m3,

with an average diameter of 1.86 nm.

5.3.3 Microstructure/Mechanical Property Correlation
In principle, dislocation barrier strengths, o, for defects created by irradiation can be
determined by correlating the values for the change in hardness with the defect
distributions using a dispersed barrier-hardening model that was first proposed by
Orowan.?! The Orowan hardening equation for calculating the change in shear stress,
Atg, from a regular array of obstacles is

At, = aGb(Nd)*®, (1)
where G is the shear modulus of the matrix, b is the dislocation Burgers vector (b = a/2
<111>), N is the defect number density, and d is the average defect diameter. The
average defect spacing is given by the square-root term in Eq. (1). Various corrections to

the Orowan equation have been developed,?%?3 and the currently accepted version is
given by Kelly:%3

In(d/r
At = o —0:830b @y 2

[(Nd)2° —d] 2n(1=v)°°

where v is Poisson’s ratio and r, is the dislocation core radius. The factor of 0.83 in

Eg. (2) accounts for a random distribution of particles, the denominator in the first term
corrects the particle spacing for finite particle size, and the final term provides an
improved estimate of the dislocation line tension and the interaction between line
segments when the dislocation is bowing around an obstacle. Each of these corrections
lowers the predicted shear stress, and quite different values of o will be obtained if

Eq. (1) is used rather than Eq. (2). Application of Eq. (2) led to a revision of the initial
estimates of o published in Ref. 24.

The uniaxial yield strength in polycrystalline materials, Aoy, is related to the shear stress
by a coefficient known as the Taylor factor,2® Aoy, = 3.06A1s, and the work of Cahoon et
al.?® can be used to relate A, to the change in Vickers hardness, AH,;:
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1
Aoy = [gAHV(O.l)n} = 3.06A1,, 3)

where the work hardening exponent, n, for these alloys was measured using a ball
indentation technique?’ and was found to have an average value of n = 0.1. Thus, by
using an empirical relation determined by measuring Vickers hardness and nano-
hardness for the same as-received alloys (see Section 5.2), it is possible to use Egs. (2)
and (3) to calculate a value for a.. The microhardness values need to be multiplied by a
factor of 9.81 to convert the units of kgf/mm2 to MPa. Using the best-fit line for 100-nm
indents from Figure 15 to correlate Vickers and nano-hardness, AH, = 1.12AHy, the final
relationship between nano-hardness and yield strength is

Ao, = 0.319AH (4)

Using the values of AHy = 670 MPa, N = 4.7 x 10?2 m3 and d = 1.8 nm measured for
VM350 irradiated to 2 dpa, Egs. (2—4) yield o = 2.4. The expected value for small
dislocation loops is between 0.25 and 0.5,%% which is much lower than the value obtained
from the measured hardness. This indicates that a significant fraction of the hardening
arises from defects that remain invisible even at this relatively high dose. A similar result
was obtained when the predictions of the Russell-Brown model were compared with the
yield-strength measurements for thermally aged VM397 (see Section 5.1). This prevents
a confident calculation of barrier strengths and a strict correlation of measured
mechanical properties with the observed microstructures. The impact of alloying
elements on hardening discussed below will therefore focus on the mechanical property
changes and relative changes to the irradiated microstructure.
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Figure 21. Measured change in hardness as a function of
the weight percent copper at three doses for
low-nitrogen alloys. The solid points represent
data from the He irradiation while the open data
points represent data from the Fe irradiation.

5.4 He-lon Irradiation Results

5.4.1 Hardness Measurements

The selected alloys permitted a range of solute effects to be investigated, and the greater
penetration depth of the helium ions improved the spatial resolution of the
measurements. Figure 21 is a plot of the change in hardness, AH, as a function of wt-%
Cu for the low-N alloys at various doses. The solid data points are from the He-irradiated
specimens while the open points are the 0.2 dpa data from the earlier Fe irradiation. At a
dose of 0.07 dpa the Cu-free alloy shows the least hardening due to the delay (threshold)
in the onset of hardening (see below), while at 0.20 dpa it shows the greatest change,
due to He bubble formation. At the intermediate dose of 0.1 dpa the dependence of
hardness change on copper content appears linear, perhaps fortuitously. The hardness
change in the Cu-free alloy shows no tendency to saturate in this dose range while the
Cu-containing alloys clearly show a weaker dependence on dose. The change in
hardness measured for the Cu-containing alloys irradiated with Fe ions are almost
double those observed for He irradiation to similar doses.
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Figure 22. Change in hardness as a function of the dose for
the copper-free alloys. The top line represent the
average of the Fe-N binary alloys, while the
bottom line is for the Ti-containing alloyVM373.

The most significant result of the hardness measurements can be seen by separating the
alloys into two categories, Cu-free alloys and Cu-containing alloys. A plot of the change
in hardness as a function of dose for the Cu-free alloys is displayed in Figure 22. The
indent contact depths were ~50 nm, and each point on the graph represents the average
of four or five measurements made within 0.25 um of the specific depths 1, 2, and 3 um.
The points at the dose of 0.5 dpa were found by averaging only a few points very near a
depth of 3.5 um, which seems reasonable because the change in hardness appeared to
be linear in that region. As a result, the uncertainty in the x direction for these high dose
points is larger than for the other points in the figures. The values at the end of the range
(~4.1 um) of the He ions are not shown here due to their large, unknown errors.

A single, nearly linear line has been drawn in Figure 22 representing the average change
of hardness for the Fe-N binary alloys because of the large scatter, which seemed
independent of the nitrogen content at the lower doses. One of the possible reasons for
the weakness of the observed effect is the fact that a significant portion of the nitrogen
was observed to have precipitated out in all the high-N alloys in the as-received condition
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Figure 23. Change in hardness as a function of the dose for
the copper-containing alloys. All alloys show a
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with the exception of the titanium-containing alloy, VM373, as reported earlier.*
However, the effect observed here in the He-irradiated samples was that the addition of
nitrogen had little or no effect on the hardening, which is in contrast to the effect
observed for the Fe-irradiated samples, in which the addition of nitrogen reduced the
change in hardness.

When the data are plotted as a function of the square root of dose, and a linear fit to the
points is plotted, the above alloys all show a threshold, or a delay, in the onset of the
hardening. This is in marked contrast to the Cu-containing alloys for which the change of
hardness is shown in Figure 23. For the Cu-containing alloys there is a rapid hardening
at low doses with an apparent saturation at high doses. The addition of either 1 wt-%
manganese or 120 appm nitrogen to Fe-Cu binary alloys appears to delay the approach
to saturation. When the data for these alloys are plotted as a function of the square root
of dose, a linear fit of the data extrapolated back to zero dose shows a common positive
ordinate intercept for all the Cu-containing alloys with no indication of a threshold dose.
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The point at 0.07 dpa for alloy VM390 is not shown in Figure 23 due to an unfortunate
circumstance. Hardness values measured in VM390 for the region with a dose of

0.07 dpa were compromised by a grain boundary running nearly parallel to the irradiated
surface.

Comparing alloys VM390 and VM397 shows that an increase in copper increases the
change in hardness at all doses. However, of potentially greater interest is the fact that
the two low-nitrogen, Cu-containing alloys VM390 and VM397 seemed to be unaffected
by the high-He concentrations. The change in hardness for both alloys remained linear,
even out to the region with a peak dose of >2 dpa containing 60,000 appm He, and
neither alloy showed any tendency to groove at end of range when polished.

The effect of adding a higher nitrogen concentration to the 0.5 wt-% Cu alloy can be seen
by comparing alloys VM390 and VM399. The high nitrogen alloy showed a slightly
increased AH in the low-He region (i.e., < 2.5 um), but a very large AH in the high-He
region, with the groove forming at the end of range during the polishing procedure. The
fact that the high nitrogen level in VM399 seems to slow the approach to saturation
observed in VM390 is consistent with the greater effect of nitrogen at the highest dose
shown in Figure 22 for VM350.

Comparing alloys VM360 with VM397 shows that the addition of 1 wt-% Mn to the Fe
matrix, in conjunction with the 0.9 wt-% Cu, nearly doubles the change in hardness due
to the irradiation at all doses. The hardening appears to saturate at a much higher level,
and the approach to saturation is slower in the manganese-containing material. The
VM360 alloy was also observed to groove at the end of range during the polishing
process.

5.4.2 Microstructural Observations

5.4.2.1 Dislocation loop formation

The defect microstructure in each of the irradiated alloys was investigated in cross
section using conventional TEM imaging techniques. Figure 24 shows a survey of the
cross-sectional, low-magnification micrographs of the irradiated region for most of the
alloys. The alloy numbers and their compositions are listed at the base of each
micrograph, and the depth scale is shown on the right-hand side of the figure. Alloy
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Figure 24. A survey of the low-magnification cross-sectional TEM micrographs
showing the entire irradiated region of the major alloys. The scale is
on the left and the alloy contents are listed below each image. Note that
alloys VM390 and VM397 show no obvious irradiation damage even at the
end of range of the He ions.

VM349 is not included because it is so similar to alloy VM350. All the alloys that showed
grooving when polished for nano-indentation show an extremely high defect density at
the end of range of the He ions, at and beyond 4 um. The two low-N, Cu-containing
alloys, VM390 and VM397, show no such peak damage region.

Higher-magnification micrographs of the defect structures at the 2-um-depth region (i.e.,
0.1 dpa and [He] = 10 appm) are shown in Figures 25 and 26. The scale markers found
in the upper left quadrants apply to all the images in the figures. The images do not
represent the same thickness, and thus the reader is cautioned against drawing any
conclusions about the density of the defects shown in the figures, but to compare defect
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Figure 25. TEM micrographs of several of the alloys
taken at approximately 2-um depth (0.1 dpa).
Comparing left to right shows the effect of
nitrogen on the defect distribution. Comparing top
to bottom shows the effect of 0.5 wt-% copper on
the defect distribution.

Figure 26. TEM micrographs of several of the alloys taken
at approximately 2-um depth (0.1 dpa).
Comparing left to right shows the effect of Mn (top
row) and Ti (bottom row) on the defect distribution.
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Figure 27. Measured defect distributions for alloy VM348 at
two different doses.
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Figure 28. Measured defect distributions for alloy VM350 at two
different doses.
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sizes only. Comparing alloys VM348 and VM350 shows that the increase in nitrogen
content seems to have slightly decreased the average size of the dislocation loops.
Figures 27 and 28 are plots of the measured defect distributions for two depths (i.e.,
doses) for the alloys VM348 and VM350, respectively. The increase in nitrogen in alloy
VM350 indeed resulted in slightly smaller dislocation loops. A comparison of the
distributions for each alloy indicates that loop growth occurs with increasing dose.

The damage structure was much coarser in the helium-ion-irradiated specimens than in
those irradiated with iron ions. For example, the average loop diameter in VM350 was
7.7 nm, and the density was 2.95 x 1022 m~2 at a helium dose of 0.1 dpa, whereas

d =1.86 nm and N = 4.7 x 1022 m"2 for iron irradiation to 2 dpa. This difference may arise
from differences in defect nucleation rates because the point-defect supersaturation
would be much higher in the case of the iron irradiation. An effective dislocation barrier
strength of ~0.5 was obtained from the hardness and microstructural values measured in
VM348 and VM350 at 0.07 and 0.1 dpa. This is closer to the expected value mentioned
above, but still indicates the presence of hardening from defects too small to be resolved
in TEM.

Comparisons if alloys VM390 and VM397 with VM348 show that the addition of 0.5 or
0.9 wt-% Cu (while maintaining low N) seems to have suppressed the formation of any
visible defects (i.e., dislocation loops or point-defect clusters present must have a
diameter less than 2 nm). Because hardening tends to increase with copper content as
shown in Figure 21, it is clear that the hardening measured in alloys VM390 and VM397
is caused by defects that are too small to be seen by TEM. As a result, the ability to
perform the desired correlation of mechanical-property changes with TEM
microstructural measurements is even more severely compromised in the copper-
containing materials.

A comparison of alloy VM399 with VM390 shows that when sufficient nitrogen is added
to the FeCu alloy, irradiation causes dislocation loops to form that are large enough to be
visible (d > 2 nm). Similarly, comparison of alloy VM360 with VM397 shows that the
addition of Mn to the matrix also results in visible dislocation loops. Although they are just
barely visible (d ~ 2 nm) there is definitely a higher loop density present in VM397 than in
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any of the other alloys. This high density of very small dislocation loops correlates well
with alloy VM360, showing the greatest change in hardness in the low-dose, relatively
low-He region (< 2.5 um).

A comparison of alloy VM373 with VM350 shows that the addition of 0.3 wt-% Ti to the
matrix resulted in a suppression of dislocation loop formation but apparently led to
precipitation in the irradiated zone. This result is interesting because alloy VM373 was
the only high-N alloy to retain nitrogen in solution in the as-received state, and it showed
the least hardening of all the alloys in the low-dose, relatively low-He region (< 2.5 pm).
Further work would be required to verify that the defects are a second phase and to
identify their type.

5.4.2.2 Observations of helium bubble formation

All the alloys with the exception of the low-N, Cu-containing VM390 and VM397, show
extensive He bubble formation in the region beyond 3.75 um (i.e., [He] > 3000 appm). All
the bubbles showed a tight size distribution centered at d~2 nm. Even at the highest He
concentration of ~60,000 appm, the bubble density increased but the size of the bubbles
remained similar. A close investigation of the He bubbles as a function of depth in the
VM348 (Fe + low-N) alloy revealed that while there were a few bubbles formed at 2 um
([He] = 10 appm), significant formation did not occur until beyond 3 um ([He] = 120
appm). Figure 29 shows the He bubbles in the VM348 alloy at a depth of 3.5 um (dose =
0.5 dpa, and [He] = 660 appm) using Fresnel fringe contrast. In the underfocused
condition the bubbles appear as bright in the center with a dark outer fringe, while in the
overfocused condition they appear dark with a bright outer fringe.

It is of significant interest that alloys VM390 and VM397 showed no bubble formation,
even at the end of range where [He] = 60,000 appm. Because these two alloys were
irradiated in separate targets and with other alloys (390 with VM348 and VM399, and
VM397 with VM350 and VM387), it is clear that the apparent absence of bubbles is due
to the effect of chemical composition, not to differences in irradiation conditions. Both
alloys showed an increase in hardness as a function of depth and no tendency to groove.
To demonstrate that the helium was present a post-irradiation anneal was performed on
a VM397 specimen at 600°C for 24 h. It resulted in extensive bubble/void formation at
the end of range depth. Evidently, copper diminishes the availability of vacancies during
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Figure 29. TEM micrographs of the He bubble formation in
alloy VM348 irradiated to a dose of 0.5 dpa and a
He concentration of 660 appm.

irradiation. This surprisingly strong Cu-vacancy interaction is consistent with a postulated
high-copper-vacancy binding energy but may be much greater in a clean Fe-Cu binary
alloy.?8-30 This ability of the copper to suppress He bubble formation appears to be
negated by either the addition of a substitutional solute like Mn (see alloy VM360), or an
interstitial solute like N (see alloy VM399). This is similar to the effect of nitrogen
observed in positron lifetime measurements, which were made following isochronal
annealing experiments with these alloys.® Addition of nitrogen to the Fe-Cu binary alloy
significantly reduced the measured positron lifetime.
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6 SUMMARY

The primary results of this study have demonstrated the capabilities and limitations of the
techniques employed. The relatively high doses reached here in several materials would
have been difficult to obtain in a timely way from neutron irradiations, and it would not
have been possible to perform the extensive TEM examination of the irradiated
microstructure if the materials had been radioactive.

The primary conclusions of this work are summarized as follows.

1. Hardness changes measured with loads as low as 0.05 g were shown to be well
correlated with conventional Vickers microhardness measurements with a 200-g
load. This indicates that the low-load hardness measurements warrant further
investigation of their potential use.

2. The dose and compositional dependence of the hardening change measured with the
nano-indentation technique on ion-irradiated specimens was consistent with that
obtained from more conventional mechanical property measurements following
neutron irradiation.

3. A consistent difference between the copper-containing and the copper-free alloys
was observed. The hardness change measured in copper-containing alloys exhibited
a greater tendency to saturate at high doses.

4. The saturation hardness level in the copper-containing alloys increased with copper
content, increased with the addition of nitrogen, and increased with the addition of
manganese.

5. Although the helium ion irradiation led to the excessive amounts of implanted helium,
it also provided evidence of a very strong interaction between copper and radiation-
induced vacancies. Bubble formation was observed in most specimens as the helium
stabilized and promoted the growth of vacancy clusters. However, bubble formation
was not observed in the two low-nitrogen Fe-Cu binary alloys, presumably because
strong Cu-vacancy binding prevented bubble growth. The addition of either interstitial
or substitutional solutes mitigates the Cu-vacancy binding interaction, leading to
visible bubble formation.

43 NUREG/CR-6643



6. The TEM microstructural characterization indicates that addition of copper leads to a
refinement of the radiation-induced microstructure. This is consistent with the copper-
vacancy interaction just mentioned, and similar observations have been made by
other researchers.3! Conversely, addition of interstitial nitrogen or substitutional
manganese leads to an increase in the size of the visible defects in the copper-
containing alloys.

7. Although many of the difficulties inherent in high-magnification TEM examination of
magnetic materials were overcome in this work, it was not possible to make a one-to-
one correlation between microstructural changes and hardness changes due to the
hardening induced by defects that remain below the resolution limit of the
microscope. In particular, significant hardening was measured in the low-nitrogen,
Fe-Cu binary alloys while no defects were visible by TEM.
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