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Summary

OFP CT-sample tested in sulphur containing (200 mg /1) groundwater was examined by using
(S)TEM-EDS. The specimens were fabricated from the close proximity of the fracture surface,
which previously has been shown by SEM-EDS to contain up to 20 at% of S. STEM-EDS
maps and TEM-EDS point analyses showed that the Cu matrix contained a varying amount of
sulphur rich particles and traces of phosphorus segregation on the grain boundaries. It was
assumed that the majority of the S-rich particles had fallen out during electrolytic sample
preparation, leaving behind matrix with a varying density of holes. One open grain boundary
was found to contain corrosion product with Cl and other elements relevant to the
groundwater environment. Reference samples which had not been in contact with groundwater
nor strained also showed P segregation at the grain boundaries and S rich particles.

Most notably, particle density seemed to vary by location in the CT-tested samples. While
some grains were nearly particle free, some had significant amount of particles. It was
suggested that the amount of precipitates was related to the stress state of each grain during
the CT-test. According to theoretical calculations in the literature, S forms stable and mobile
defect complexes with vacancies. In the selective dissolution, vacancy creep model, vacancies
on the other hand are believed to be injected in to the material during corrosion and annihilate
during deformation. High stress in grains, which are in preferential orientation to straining axis
would then, hypothetical, lead to larger injection of vacancies and diffusion of S via mobile S-
vacancy defects. Further research by using novel methods, such as atom probe tomography, is
proposed to tackle that problem.
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Preface

This report summarizes the transmission electron microscopy work done in the KYT2014
research project “CuHa”.

Espoo 1.7.2011
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Introduction

In Scandinavia, copper has been proposed to be the material from which the outer
layer of cast iron canisters for the final repository of nuclear waste are to be made
(Posiva, SKB). The canisters will be buried deep into the bedrock and embedded
in bentonite clay. The choice of copper for the barrier material is natural in the
sense that the properties of copper have been known since the Iron Age. The
canisters are expected to sustain a predefined lifetime of (at least) 100,000 years.
During the 100,000 years, the copper canisters will be exposed to decay heat of
the spent fuel and groundwater environment. To sustain the integrity of the
capsule, the corrosion rate of the copper must be well known. Another important
aspect is related to the mechanical properties, most notably the susceptibility of
copper to stress corrosion cracking (SCC) in groundwater.

Grain boundaries play a key role in intergranular cracking of copper. Basically,
substitute atoms weaken the cohesion of the boundary and increase the possibility
of cracking upon applied stress. There are findings in the literature that
segregation of certain elements on copper grain boundaries may enhance
intergranular fracture. T. Nieh and W. Nix found that oxygen enhances
intergranular (IG) fracture (1), while G. Ducher et al. found that bismuth
segregation at the grain boundaries also leads to increased embrittlement (2).

The role of sulphur in the SCC of copper is still a subject of debate, even though it
has been shown to increase SCC susceptibility in some cases(3). In the case of
copper canisters, the exposure to S is possible via bacterial activity or/and
transport via ground water (4). Furthermore, there are several post-fracture
investigations clearly showing that the 1G fracture surface is covered with sulphur
(5)(6). Theoretical investigations have shown that the solubility of S in Cu is very
limited due to formation of the stable Cu,S phase (7). Theoretically the S should
form highly stable and mobile S-vacancy and S-S defect complexes that favour
the precipitation of Cu,S to lattice defects (dislocations, grain boundaries, open
surfaces, etc).

Despite being experimentally assumed and theoretically predicted, no atomic-
scale experimental results on S segregation on the copper grain boundaries have
been reported to date. The main goal of this research was to examine the role of S
on SCC of copper.

2 Description

The examined specimens were extracted from a Compact Tension (CT) —test
piece, which was tested in saline ground water containing [S*] = 200 mg/l. The
test details and optical/SEM investigations on the fracture surface can be found
from (8). Macro images from the examined regions are shown in Fig. 1 (a) and
(c). There are black spots at the fractured surface, as shown in Fig. 1 (a), which
according to SEM-EDS analyses were composed mainly of S. TEM specimens
(CuHal and CuHab) were punched from the locations shown in Fig. 1 (b) and (d).
As a reference, TEM samples were also fabricated from material, which had not
been in contact with the ground water environment. Altogether seven reference
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samples were fabricated during optimization of the electrolytic polishing process
and three of those (Ref3, Ref4, and Ref7) were examined by TEM.

7 sample 1
() postition

(a) | (b)

(d)

Fig. 1. Macro images of the examined sample. The fracture surface and side view
of the C- sample are shown in (a) and (c), while the positions of TEM specimens
CuHal and CuHab5 are shown in (b) and (d). The white box in (a) shows the
approximate position of which samples were punched. The white circles in (b) and
(d) are 3 mm in diameter.

3 Methods

The blanks for the specimens were first cut by a diamond blade saw and then
manually ground to a thickness of 300 pum. TEM specimens were then punched
from the ground blanks [according to Fig. 1 (b) and (d)] and further grinded to a
thickness below 100 pum. The specimens were then electrolytically polished to
electron transparency by using automatic Tenupol polishing unit and phosphorus-
acid based Struers D2 electrolyte (6 V, about 50 mA). A Philips CM200 FEG
Scanning transmission electron microscope (STEM) was used to explore the
chemistry of particles and grain boundaries in close proximity to the cracked
surface (~ 0.3 mm below) of the CT-sample. The spot size used for EDS analysis
was ~ 1nm.
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4 Results

4.1 Reference samples

The general appearance of the examined samples Ref3 and Ref4 is shown in Fig.
2. Most distinctly, all the examined samples showed a large amount of holes that
were most likely a consequence of particles dropping out during the electrolytic
polishing procedure. There was no evidence that the amount of holes would have
been larger at the grain boundaries as compared to the matrix.

Fig. 2. General appearance of Ref 3 [(a) and (b)] and Ref 4 [(c) and (d)]. The matrix
showed a varying distribution of apparent inclusions that were fallen off during electrolytic
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To verify that the holes did not contain any impurities, STEM-EDS maps from the
location of fallen particles was done. As shown in Fig. 3 indeed, there were no
impurities at the fall out locations. Notice that the reverse contrast between Figs. 2
and 3 is due to STEM images taken in high-angle annular dark field (HAADF)
mode. HAADF contrast is especially sensitive to changes in elemental
composition. The linear vertical feature in Fig. 3 is a grain boundary, and the
contrast variation between the two grains is due to different lattice orientations.
The size of the particles was a couple of hundred nanometers.

off from the matrix.

As is also noticed from Fig. 3, the grain boundary did not show any significant
signs of segregated elements, although according the experience it would be
difficult to see low concentration in a STEM-EDS map. Further examination on
grain boundaries were made by using spot analyses.

In some locations, precipitates were found and analyzed by using spot analyses
and STEM-EDS. Figs. 3 and 4 show STEM-EDS maps of some of the particles.
In general, these particles were found in random locations. Most commonly they
were sitting on the edge of a hole left by a particle that had fallen out, as shown in
Fig. 5. According to the STEM maps, the particles clearly contained copper,
sulphur and phosphorus. To get a more precise compositional analysis of the
particles, point analyses were taken from a variety of precipitates. Results from
the analyses are collected toTable 1.
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Fig. 4. Particle in Ref 3 foil edge. Clear signs of

EDS.

Cu, S and P detected by STEM-
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contains S and some P.

Table 1. Weight percentages of the examined precipitates of Ref3, Ref4, and Ref7.

# Cu wt% S wt% P wt% Siwt% | Clwt%
EDS3 11 balance 21.1 0.6 - -
EDS4 1 balance 23.5 - - -
EDS4 4 balance - 0.8 - -
EDS4 5 balance - 2.3 - -
EDS4 6 balance 21.7 0.1 - -
EDS4 8* balance - 0.3 43.6 0.2
EDS4 10* balance - - 46.9 -
EDS4 11 balance 0.3 0.6 - -
EDS7 51 balance 22.4 0.1 - -
EDS7 52 balance 14.1 0.9 - -
EDS7_53 Balance 18.9 0.6 - -

*) One individual particle containing high Si was found from one examined foils.
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Several grain boundaries of the reference samples were examined by using spot
analyzes. Fig. 6 shows one of the analysed GBs. Selected area diffraction (SAD)
patterns from the neighbouring grains show that the there’s a difference in crystal
orientation, as expected. EDS spot analyses from the region shown inside the red
circle in Fig. 6 did not show any impurities at the GB. A representative EDS
spectrum shown in Fig. 6 (b) contains only a weak peak from C contamination
and clear emissions related to Cu.

Full scale counts: 2058 Base@s)
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(b)

Fig. 6. Grain boundary analyzed by using a small probe and EDS. (a) shows the
examined region, while (b) shows a representative EDS spectrum (nothing but Cu
and C contamination present) from the GB.

Another grain boundary of Ref7 showed a weak but observable signal of
phosphorus on the grain boundary. The amount of phosphorus ranged from 0.5 to
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1 % wt. The examined region as well as one of the obtained EDS spectra is shown
in Fig. 7.
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Fig. 7. Another grain boundary analyzed by using a small probe and EDS. (a)
shows the examined region, while (b) shows a representative EDS spectrum.

CuHal and CuHa5

Specimens for CuHal and CuHa5 were fabricated from the proximity of the
fracture surface of the CT-sample, as described earlier in Section 2. Specimen
CuHal was from the first fractured region, while Cuha5 was from the last
fractured region. The general appearance of the microstructures in CuHal and
CuHa5 closely resembled that observed in the reference samples. A large amount
of holes was found as a consequence of apparent falling out of particles from the
matrix.
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Fig. 8. General appearance of the matrix showed a varying distribution of apparent
particles that fell out during electrolytic polishing of the specimens.

As compared to the reference samples, the general impression was that locally
some of grains were filled with a larger number of holes/particles, while other

grains showed lower density. A comparison between two separate regions from
CuHal is shown in Fig. 9.
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Fig. 9. The amount of holes/particles showed large variation between different regions of

CuHal.

Again, some residual particles were found in the CuHal and CuHa5 samples from
the edges of the holes left from larger particles falling out. Point analyses from
CuHal in Fig. 10 show that the particles are composed of high amount of S, but at
these points P was not detected. Some of the precipitates are on the grain
boundary, but there’s no clear trend in that behavior. In addition to S containing
precipitates, some triangular features containing Cl were found from CuHal. The
EDS location and the triangular appearance of the Cl containing feature are shown
in Fig. 11. Similar S rich particles were found from CuHa5 sample, but CI

containing features were not found.

# Cuwt% | Swt% | Pwt%
1 balance 23.3 -
2 balance 7.3 -
3 balance 3.8 -
4 balance 5.4 -

Fig. 10. EDS point analyses and results from CuHal. The precipitates clearly contain S. No
traces of P were found.
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# Cuwt% | Swt% | Clwt %
1 balance 17.1 -
2 balance - 3.6-6.7

Fig. 11. EDS point analyses and results from CuHal. The lower precipitate clearly
contains S, while Cl was found from the upper feasture. No traces of P were found.

Several grain boundaries of CuHal and CuHa5 were examined by using EDS spot
analyses. The analysis revealed that the grain boundaries contained small amounts
of P but no S, as was also noticed in the reference samples. As an example, one
GB of CuHa5 is shown in Fig. 12 with EDS results.

# Cuwt% | Pwt%
1 balance 0.8
2 balance 0.8
3 balance 0.6
4 balance 0.4
5 balance 0.1
6 balance 1.6
7 balance 0.6
8 balance 0.6
9 balance 1.2
10 balance 0.5
11 balance 0.8
12 balance 0.3
13 balance 0.5
14 balance -
15 balance 0.2

Fig. 12. EDS point analyses and results from CuHa5 grain boundary.
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Although most of the boundaries did not show any unfamiliar features, one grain
boundary of CuHal was clearly filled with some corrosion product, as shown in
Fig. 13 with EDS results.

# Cuwt% | Swt% | Clwt% | P wt% K wt% Cr
1 balance 6.1 1.1 0.5 0.3 3.3
2 balance 2.7 0.9 0.5 0.3 1.6
3 balance 6.2 0.9 0.4 0.2 3.4
4 balance 7.0 0.4 0.3 0.1 3.5
5 balance 0.1 0.3 0.2 0.1 -
6 balance 0.1 0.9 0.3 0.3 -
7 balance - 1.8 1.6 0.4 -
8 balance 0.2 0.8 0.3 0.2 -
9 balance 0.1 0.7 0.4 0.1 -
10 balance - 0.8 0.3 0.2 -
11 balance 0.1 0.7 0.3 0.3 -
12 balance 0.1 0.6 0.5 0.3 -
13 balance - 0.5 0.2 0.2 -
14 balance - 0.7 0.1 0.2 -
15 balance 0.1 0.8 0.3 0.2 -
16 balance - 1.1 0.3 0.2 -

Fig. 13. EDS point analyses and results from CuHal grain boundary, which clearly was
filled with some corrosion product. Locations 1 — 4 are from the circled particle. All the
other particles are from the grain boundary. Most notably, there is a S rich particle on the
boundary (# 1 -4) and Cl is found everywhere.
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Discussion and Conclusions

A clear sign of small particles was found from all the examined samples. Due to
electrolytic sample preparation, the majority of these precipitates had fallen out in
the electron transparent region of the foil and leaving a copper matrix filled with
holes. The particles were usually a few hundred nanometers and contained most
notably S and some amount of P. While the particle density was rather even in the
examined reference samples, the CT-tested samples tend to have large variation in
precipitation concentrations.

Grain boundaries have been proposed to be the major diffusion path of S to the
copper matrix under applied stress in S containing environment. In the present
study, one grain boundary clearly contained corrosion product with Cl and other
elements possibly originating from the groundwater.

To explain the SEM and Auger observations of the literature (6)(8), there must be
a mechanism for S to diffuse into the fracture surface of the cracked samples. On
the other hand, there’s a large difference in the resolution of previously mentioned
methods as compared to TEM, and thus the smallest precipitates seen by TEM
(few nanometres) are far below the detection limit of SEM-EDS. The limit of
detection is not, however, able to explain the concentration of S being affected by
the strain (8). Likewise, TEM may not be the best method for examining the
mechanisms of S diffusion in the Cu lattice at an atomic scale, due to the image
always being a projection of a ~100nm thick foil. During the last couple of years
the strengths of atom probe tomography (ATP) have been indisputably shown to
tackle elemental problems in nanometres scale in 3D (9) and the technique would
definitely give more insight into this problem as well.

Vacancies are easy to invoke because they are extremely difficult to detect and
naturally involved in crack formation and propagation. In the selective
dissolution, vacancy creep model it is postulated that corrosion processes at the
materials surface can result in an increase in the vacancy flux from surface oxide
to metal. In the theoretical examination of P. Korzhavyi,(7) the found possibility
of mobile and stable S-vacancy pair in copper, indeed, sounds fascinating
possibility to explain the increased amount of sulphur on the fracture surfaces.
The fact that different grain had different amount of precipitates could then be
related to different strain levels due to different grain orientations. The grains with
higher stress would then accompany more S-vacancy pairs, which would then
favour the Cu,S precipitation in these grains.

Summary

Copper CT-specimens tested in S containing groundwater were analysed by using
(S)TEM. It was found that all the examined samples contained small S rich
precipitates. A small amount of P was found from the grain boundaries of both,
mechanically tested and reference samples. The mechanism for S diffusion in the
Cu lattice was discussed shortly based on experimental findings and literature.
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