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ABSTRACT

The current design of containers for high level nuclear waste proceeds on using an outer barrier of corrosion
resistant Ni-based super alloy. The current alloy of choice is alloy 22 (UNS N06022). It is a quaternary Ni-Cr-
Mo-W alloy system. The new but well established alloy 59 (UNS N06059) is an excellent equal or even a
superior alternative to alloy 22 for the 10,000 years reliability being sought. Alloy 59 is a pure ternary alloy in
the Ni-Cr-Mo alloy system.
Objective of this paper is to present data comparing these two alloys.  
Therefore the behaviour of alloy 59 and alloy 22 was characterised after aging in air for 10,000 h and 20,000 h at
different temperatures (200, 300 and 427 °C). Since the performance of weldments is of great concern, both
welded and unwelded specimens were studied. Mechanical properties of the air aged alloys were measured at
room temperature by tensile and notch impact-bending test. 
Thermal stability and aqueous corrosion are considered to be the key issues in the long-term performance of
container materials proposed for the geological disposal of high level nuclear waste.
The long-term thermal stability and corrosion resistance of the alloy 59 compared to alloy 22 is discussed.
Corrosion resistance was evaluated in ASTM G28 A and “green death” solution laboratory tests; hereby
corrosion rates and depth of attack were determined. Metallographical studies were performed in mill annealed
and air aged conditions. 
The results of the aging tests at 10,000 h and 20,000 h show that alloy 59 is an equal or better candidate material
due to its superior localised corrosion resistance behaviour (pitting and crevice corrosion resistance) and better
thermal stability needed especially in multi-pass welding of thick sections. Therefore alloy 59 seems to be the
most promising alternative to alloy 22.

Keywords: Nuclear waste containers, alloy 59, alloy 22, thermal stability, mechanical properties, corrosion
resistance, weldments

1. INTRODUCTION

For the save storage of highly radioactive waste from the last decades this waste has to be secured in containers
that ensure no interaction between the content and the surrounding environment for the next 10,000 to 100,000
years. This means, that the material properties especially the mechanical properties and the corrosion resistance
shall remain unchanged for a time span no man made construction in history ever before was meant to last.
The current design for such containers is based on a metallic multi-barrier system, which includes a 20 mm thick
shell of a nickel base super alloy, as a main barrier to prevent corrosion penetration over the years. Nickel base
alloys are under consideration because candidate alloys must have not only a low general corrosion rate but also
excellent resistance to localised corrosion. This is because the underground water contains halides which may
promote localised corrosion of stainless steels. Alloy 22 has been selected as the primary candidate for the
construction of the containers. 

Thermal stability is another key issue in the long-term performance of container materials. Due to the radioactive
decay of the waste, it is predicted that during the first 1,000 years of service lifetime temperatures as high as
250 – 350 °C can be reached if the design of the alcoves does not involve ventilation. Thus, possible aging
effects resulting from long time exposure to this range of temperatures have to be considered as well. 
Irrespective of the fabrication technique, some form of welding of the container materials will be involved in
producing cylindrical packages of large diameters. The performance of weldments is therefore of great concern
and has to be studied along with that of the base material. 

The selection of alloy 22 is claimed to be based on its good resistance to localised corrosion [1]. However,
another alloy of this family, the alloy 59 (UNS N06059), has even better resistance both to uniform and localised
corrosion particularly in chloride containing environments as measured in standard ASTM laboratory tests [2]. In
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addition, this pure ternary alloy of the Ni-Cr-Mo family exhibits superior thermal stability due to its balanced
composition without addition of other elements.
Tests were carried out to obtain new data on the long-term thermal stability and corrosion resistance of alloy 59
and its weldments. Microstructure, mechanical properties and corrosion behaviour were investigated in both mill
annealed and long-term aged conditions; aging was conduced at 200, 300 and 427 °C for 10,000 h and for
20,000 h. For comparison the properties of alloy 22 were measured accordingly. The results obtained are
described in this paper. 

2. COMPARISON OF THE C-ALLOYS 

Table 1 gives the chemical composition of various alloys of the Ni-Cr-Mo family. The major alloying elements
of these nickel base alloys are chromium and molybdenum with some alloys containing further elements like
iron and tungsten. The pitting resistance equivalent number, PRE = %Cr + 3.3 (% Mo), is also included in the
table.

Table 1: Nominal chemical composition in wt.% of some Ni-Cr-Mo alloys.

Alloy UNS# Ni Cr Mo W Fe Co PRE

C-276 N10276 bal 16 16 4 5 max. 2.5 69

22 N06022 bal 22 13 3 3 max. 2.5 65

59 N06059 bal 23 16 -- max. 1.3 -- 76

2.1 Uniform Corrosion
It is well documented that alloy 59 has excellent resistance to corrosion in a wide variety of environments [3, 4].
Comparative data on the corrosion rates of alloys 59, 22 and C-276 in various standard and non-standard boiling
corrosive media can be found in Table 2. In fact, alloy 59 shows the lowest corrosion rate. Owing to its excellent
corrosion resistance alloy 59 is for example used by the worlds biggest chemical companies for multi-purpose-
vessels.

Table 2: Typical corrosion resistance rate of some Ni-Cr-Mo alloys in boiling corrosive environments
[mm/y].

Media Alloy 59 Alloy 22 Alloy C-276

ASTM G 28 A 0.6 0.9 6

ASTM G 28 B 0.1 0.18 1.4

Green death 0.1 0.1 0.65

10 % HNO3 0.05 0.05 0.48

65 % HNO3 1 1.3 18.8

10 %H2SO4 0.2 0.45 0.58

50 % H2SO4 4.4 7.7 6

1.5 % HCl 0.08 0.35 0.28

2 % HCl 0.08 1.6 1.3

10 % HCl 4.5 9.8 6

10 % H2SO4 + 1 % HCl 1.8 8.9 2.2

10 % H2SO4 + 1 % HCl (90 °C) 0.08 2.3 1
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2.2 Localised Corrosion
Uniform corrosion is in most cases not critical for the typical C-alloy applications. More often the decisive factor
are halides, crevices, deposits on the surface or other factors that may lead to pitting or crevice corrosion. These
types of localised corrosion can not be estimated in mm/y but if they occur they will locally destroy the material
in a very short time. The crevice corrosion is always the more critical form of attack since it occurs at a lower
temperature and can be initiated by any type of crevice, including dirt or dust on the surface of the material.
The resistance to localised corrosion shows a linear correlation to the chemical composition, namely to the
beneficial elements Cr and Mo. By adding the Chromium content with 3.3 times the Molybdenum content one
gets the PRE number. Laboratory tests and field experience have shown, that the higher the PRE, the larger is the
resistance to pitting and crevice corrosion. Over the last decades the PRE and the corresponding critical pitting
and crevice corrosion temperatures have been widely accepted as a method to establish a ranking among these
materials.
As a result of its high Chromium and Molybdenum content alloy 59 exhibits a very high PRE. Accordingly, the
literature data given in Table 3 make evident that alloy 59 has indeed higher critical pitting and crevice corrosion
temperatures (CPT and CCT), and thus a superior resistance to localised corrosion compared to its counterparts
alloy 22 and C-276. These data refer to the solution annealed condition. 

Table 3: Localised corrosion resistance in “green death” solution of some Ni-Cr-Mo alloys [2].

Alloy UNS# PRE CPT [°C] CCT [°C]

C-276 N10276 69 110 105

22 N06022 65 120 105

59 N06059 76 >120 110

Alloy 22 is the proposed material for the container; it is a high Chromium containing alloy, however its
Molybdenum content is rather low (only 13 %, while the other Ni-Cr-Mo alloys contain 16 %). Therefore alloy
22 has a PRE of only 65 compared to 76 for alloy 59. This strongly reduces its resistance to pitting and crevice
corrosion.
This lower corrosion resistance reveals especially in test solutions that provoke localised corrosion like pitting
and crevice corrosion (Table 3). Typical solutions for this kind of attack are sulphuric acid mixtures with
chloride content. Under these conditions alloy 59 is clearly superior to all other alloys and is therefore used
successfully in such applications world-wide for now more than 15 years. A good example of this are the flue-
gas-desulphurisation (FGD) units in fossil fired power plants. Especially in the most critical areas of these FGD
units like heat exchangers and the flue-gas-inlet alloy C-276 and alloy 22 often suffer heavy corrosion due to the
sulphuric acid condensate with high chloride content at high temperatures (up to 160 °C). In many power plants
heat exchangers and inlets made of alloy 22 or alloy C-276 had to be replaced by alloy 59. Under the limestone-
gypsum deposits formed at the inlet the aggressive condensate and the slurry concentrates, the pH-value drops
and all alloys except alloy 59 show severe crevice corrosion. 

Since the resistance to localised corrosion is one of the key performance parameters used to evaluate materials
for nuclear waste disposal, alloy 59 has to be considered a strong candidate. The studies presented here
demonstrate that this alloy keeps its outstanding performance even after aging for 10,000 h and 20,000 h. As
shown later, the high CPT of ≥130°C obtained in “green death” solution for alloy 59 base material remains after
heat treatment at 200, 300 and 427°C. Furthermore, no degradation of localised corrosion resistance is expected
due to welding because the weldments of alloy 59 show a performance similar to the base material. 
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2.3 Thermal Stability
Alloy 59 is the purest form of a Ni-Cr-Mo alloy. It is the only nickel-based alloy of this family without the
addition of other alloying elements, such as tungsten or copper which are known to impair thermal stability. It is
this compositional balance that is responsible not only for the excellent corrosion resistance, but also for its
superior thermal stability. The metallographical investigation done in this work shows that none of the
performed long-term heat treatments induced visible precipitation of carbides or intermetallic phases, for
example µ and P, which could increase corrosion susceptibility. 

Although low in carbon and silicon, alloy C-276 is under certain conditions not adequately thermally stable in
regard to precipitation of both carbides and intermetallic phases, thus becoming susceptible to corrosive attack
[5]. This fact is well illustrated by the time-temperature-sensitisation (TTS) diagram shown in Figure 1 [6, 7].
Alloy C-276 has a high tendency to precipitation of the intermetallic µ and P phases along with carbides of the
M6C-typ in the middle temperature range. For example, at temperatures between 700 and 1080 °C precipitation
along the grain boundaries can already be observed after approx. 6 min [6]. Accordingly, susceptibility to
intergranular corrosion in the ASTM G 28 A test occurs after few minutes, see Figure 1. C-276 is not a candidate
alloy for radioactive waste containers. New developments in the Ni-Cr-Mo family like alloy 2000 (UNS
N06200), which contains copper, and alloy 686 (UNS N06686), which contains tungsten, are also not
recommendable due to their proneness to sensitisation illustrated by the TTS-diagram. This phenomenon could
occur when welding the thick sections of waste containers, which require multiple weld passes, leading to
undesirable phase precipitation in the heat-affected zone and to lower corrosion resistance. Figure 1 further
shows that susceptibility to sensitisation strongly decreases for alloy 22 and that the best construction material to
prevent this undesirable phenomenon would be alloy 59. The main factor for the superior thermal stability of
alloy 59 is the fact that it is the only pure Ni-Cr-Mo alloy.

Figure 1: Time-temperature-sensitisation diagram of some Ni-Cr-Mo alloys tested according to ASTM G 28 A;
curves define the depth of intergranular penetration > 50 µm as evaluated by metallography.
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3. AGING TESTS 

3.1 Experimental
To compare the materials 16 mm thick plates of alloy 22 and alloy 59 were thermally aged in air for 10,000 h
and 20,000 h at 200, 300 and 427 °C. Microstructure, mechanical properties and corrosion resistance of mill
annealed and air aged specimens were investigated. The composition of the heats studied here was 60.30% Ni,
22.80% Cr, 15.55% Mo, 0.61% Fe for alloy 59 and 56.16% Ni, 21.72% Cr, 13.58% Mo, 3.97% Fe, 2.83% W,
1.29% Co for alloy 22. All specimens were studied in the as-wrought and welded conditions. GTAW-HW
welding was performed using the matching filler metal. Heat tints were removed by brushing the hot weld joints.
Welded samples consist of approximately 1/3 of weld and 2/3 of base material. Standard polishing techniques
were used to prepare the samples for metallographical studies. 
Mechanical properties were measured at room temperature by tensile test. The tensile test was carried out
following the DIN EN 10002-Part1. Dog bone-shaped specimens were machined according to DIN 50125 –
B 6 x 30. At least 2 specimens were tested to obtain the values of yield strength at 0.2% plastic deformation,
ultimate tensile strength and elongation to fracture. 
Corrosion resistance was evaluated in ASTM G 28 A and “green death” solution laboratory tests. Cut edges were
ground wet with 80 grit abrasive paper. Before testing samples were degreased in acetone/isopropanol. The
ASTM G 28 A involves the immersion of specimens for 24 h in a boiling solution of 50 % H2SO4 and 42 g/L of
Fe2(SO4)3; after immersion corrosion rates were determined. The critical pitting temperature (CPT) was
measured in “green death” solution. Hereby samples were immersed in a solution containing 11.5 % H2SO4,
1.2 % HCl, 1 % FeCl3 and 1 % CuCl2 at a starting temperature of 80 °C. After a 24 h exposure period a gradual
temperature increase of 5 °C was applied and a freshly prepared solution was used. This procedure was repeated
until samples failed by pitting; above the boiling point an autoclave was used. To confirm the visual observation
of pitting corrosion rates were measured.

3.2 Mechanical Properties
Changes in the mechanical properties are frequently used as a measure of the thermal stability of materials
against aging processes. The results from the mechanical testing of wrought and welded materials are presented
in Figure 2 - 3 as a function of the aging temperature. Data obtained for mill annealed samples are included for
direct comparison.
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Figure 2: Effect of aging for 20,000 h on the ultimate tensile strength of base and welded materials.
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Actually no evidence was found that the heat treatment at 200, 300 and 427 °C for 20,000 h affects the
mechanical properties of alloy 59. Independently of the aging temperature all samples kept their good
mechanical performance after 20,000 h. 
The ultimate tensile strength (UTS) varied between approx. 775-785 N/mm2 for the base materials and 780-
800 N/mm2 for the weldments, see Figure 2. These high values of strength guarantee the excellent mechanical
behaviour characteristic of alloy 59 and confirm its great thermal stability. 
Yield strength of alloy 59 varies between 380-400 N/mm2 for the base material and 410-440 N/mm2 for the
weldments as shown in Figure 3. In general, welded samples exhibit slightly higher yield strength values than
the base material also in the case of alloy 22. This is due to the characteristic microstructure of a weld, which
results from a simple re-melting plus solidification process being therefore quite different from the optimised
microstructure of a wrought and solution annealed base material. 
From Figures 2-3 it can be concluded that the ultimate tensile strength and the yield strength were not influenced
by the heat treatment, even at the higher temperature of 427 °C. The variations can be considered to be within
the experimental scatter. Furthermore, the behaviour of alloy 59 and alloy 22 is quite similar. 
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Figure 3: Effect of aging for 20,000 h on the yield strength (0.2% offset) of base and welded materials.

The values of elongation to fracture are shown in Figure 4. The elongation of the base material remains at high
levels even after aging for 20,000 h. Welded samples exhibit lower elongation values than the base material. In
addition, the elongation of the welded material seems to increase upon aging at 200 and 300 °C, while at 427 °C
it compares with the elongation of the non-aged welded sample. Nevertheless, the mechanical values of
weldments are still very high and none of these trends seem to have a detrimental effect in the corrosion
properties as shown later.
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Figure 4:  Effect of aging for 20,000 h on the elongation to fracture of base and welded materials.

For better mechanical performance and fabricability a combination of high strength and high ductility is desired.
Alloy 59 has excellent ductility, which is much larger than values requested by the pressure vessels code (e.g. in
the German code VdTÜV A5 ≥ 30 % is required for base material and weldments). In general, alloy 59 samples
both welded and unwelded show higher elongation values and therefore better ductility than alloy 22.

The results of this work demonstrate that aging for 20,000 h even at 427 °C has no negative effect on the
mechanical properties of alloy 59 or alloy 22. 

As already mentioned alloy 22 is expected to have lower thermal stability than alloy 59 due to the presence of
tungsten. Probably, the effect on the mechanical properties can only be seems for longer aging times. In a study
involving several Ni-Cr-Mo alloys some evidence of a long range ordering after aging at 427 °C for 30,000 and
40,000 h was observed in alloys containing tungsten, i.e. alloy 22 and C-276 [1]. At lower temperatures like
those expected in nuclear waste repository the precipitation kinetics of such solid state reactions will be sluggish.
However, since the deposition of high radioactive waste involves very long periods of time (more than 10,000
years) it should be expected that precipitation may indeed occur during the lifetime planned for the container.
For long-term disposal the materials that may undergo uncontrolled changes of the microstructure are not
suitable. Therefore, the thermally more stable alloy 59 would be a better choice for the construction material.
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3.3 Microstructure
Optical microscopic investigation showed that the microstructure of all alloy 59 samples aged for 20,000 h
remained unchanged. No precipitation could be observed in the base material as a result of the aging treatment.
In the same way, no particular feature was detected in the weldments or in the heat-affected zone. After aging for
10,000 h the microstructure of alloy 22 remains unchanged as well. Microstructural examination of alloy 22 aged
for 20,000 h are still underway. Figure 5 compares the region of the heat-affected zone of alloy 59 and alloy 22
after aging for 10,000 hours at 427 °C.

The influence of aging at 200, 300 and 427°C on the average grain size of the base material was also measured.
Both alloys show a slight increase in grain size. However, the variation is statistically not very significant if one
takes into consideration the measurement uncertainties related with the grain size scatter already observed within
one sample. Variation lay between 140-190 µm for alloy 59 and between 115-140 µm for alloy 22 after 20,000
h. Such minor grain size variation seems to have no impact on the material strength. 

3.4 Corrosion Results
As corrosion and especially localised corrosion may be the most critical factor to possibly damage the
containers, the corrosion resistance should be considered as equally or even more important than the mechanical
properties and the fabrication. 
The critical pitting temperature (CPT) is a well accepted parameter to characterise the resistance to localised
corrosion in chloride containing environments. Figure 6 shows that the critical pitting temperature of alloy 59
did not change even after aging at 427 °C for 20,000 h. Aged and mill annealed unwelded samples have a critical
pitting temperature of ≥130 °C. The pitting resistance of the welded material is also excellent and not affected by
the long-term heat treatment. All welded samples except the one annealed at 300°C exhibit a critical pitting
temperature of 130 °C, as well. One welded coupon failed at 125°C. However, a CPT of 125°C is still excellent
for weldments: It is higher than the usual CPT of alloy 22 and C-276 base material (see Table 3).

This very high CPT of alloy 59 is not only observed in laboratory studies but also in service. Alloy 59 has been
used for example in flue-gas-desulphurisation units in several thousand tons for now more than 15 years. As a
matter of fact in all these applications even in the most critical areas there has been not one single case where the
corrosion resistance of the weld was not sufficient and the weld failed due to corrosion. Alloy 59 has not only the
highest corrosion resistance but also the welds have practically the same good properties as the base material. 

The CPT tests on the 20,000 hours aged alloy 22 are still on going and the results will be available in short time.
For 10,000 h of aging the CPT results are already available for both alloys in the welded condition and are
presented in Figure 7. When comparing data for alloy 59 and alloy 22 the above mentioned difference between
these materials becomes clear. In the welded condition after aging for 10,000 hours alloy 22 has a significantly
lower CPT of only 100 to 105 °C compared to 120 to 130 °C for alloy 59. 

200 µm100 : 1
 

alloy 22 alloy 59

Figure 5: Cross section showing the microstructure of the heat-affected zone of alloy 59 and alloy 22 after
aging at 427 °C for 10,000 h.

200 µm100 : 1
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Figure 6: Effect of aging for 20,000 h on the critical pitting temperature of alloy 59 base and welded
materials in “green death” solution. The starting temperature was 80 °C.
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When comparing the corrosion rate determined by weight loss in the standard ASTM G 28 A test the superior
corrosion resistance of alloy 59 becomes even clearer. This solution may induce intergranular attack in nickel
base alloys and is used to detect susceptibility to this form of localised corrosion as influenced by variations of
processing or composition. It is a common test to evaluate mill annealed material and to evaluate the effects of
subsequent heat treatments.

The results shown in Figure 8 indicate that the corrosion rates of both base and welded materials increase with
the temperature after aging for 20,000 hours for alloy 59 and for alloy 22. The first difference one can see is that
for alloy 59 the corrosion rates are always significantly lower than for alloy 22. After aging at 200 °C the
corrosion rates of alloy 22 are about 90% higher and at 300 °C and 427 °C alloy 22 shows more than double the
corrosion rates of alloy 59. The second outstanding point is that the corrosion rates of 22 increase faster with
rising aging temperature and increase dramatically at 427 °C. In contrast, the step function increase as influenced
by the aging temperature is very smooth for alloy 59. This is a further confirmation of the superior thermal
stability of alloy 59. Alloy 22 has a not only a higher corrosion rate in this test, it is especially more prone to
precipitation due to the 3 % tungsten. As already mentioned, alloy 59 contains little iron and silicon and does not
contain tungsten in order to improve thermal stability [7]. This advantage of alloy 59 becomes clearer the higher
the temperature and the longer the time for sensitisation.
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4. CONCLUSIONS

♦ Alloy 59 exhibits very good metallurgical stability, high strength and ductility and an excellent corrosion
resistance, in particular to localised corrosion. Additionally, this alloy has excellent fabricability and
weldability. It can be considered the best alloy of the Ni-Cr-Mo family.

♦ Aging at 200, 300 or 427 °C for 20,000 h does not affect the superior performance of alloy 59. The results
presented here show that microstructure, mechanical or corrosion properties of alloy 59 remain stable during
the long-term heat treatment.

♦ The properties of weldments of alloy 59 are comparable to those of the base alloy and are not impaired by
the long-term heat treatment. 

♦ The mechanical properties of both alloys are comparable, but regarding the ductility as measured by the
elongation to fracture alloy 59 shows slightly higher values than alloy 22. 

♦ The corrosion properties of alloy 59 are clearly superior than those of alloy 22. In the welded condition alloy
22 shows lower critical pitting temperature values. In addition, both welded and unwelded alloy 22 samples
show higher corrosion rates in ASTM G28 A solution and exhibit significant changes after aging at 200, 300
and 427 °C, while alloy 59 stay considerably stable. 

♦ The superior thermal stability of alloy 59 after aging at 200, 300, 427°C for 20,000 h could be demonstrated
by the ASTM G28 A results. By means of mechanical testing it was not possible to differentiate both alloys.   

♦ The comparison with the current candidate for the radioactive waste disposal program in the United States -
alloy 22 - shows advantages for alloy 59 with regard to the localized corrosion characteristics to pitting and
crevice corrosion resistance and to the thermal stability question caused by multi-pass welding of rad-waste
containers and the closure end plates. Based on the all the data presented on microstructure, mechanical
properties, uniform and localised corrosion it can be concluded that alloy 59 having the highest resistance to
localised attack and superior thermal stability should be considered for the nuclear waste container program. 
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