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Executive Summary 
The candidate materials for the fabrication of containers for the disposal of high-level radioactive 

waste include three copper-based alloys: CDA 102 (oxygen-free copper), CDA 613 (Cu-7A1), and CDA 
715 (Cu-30Ni). This volume reviews the technical literature on the welding of these alloys for the Nuclear 
Waste Management Program. A number of potential problems associated with welding are identified. 
These problems do not appear to preclude the application of the copper-based alloys in the fabrication of 
containers for high-level radioactive-waste storage. The effects of welding on the austenitic candidate 
materials are reviewed in Volume 7. 

The high-purity copper alloy, CDA 102, is difficult to weld since very high heat input is required to 
compensate for the high thermal conductivity of this material. The significant preheat requirements of 
conventional welding techniques lead to excessive oxidation of the material. CDA 102 is also prone to 
embrittlement because of oxide formation when welded in an atmospheric environment. The use of an 
inert shield gas is required to prevent oxide formation and the associated reduction of cuprous oxide by 
hydrogen, which results in the formation of water vapor and porosity. The use of a filler material with a 
dcoxidizer or a high-purity copper with a residual deoxidizer, such as CDA 122, might be necessary if 
high-purity copper is selected as the metal barrier material. 

The aluminum bronze candidate material, CDA 613, appears to have significant ductility problems in 
the temperature range of 400 to 600°C. Brittle failure over this temperature range is thought to be a result 
of the segregation and precipitation of impurity elements during the welding process. This segregation 
and embrittlement phenomenon is exacerbated by the repeated thermal cycling produced in multipass 
welds. The welding of aluminum bronze alloys also requires the use of inert gas shielding to prevent the 
formation of an aluminum oxide scale, which is insoluble in most flux materials. These oxide particles 
can become entrapped in the melt and result in weld embrittiement. Aluminum bronze welds have also 
been shown to dealloy in an acidic corrosion environment over time, which could lead to significant cor
rosion problems if these conditions occurred in a repository. 

The cupronickel candidate alloy, CDA 715, is also prone to problems associated with dealloying. 
Fusion-line cracking was noted in cupronickel welds as a result of segregation of major alloying elements 
and impurities. Partial melting, associated with localized solute segregation, was noted as a probable 
cause of hot cracking in this material. Some research indicates that trace elements, such as lead, sulfur, 
bismuth, selenium, phosphorus, and tellurium, can be tolerated with the use of nickel filler wirj under 
proper welding conditions. However, the tolerance threshold to trace impurities when nickel filler mate
rials are used is highly dependent upon the thermal gradient. Cupronickels were also identified as being 
prone to atmospheric contamination, which causes porosity in weldments if proper inert gas shielding is 
not employed. Because of a relatively wide solid-solution freezing range, cupronickels are also prone to 
coring, which results in subsolidus tearing that can lead to cracking. 

Alternative welding methods that limit heat input and yield relatively small heat-affected zones 
(HAZs) are also reviewed. Electron-beam welding is identified as a possible method of limiting solute 
segregation and partial melting due to impurity eutecric formation through the low total heat input re
quired for this process. Electron-beam welding is completed in a vacuum environment, thus eliminating 
the need for a shielding gas to prevent the formation of porosity from entrapment of hydrogen or water 
vapor. In addition, electron-beam welding is an autogenous process, requiring no filler material. Inertia! 
or friction welding is also identified as a potential joining alternative. This process requires no special 
surface preparation and is relatively insensitive to part configuration and welding parameters. There is 
no fusion on the macroscopic scale and therefore no traditional fusion zone. This feature precludes solute 
segregation since there is no melt zone. Further development work is required if friction welding is to be 
applied to the closure of high-level radioactive-waste containers. 

On the basis of the available information, the relative weldability of the copper-based alloys is: 
CDA 715 (best) > CDA 102 > CDA 613 (worst). 
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Survey of Degradation Modes of Candidate Materials 
for High-Level Radioactive-Waste Disposal Containers 

Volume 8: Wettability of Copper-Based Alloys 

Abstract 

Three copper-based alloys,, CDA102 (oxygen-free copper), CDA 613 (Cu-7A1), and 
CDA 715 (Cu-30Ni), are being considered along with three austenitic candidates as 
possible materials for fabrication of containers for disposal of high-level radioactive 
waste. The waste will include spent fuel assemblies from reactors as well as high-level 
reprocessing wastes in borosilicate glass and will be sent to the prospective repository at 
Yucca Mountain, Nevada, for disposal. The containers must maintain mechanical in
tegrity for 50 yr after emplacement to allow for retrieval of waste during the preclosure 
phase of repository operation. Containment is required to be substantially complete for 
up to 300 to 1000 yr. During the early period, the containers will be exposed to high 
temperatures and high gamma radiation fields from the decay of high-level waste. The 
final closure joint will be critical to the integrity of the containers. 

This volume surveys the available data on the metallurgy of the copper-based can
didate alloys and the welding techniques employed to join these materials. The focus of 
this volume is on the methods applicable to remote-handling procedures in a hot-cell 
environment with limited possibility of postweld heat treatment. The three copper-
based candidates are ranked on the basis of the various closure techniques. 

On the basis of considerations regarding welding, the following ranking is proposed 
for the copper-based alloys: CDA 715 (best) > CDA 102 > CDA 613 (worst). 

1. Introduction 
The Nuclear Wasle Management Program 
(NWMP) at Lawrence Livermore National 
Laboratory is responsible for the development of 
the engineered barrier design to meet the Nuclear 
Regulatory Commission licensing requirements 
for the containment of high-level nuclear waste. 
This waste will include (1) spent fuel from civilian 
nuclear power plants, namely, fuel assemblies 
from pressurized-water reactors (PWRs) and 
boiling-water reactors (BWRs), (2) commercial 
high-level waste (CHLW) in the form of borostli-
cale glass containing commercial spent-fuel re
processing wastes, and (3) defense high-level 
waste (DHLW), also contained in borosilicate 
glass. The engineered containment package is 
being designed for emplacement at a repository in 
the Topopah Spring Member of the Paintbrush 
Tuff at the Yucca Mountain site in Nevada. The 
design of the containment package is based on 

criteria provided by the Nevada Nuclear Waste 
Storage Investigations (NNW5D Project. The 
reference horizon is located 350 m below the 
ground surface and 200 m above the static water 
table. The composition of the vadose water 
makes the repository conditions slightly 
oxidizing. 

The Metal Barrier Selection and Testing Task 
of the NNWSI Project is responsible for selecting 
the materials to be employed in the waste-
package container and possibly the borehole 
liner. Six candidate materials are currently under 
consideration: three austenitic alloys and three 
copper-based alloys. The austenitic materials are 
Type 304L stainless steel, Type 316L stainless 
steel, and Alloy 825. The copper-based alloys 
are CDA 102 (oxygen-free copper), CDA 613 
(Cu-7A1), and CDA 715 (Cu-30Ni). The selection 
of the final metal barrier material is dependent 
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upon the stability of these materials in the repos
itory environment. 

The design criteria for the metal barrier 
Tequire that the waste containers maintain 
mechanical integrity for a period of 50 yr after 
emplacement to permit retrieval of the nuclear 
waste during the preclosure phase of repository 
operation. The containers are required to provide 
substantially complete containment for up to 300 
to 1000 yr for most containers. This requirement 
implies limited failure of a few containers. Dur
ing this containment period, the metal barrier will 
be exposed to a changing environment. A few 
years after emplacement, the surfaces of some of 
the containers will reach a maximum temperature 
of about 250°C. This temperature will decay to 
about 150°C within about 100 yr after emplace
ment. This time period will also include the high
est gamma radiation field from the decay of the 
high-level waste. 

The final closure joint will be critical to the 
integrity bf the containers. This joint will be re
motely sealed in a hot-cell environment following 
the insertion of the waste form. The temperature 
of the spent-fuel waste form must be maintained 
below about 650°C because of the potential mate
rials interactions that can occur within the fuel 
assembly. This limitation precludes most forms 

The metallurgy of the copper-based alloys 
is somewhat simpler than that of the iron- to 
nickel-based austenitic alloys. The compositions 
of the copper-based candidate materials CDA 
102 (oxygen-free copper), CDA 613 (Cu 7-AI), 
and CDA 715 (Cu-30Ni) are shown in Table 1 [71. 
These materials are essentially solid-solution 
alloys with minor alloying components that can 
have limited solubilities. The welding process 
employed to join these materials can have a 
significant impact on the solubilities of these 
minor alloying elements and any impurity 
contaminants. The microstructure introduced 
as a result of the precipitation of these minor 
alloying constituents or impurities during 
welding can produce changes in mechanical 
properties that can cause failure of the weld due 
to hot cracking, weld-porosity formation, or 
embrittlement of the weld and/or HA2. A 
review of the metallurgy of the copper-based 
alloys is provided as a basis for understanding the 

of postclosure treatments, such as postweld heat 
treatment. Therefore, the integrity and long-term 
stability of the closure seal and the associated 
heat-affected 2one (HAZ) surrounding this seal 
will have a significant impact on the degradation 
of the container. 

Reviews of the degradation modes of the 
candidate materials have been completed for the 
NWMP. These literature surveys address phase 
stability [1], oxidation and corrosion [2], effects of 
hydrogen [3], stress corrosion cracking [4,5], and 
localized corrosion [4,6] of the candidate materi
als under repository-relevant conditions. This 
volume addresses the effects of joining on the 
degradation of the copper-based candidate mate
rials. A discussion on the methodology and ex
tent of the literature search can be found in the 
Overview.* 

This volume includes a review of the metal
lurgy of the copper-based candidate alloys, a re
view of welding techniques employed to join 
CDA 102, CDA 613, and CDA 715, and a ranking 
of the candidates with respect to welding. The fi
nal ranking of the various candidate closure tech
niques for the copper-based alloys is made with 
respect to repository-relevant conditions and 
requirements. 

micro-structura! and metallurgical changes 
incurred during the welding process. 

2.1 Basic Metallurgy of the Copper-
Based Candidate Alloys 
As noted in Table 1, CDA 102 is essentially 
a pure material, and it will exhibit few, if any, 
changes in microstructural or mechanical proper
ties under repository conditions. The mechanical 
strength of CDA 102 is primarily dependent on 
the thermomechanical history of the specific part. 
The higher the degree of cold work, the greater 
the yield stress and creep resistance. The impu
rity element that has the greatest effect on 

* J. C. Farmer, R. D. McCright, J.N. Kass, Survey of 
Degradation Modes of Candidate Materials for High-Lerxl 
Radioactive-Waste Disposal Containers, Overview, 
Lawrence Livermore National Laboratory, Livermore, 
California, UCID-21362 Overview (1988). 

2. Welding Metallurgy 
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Table 1, Compositions of the copper-based candidate alloys for welding 
applications [7]. Note: composition shown is percent maximum (unless 
shown as a range, as a minimum, or as nominal). 

Element CDA102 CDA 613 CDA 715 
Cu 99.95 (min) 92.7 (nom.) 69.5 (nom.) 
Fe — 2.0-3.0 0.4-1.0 
Pb _ 0.01 0.02 
Sn — 0.2-0.5 — 
Al — 6.0-7.5 — 
Mn — 0.2 1.0 
Ni — 0.15 29.0-33.0 
Zn — 0.05 0.5 
P — 0.015 0.02 
S — — 0.02 
C — — 0.05 
Cr — 0.05 — 
Cd — 0.05 — 
Zr — 0.05 — 

CDA 102 is oxygen in the form of C112O precipi
tates. These precipitates are not wetted by molten 
copper and hence are found predominantly on 
the grain boundaries of the as-cast material. The 
nonwettability of G12O precipitates will also have 
a significant effect on the welding microstructure 
produced when attempting to join CDA 102 parts. 
The introduction of very small amounts of oxygen 
into the weld melt pool can result in the formation 
of CU2O precipitates that will be swept to grain 
boundaries during solidification. This phe
nomenon can result in hot cracking or embrittle-
ment of the weld, which can produce failure of 
the joint. These oxide precipitates are examined 
in greater detail in Sec. 2.2.1, which deals with 
welding CDA 102. 

Figure 1 shows the copper-aluminum equi
librium phase diagram [8]. This binary system 
exhibits several interesting phase transformations 
between about 10 and 30 wt% aluminum. Note 
that a eutectoid decomposition occurs at 565PC 
and approximately 12 wt% aluminum. This is a 
martensitic transformation at slow cooling rates, 
where the p phase transforms to 04 and 75 phases. 
This transformation might prove important when 
considering the conditions that will occur in the 
HAZ of a closure seal. Figure 2 [91 shows a par
tial phase diagram for the copper-aluminum sys
tem in the region around 9 to 16 wr% aluminum 
in copper. This figure extends the lower tempera

ture of the phase diagram to 0°C (273 K) and 
highlights the complex phase transformations that 
take place in these materials. The effects of phase 
stability and transformation on the mechanical 
properties of the copper-aluminum system are 
dealt with in detail elsewhere II]. 

The copper-nickel equilibrium phase dia
gram exhibits solid-solution behavior throughout 
the entire composition range, as shown in Fig. 3 
[1,10,11]. This means that no precipitate phases 
are present under equilibrium conditions, which 
suggests that this material might have advantages 
when considering the HAZ at the closure seal of 
the container. The only possible disadvantage in 
the copper-nickel system during the welding pro
cess is that of dealloying during solidification. As 
noted in Fig. 3, the solidification composition for 
Cu-30 at.% Ni is approximately 50 at.% Ni. This 
suggests that the composition of the alloy that 
initially solidifies might be higher in nickel con
tent than the final portion of the melt that solidi
fies. This variation in alloy composition might 
result in localized solute segregation and the 
eventual dealloying of the material in the welded 
region. Dealloying could lead to significant cor
rosion and/or stress corrosion cracking, depend
ing on the residual stresses introduced during the 
closure process. These possibilities are discussed 
further in Sec. 2.2.3, which addresses the welding 
of CDA 715. 
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Figure 1. Copper-aluminum equilibrium phase diagram [8]. 
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The mechanical properties of the copper-
based candidate alloys are important factors in 
determining the final design geometry and mate
rial requirements of the container. A comparison 
of the tensile strength as a function of tempera
ture is given for annealed specimens of the 
copper-based candidate materials in Fig. 4 {12}. 
Note that at high temperatures, CDA 715 has sig
nificantly higher tensile strength than does 
CDA 613 or CDA 102. Above approximately 
175°C, the tensile strength of CDA 715 surpasses 
that of CDA 613. Under repository conditions 
(25°C < T < 250°C), CDA 613 and CDA 715 have 
significantly higher tensile strength than CDA 
102. These mechanical properties provide a base
line for a comparison of the effects of welding on 
the mechanical and microstrucrural behavior of 
these materials in a repository environment. It is 
assumed that the closure seal or weld will have 
mechanical properties similar to those of the 
base metal. 

2.2 Welding of Copper-Based Alloys 
Numerous review articles in the technical litera
ture [13-17] and metallurgical texts [18,19] have 
addressed the joining of copper and copper-based 
alloys. Lancaster [18] reviewed the history of 
welding commercially pure copper and noted 
that gas welding was the first fusion process to be 
applied successfully. Joints of acceptable strength 
were initially made possible through the use of 
phosphorus-deoxidized copper, such as CDA 122. 
More recently, inert-gas welding, employing ar
gon, helium, or nitrogen as a shielding gas, has 
greatly increased the applicability of fusion weld
ing to copper alloys. Coated electrode welding of 
aluminum bronze has been successfully demon
strated. However, Lancaster [18] also states that 
coated electrode welding has not been generally 
successful in producing satisfactory results in 
pure copper or cupronickels. These conclusions 
may not be entirely correct with respect to 
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Aluminum (%) 
Figure 2. Partial copper-aluminum equilibrium phase diagram [91. 

cupronickel alloys. Witherell [20] notes that 
"response of covered electrode welding of 
cupronickel alloys is excellent and is routinely 
done to the most stringent fabrication codes, in
cluding nuclear (ASME Section III and U.S. Navy 
BuShips)." 

2.2.1 CDA102 
Porosity in the melt zone of pure copper is a 

major cause of metal embrittlement and weld 
failure. This porosity is usually due to the reduc
tion of copper oxide by hydrogen. At elevated 
temperatures (above about 500°C), copper oxide 
is reduced by hydrogen to form steam in the 
reaction: 

Cu 2 0 + H 2 -* 2 Cu + H 2 0 (1) 

This reaction has been noted to occur in both liq
uid and solid metal. It is particularly evident in 

oxyacetylene welding, where hydrogen, formed 
in the first stage of combustion, is available from 
the reaction: 

C 2 H 2 + 0 2 - > 2CO + H 2 (2) 

This mechanism of embrittlement of copper, 
which was noted as Wasserstoffkrankheit or 
"hydrogen sickness" in early research on copper 
metallurgy completed by the Germans |21-26), is 
extensively discussed in another volume of this 
report [3|. Beginning with the early investigations 
of Mattsson and Schuckher [211, the effects of 
hydrogen on the mechanical properties and 
microstructure of pure copper have been exten
sively documented. 

The degradation of high-purity copper 
exposed to a hydrogen environment is due to 
the formation of cavities on the grain bound
aries. The mechanism, initially proposed by 
Ransley [231, was experimentally verified by 

5 



°c 
1500 

2600°F 
1400 

2SO0°F 

10 
T " 

20 30 
1 ~ 

Nickel (at.%) 
40 50 60 

T 
70 80 90 

1455 

300 
500 °F 

200 

a(Cu,Ni) 

Curie temperature 

Cu 10 20 40 50 60 
Nickel (wt%) 

70 80 90 Ni 

Figure 3. Copper-nickel equilibrium phase diagram [1,10,11], 

Mattsson and Schuckher [21]. This mechanism 
describes the formation of cuprous oxide (C112O) 
in the molten copper as the metal solidifies. Since 
CU2O is not welted by molten copper, the oxide is 
swept to the grain boundaries during the solidifi
cation process. The G12O is not an extremely 
stable compou.-n. with a Gibbs free energy of for
mation (AGf) of -34.9 kcal/mole. When the cast 
material is exposed to a hydrogen environment, 
the C112O is reduced, forming water vapor (AGf = 
-57.796 kcal/ mole) and metallic copper. Since the 
density of metallic copper is significantly greater 
than that of CiyO, a void space is readily formed 
at the site where the G12O reduction occurred. 
This void is stabilized by the water vapor mole
cule and begins to grow as more CU2O reduction 
occurs along the same grain boundary 

This process leads to the beaded microstruc-
ture observed at the grain boundaries in nearly all 
cases in which hydrogen sickness has been docu
mented. The formation of cavities on the grain 
boundariesquickly leads to a significant reduction 
in the ductility of the copper, and ultimately to 
brittle intergranular fracture. The effects of 
hydrogen sickness have been noted in pure cop
per with an oxygen content as low as 22 ppm [25]. 

There are a number of methods that prevent 
the degradation of copper by hydrogen sickness. 
The addition of small amounts of alloying ele
ments such as zirconium, boron, phosphorus, or 
magnesium can tie up the oxygen in the form of 
stable oxides. These oxides cannot be reduced by 
hydrogen, thus preventing the formation of water 
vapor molecules within the copper matrix. An
other advantage of these oxides is that they are 
wetted by molten copper. This wetting prevents 
the segregation of oxides to the grain boundaries 
during solidification following the welding 
process. 

The reduction of weld porosity by the addi
tion of a deoxidant suggests that oxygen (and the 
steam reaction) might be an important factor in the 
failure of welds. However, an analysis of the gases 
trapped in the pores of welded copper indicates 
that the primary entrapped species is hydrogen 
[18]. It must also be noted that steam formation 
requires the simultaneous presence of hydrogen 
and oxygen in the weld pool. The sources of these 
two elements in the inert-gas-shielded welding of 
copper have not been established. Therefore, the 
exact mechanisms leading to porosity in welded 
copper are the subject of debate. 
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Figure 4. Tensile strength as a function of temperature for the 
copper-based candidate materials [12], 

Dawson [17] reviews the methods that have 
been successfully employed to weld many com
mercial copper alloys. This study notes that when 
attempting to weld oxygen-free copper, such as 
CDA 102, an extremely high energy density is re
quired because of the excellent thermal conductiv
ity of the metal. This high energy density can 
lead to oxidation over a wide area, which might 
penetrate and embrittle the grain boundaries. The 
primary objective in welding this grade of copper 
should be to reduce the heat input to an absolute 
minimum consisted with satisfactory fusion. 
Methods such as friction welding (with the lim
ited heating of the part) or electron-beam welding 
{which is completed in a vacuum) are most likely 
to produce satisfactory joints with limited oxida
tion. These methods are discussed in Sec. 3. 

2.22 CDA 613 
The attractive corrosion-resistant and scaling-

resistant properties of aluminum bronzes are 
conferred by the presence of a tenacious surface 
oxide film consisting essentially of aluminum ox
ide. This oxide is an extremely refractory material 

that is insoluble in most welding fluxes. Prior to 
the advent of the inert-gas-shielded process, this 
insolubility led to great difficulty in attempts to 
weld these materials. In the inert-gas-shielded 
process, the oxide film is dispersed by the action 
of the arc. The entrapped oxide particles, which 
were a common problem in gas-welded copper, 
have been essentially eliminated by careful appli
cation of the inert-gas metal-arc process. 

A significant amount of information address
ing the welding of aluminum bronzes has been 
identified in the literature [13,14,16,17,27-32]. 
Early work by Moore and Taylor [13] and Terry 
and Taylor [14] addressed the application of the 
inert-gas-shielded metal-arc process to welding 
aluminum bronze and cupronickel. These studies 
addressed the welding parameters required for 
sound welds. 

Terry and Taylor [14] reviewed the metal
lurgy of the welding process for the aluminum 
bronze and cupronickel alloys. Their study ad
dressed the effects of various welding parameters 
and filler materials on the integrity of welds in 
copper alloys. Hot cracking, which is caused by 
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brittleness in high-temperature phases of the al
loy, and root embrittlement, which is the embrit-
tlement of the root weld pass by subsequent weld 
passes due to thermal cycling, were noted in some 
of the aluminum bronze alloys welded. However, 
it was noted that variation in the filler materials 
and thermal history of the sample had a signifi
cant impact on the success of the weld. The alu
minum bronze welds produced in this study were 
more likely to undergo hot cracking or root em
brittlement with an increase in the number of 
weld passes. Embrittlement was noted at the 
weld root near the initial weld pass when welding 
1-cm-thick (0.375 in.) aluminum bronze with a 
seven-pass weld. Similar embrittlement was not 
observed for a five-pass weld in the same mate
rial. This observation was attributed to the stabi
lization of brittle intermetallic phases by minor 
impurities introduced during the welding pro
cess. This study concluded that the susceptibility 
of aluminum bronzes to hot cracking is small, and 
correct application of the inert-gas metal-arc pro
cess should cause little trouble in practice. 

Subsequent studies by Lancaster and Slater 
[28] and Clews [29-31] addressed the issue of 
cracking of aluminum bronze welds in great de
tail. An initial study by Lancaster and Slater [28] 
identified cracking in aluminum bronze plates 
welded by argon-arc and inert-gas arc processes. 
Cracking was observed when the aluminum con
tent of the weld deposit was below a critical level, 
which was identified as between 6 and 7.57c alu
minum. Metallographic evidence suggested that 
the cracks occurred above the solidus temperature 
and were caused by the presence of low-melting-
point, intergranular films consisting primarily of 
a P constituent. Embrittlement of multipass de
posits made using the inert-gas metal-arc process 
with Cu-7A1 filler wire was also observ«3. This 
embrittlement was attributed to the formation of a 
brittle % phase as a result of the reheating of suc
cessive welding passes. 

Further work by Clews [29-31] addressed the 
metallurgical aspects of welding aluminum 
bronzes. A majority of this work centered on the 
weldability of Alloy D, which has a nominal 
composition of 7% aluminum and 3% iron, with 
the balance copper. The equilibrium phase dia
gram for this system is shown in Fig. 5 for a 3% 
iron content |30|. Note that the composition 
range for Alloy D is very similar to that of CDA 
613. Clews completed an extensive review of 
the mechanical properties of aluminum bronze 
welds and parent metal at room temperature and 

elevated temperature and of the corrosion 
behavior of aluminum bronze welds [29]. This 
study employed the British alloy, Alloy D, which 
has essentially the same composition as CDA 613. 
These alloys were welded using the argon-arc and 
carbon-arc processes. These welding processes 
resulted in a slight depletion in the aluminum 
content of the welds. Specimens of Alloy D 
welded with Alloy D filler wire were exposed to 
solutions of 5% H2SO4 for a period of 434 days. 
These samples exhibited localized dealuminifica-
tion and, in one case, severe corrosion of the weld. 

Clews [29-31] also completed an extensive 
experimental program addressing the mechanical 
properties of aluminum bronze alloys at elevated 
temperatures to better understand the effect of 
multiple temperature cycles on the failure of weld 
metals. Figure 6 shows the ductile-brittle transi
tion for Alloy D weld metal [29|. Note the almost 
complete loss of ductility at a temperature of 
about 400°C. There is a recover)' in ductility at 
temperatures above 700°C, but ductility as high as 
that at room temperature is not regained. This 
behavior is consistent with the observation of 
brittle failure modes in multipass welds of alu
minum bronze alloys with a composition of about 
7% aluminum. 

The effect of simulated weld thermal cycles 
on the mechanical properties of Alloy D at room 
temperature and elevated temperature was also 
documented in this study, as shown in Fig. 7 [291. 
This figure shows the reduction in ultimate tensile 
strength (UTS) and elongation, and the reduction 
in area for Alloy D specimens subjected to ther
mal cycles equivalent to from 1 to 9 weld passes. 
It can be seen from the figure that specimens sub
jected to 1 or 2 temperature cycles tend to be 
stronger and less ductile than those cycled for 3,4, 
6,7, or 9 cycles, with the comparison being made 
at room temperature. Clews noted the anoma
lously high strength behavior for the 5-cycle spec
imen, and noted that further work was required 
to determine whether this effect is real. Micro-
structural evaluation of the welded Alloy D ma
terial indicated no noticeable difference in the 
amount of (5 phase in each weld pass. In summa
rizing this work. Clews suggests that the brittle 
behavior of Alloy D over the temperature range of 
400 to 600°C, which this study called hot short
ness, is associated with the presence of one or 
more equilibrium-segregated impurities that melt 
or become brittle in this temperature range. 
These impurity phases then become soluble in the 
matrix as the temperature rises during welding 
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Figure 5. Copper-aluminum-iron equilibrium phase diagram (section at 
3% iron) [30]. 

and separate out at the grain boundaries as the 
temperature falls. This phenomenon produces 
the observed embrittlement over this temperature 
range. 

Clews [31J completed further studies of the 
effects of aluminum and impurities on the hot 
tensile strength of Alloy D. Clews completed 
mechanical testing of various compositions of 
Alloy D with differing contents of aluminum and 
various impurities. Materials were prepared with 
concentrations of aluminum ranging from 6 to 8% 
and smalt amounts of lead and bismuth to simu
late inferior grades of copper. Samples were also 
prepared with small amounts of uranium added 
to the lead- and bismuth-contaminated alloys. 
Tensile tests were completed on these materials 
and on samples prepared from inert-gas-shielded 
metal-arc weld deposits of the alloy contaminated 
with lead and bismuth and the alloy containing 

lead, bismuth, and uranium. Figure 8 1311 shows 
the variation in mechanical properties as a func
tion of temperature for pure Alloy D. Note that 
for high temperatures, the ductility of Alloy D 
increases with increasing aluminum content. 
Figure 9 [31 ] shows the effect of aluminium con
tent on the mechanical properties of the impure 
Alloy D samples {lead and bismuth added) at ele
vated temperatures. Note the overall decrease in 
ductility with the addition of the lead and bis
muth impurities. Also note that the high-
temperature ductility still increases with increas
ing aluminum content. Clews concluded by 
stating: 

1. Hot ductility of wrought aluminum bronze 
increased as the aluminum content in
creased from 6 to 8%. 

2. Small amounts of lead and bismuth were 
harmful at all temperatures. 
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Figure 6. Ductile-brittle transition in Alloy D weld metal [29]. 

Uranium additions overcome the harmful 
effects of lead and bismuth in wrought 
aluminum bronze, and the addition of ura
nium to the pure alloy is beneficial. 
The beneficial effect of uranium in Alloy D 
was lost when the alloy was deposited as a 
weld metal. However, an increase in the 
uranium content of the filler wire might re
sult in better weld metal properties. 
When Alloy D containing 2.5% iron is rela
tively free of lead and bismuth, it has ade
quate ductility for welding irrespective of 
its aluminum content. Small amounts of 
lead (0.005%) and bismuth (0.001%) make it 
unsuitable for welding. 

Clews 131J also completed a study of the ef
fect of composition and strain rate on the cracking 

of welded Alloy D in order to model cracking 
during welding and solidification. This study in
vestigated the effects of variation in composition, 
thermomechanical history, and strain rate on the 
performance of Alloy D plates during welding. 
Clews showed that, with differing composition 
and thermomechanical treatment, similar samples 
of Alloy D exhibit widely different weldability. 

The impact of thermomechanical history can 
be better understood by considering Fig. 5. 
Material with a high aluminum content, when 
rolled at a high temperature followed by rapid 
cooling, can give rise to an ocp microstructure. 
Metallographic investigation noted that the (i 
phase can be distributed in stringer form during 
rolling. This heterogeneous microstructure, 
which can be very directional in nature, can 
significantly alter the strength and ductility of 
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Figure 7. Effect of simulated weld thermal cycles on the room-
temperature and elevated-temperature properties of Alloy D [29] 

Alloy D at temperatures of approximately 450°C 
Unweldable Alloy D plates have been found to 
have an elongation value of less than 10% at 
450'JC because of the effects of the heterogeneous 
or homogeneous nature of the microstructure 
resulting from the thermomechanical history 
of each plate. The only method identified in this 
study [311 that can successfully predict the 
weldability of different Alloy D plates is a high-
temperature mechanical stress test at relatively 
high strain rates. Plates with less than 10% 
elongation in a tensile test at 450°C were identi
fied as unsuitable for welding. 

Difficulties in welding aluminum bronzes, 
similar to those identified by Clews for Alloy D, 
have been summarized in a brief review by Wold 
[16]. This review noted that welding of CDA 613 
requires moderate preheating to avoid setting up 
severe stress differentials caused by the material s 
relatively low ductility and low heat-trans/er 
rates. The review by Dawson [17] suggested 
several welding procedures for aluminum bronze 
alloys. Dawson states: 

1. No preheat and low inter-run temperatures 
arc recommended to reduce the problems 
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Figure 8. Effect of aluminum content on the elevated-temperature 
mechanical properties of pure Alloy D [31]. 

of hot cracking, particularly of single-phase 
alloys. 
Helium shielded-gas tungsten-arc welding 
with direct-current electrode negative 
working is recommended for all grades in 
preference to alternating-current with ar
gon, particularly for thin-to-thick sections 
and cast material. The helium arc is hotter, 
and facilitates more rapid deposition and 
faster welding, and consequently, less heat 
spread. 
Filler metal selection must be given par
ticular care because single-phase alloys are 

prone to weld cracking in multipass welds 
and because the achievement of matching 
corrosion resistance across the weld zone is 
normally critical. When possible, the more 
hot ductile two-phase filler metal should be 
deposited for the main weld runs and 
capped finally by the single phase alloy to 
match bulk structure. 
Postweld heat treatment is recommended 
to fully restore the corrosion resistance 
of the complete structure in critical 
applications. This normally consists of a 
higher-temperature soak to homogenize 
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the structure, and a lower-temperature 
treatment below the transformation 
temperature of the alloy to develop the 
full mechanical and corrosion-resistant 
properties. 

Current industrial practices employed 
in welding aluminum bronze alloys have specif
ically addressed the issue of alumina oxide 
inclusions within the fusion zone. Medley [33] 
notes that the protective aluminum oxide coating 
on aluminum bronze alloys can be successfully 
disrupted by employing a helium or helium/ 

argon mixture in a 90/10 or 80/20 ratio as the 
shield gas in the tungsten inert-gas (TIG) welding 
process. Utilization of the metal inert-gas (M1G) 
welding process, where the filler wire creates 
the arc, results in an "atomization," yielding a 
spray mode that disrupts the oxide coating. 
Medley [33] notes that if a forehand method of 
application is used, a dense clean weld, free from 
oxides, results from the M1G welding process. 

It should be noted that there exists a wide 
variation of welding parameters and practices 
that have been applied to the joining of CDA 613 
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and all of the aluminum bronzes. This variation 
in methods is due to the lack of hot ductility of 
some of the high-aluminum alloys and the varia
tion in the corrosion resistance required of the 
part to be welded. 

Z23 CDA715 
Numerous studies have addressed the weld

ing properties and practices for cupronickel al
loys [13-15,18,34^12]. Lancaster [18| notes that 
the most suitable welding process for the cupro
nickels is inert-gas-shielded tungsten-arc welding. 
With this method, cracking is not a serious 
problem, and porosity is minimized by using a 
filler rod containing a deoxidant (where a suitable 
deoxidant is titanium). Weaver and Imperati (15] 
noted that both inert-gas-shielded tungsten-arc 
welding and inert-gas-shielded metal-arc welding 
are readily applicable to cupronickels. This re
view also noted that oxyacetylene welding of 
cupronickels, though seldom employed, is also 
possible with proper materials preparation and 
technique. The review also noted that the inert-
gas-shielded metal-arc process of welding the 
cupronickels has been described extensively in 
the literature. Jnert-gas-shielded metal-arc weld
ing has been designated gas metal arc welding 
(GMAW) by the American Welding Society 
(AWS). Inert-gas-shielded tungsten-arc welding 
has been designated gas tungsten arc welding 
(GTAW) by the AWS. 

Early studies [13,14] of the welding of cop
per alloys reviewed the weldability of cupronickel 
alloys by a variety of welding processes. Moore 
and Taylor [131 studied the application of the 
inert-gas-shielded metal-arc welding process to a 
number of copper alloys, noting the effects of var
ious filler-wire compositions and welding param
eters. Welding of the cupronickels with this 
method required the use of filler wires containing 
strong deoxidants to prevent weld porosity. This 
was one of the initial studies that proposed the 
full commercial application of this welding tech
nique for copper alloys. 

A further study by Terry and Taylor 114] in
vestigated the metallurgical factors affecting the 
weldability of cupronickel alloys. The binary 
cupronickel alloy consists of an entirely single-
phase solid solution, as shown in Fig. 3. Small al
loy additions of iron and manganese are included 
to increase corrosion resistance. Welding of this 
solid-solution material with normal cooling rates 
usually leads to a weld-metal structure that is 
cored. Cupronickel alloys are also susceptible to 

hot cracking at elevated temperatures, partic
ularly if the components to be welded are subject 
to a high degree of restraint. The risk of cracking 
is considerably increased by the presence of cer
tain impurities, the most significant being sulfur, 
lead, and phosphorus. Although phosphorus 
enhances the weldability of pure copper by acting 
as a deoxidant, significant concentrations of 
copper impurities can produce an embrittled 
microstructure and result in cracking. This study 
compared GTAW, GMAW, and gas welding pro
cesses for cupronickel alloys and concluded that, 
with the application of suitable filler materials 
(containing small amounts of strong deoxidants 
such as titanium or aluminum), inert-gas-shielded 
arc processes produce sound, strong joints. 

Hawthorne and Burth [34] also recognized 
the importance of the application of the correct 
filler material to welding cupronickel alloys. This 
study included extensive mechanical testing of 
cupronickel alloys welded with the inert-gas-
shielded tungsten-arc process and the inert-gas-
shielded metal-arc process. The utilization of 
Cu-30Ni filler wire for both welding processes 
when welding 70-30 and 90-10 cupronickel alloys 
resulted in satisfactory joints in all cases. Tensile 
tests and bend tests of all welded specimens 
yielded satisfactory strength and ductility. 

Witherell [35] completed an extensive inves
tigation of fusion-line cracking in cupronickel al
loys. This study addressed the effect of impurity 
materials on the weldability of Cu-30Ni. Approx
imately 250 compositions of cupronickel were 
produced to determine the effect of impurity 
elements on weld microstructure. Other factors 
that were identified as controlling the degree of 
segregation and thus having an impact on fusion 
line cracking were weld-energy input and filler 
metal composition. This study concluded: 

1. Fusion-line cracking in cupronickel welds 
is primarily the result of low-melting-point 
segregates that form at the weld interface 
when certain trace elements or impurities 
(such as phosphorus, lead, cadmium, bis
muth, selenium, and tellurium in Cu-30Ni) 
arc present in the base metal in sufficient 
quantities. 

2. The cracking seems to occur when the 
stresses generated by the cooling mass of 
weld metal exceed the strength of the low-
melting-point segregates. Trace elements 
that have tow solid solubility in copper, or 
form low-melting-point eutectics with 
copper, are chiefly responsible. 
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3. The use of nickel or a high-nickel copper 
filler, or welding conditions that promote 
fast cooling rates and rapid solidification of 
the deposited weld metal, tend to favor the 
segregation of low-melting-point con
stituents and thereby increase the likeli
hood of fusion-line cracking. 

Matthews [37] completed an investigation of 
the cause of hot cracking in Cu-30Ni tubesheet 
materials to determine the hot ductility of the 
weld metal and heat-affected zone (HAZ). In 
this study, the results of Varestraint and hot-
ductility tests were compared with the frequency 
of hot cracking observed in the HAZ of tube-to-
tubesheet welds. The purpose of this study was 
to identify methods for evaluating the weld-
ability of various copper alloys and to identify 

metallurgical factors that influence the hot-crack 
susceptibility of copper-nickel tubeshect 
materials. 

This study employed the Varestraint test, in 
which a weld bead is deposited on a plate sup
ported as a cantilever beam, and the composite is 
simultaneously bent to a radius determined by 
the curvature of a replaceable die block, as shown 
in Fig. 10138]. This procedure introduces a re
producible, augmented strain of known magni
tude. The results of the Varestraint tests were 
compared with those of hot-ductility tests. Hot-
ductility tests are completed by subjecting the 
specimen to a programmed thermal cycle and 
then loading the specimen in tension at some pre
selected point in the cycle. A welding cycle was 
selected for this experiment to represent the 
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Figure 10. Simplified sketch illustrating the Cu-30Ni Varestraint testing [38]. 
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thermal conditions in the HAZ of the base metal. 
Metallographic examinations of samples from 
both methods were completed after each test. 
This investigation also addressed the effects of 
impurities in the weld microstructure on the hot 
cracking of the welds. Small amounts of silver 
(0.056%) were introduced into the microstructure 
on forging employed in these tests, the results of 
which are given below. 

The results of this investigation 137] verified 
the utility of the application of the Varestraint test 
to determining the weldability of copper-nickel 
alloys. This study concluded: 

1. The Varestraint test successfully differenti
ated and ranked the hot cracking suscep
tibility of copper-nickel overlay cladding 
(and three heats of copper-nickel forgings), 
the weldability of which was known from 
prior welding experience. 

2. Varestraint test results significantly corre
lated with the results obtained on the same 
material heats utilizing the hot ductility 
test. A large mid-temperature range ductil
ity loss experienced for both on-heating 
and on-cooling test conditions corresponds 
to s high level of cracking produced on the 
Varestraint apparatus. 

3. The maximum high-temperature ductility 
of Cu-30Ni forgings exists between 982 and 
U2l°C (1800 and 2050°F). At U77SC 
(2150°F), the ductility of copper-nickel 
rapidly drops to zero. 

4. The microstructure of the tubesheet ma
terial must be considered when attempt
ing lo weld crack-free, tubc-to-tubesheet 
joints where high strain is present in the 
ligament area. 

5. High silver content in Cu-30Ni forgings 
may contribute to poor weldability. 

Another early study of the weldability of 
Cu-30Mi also employed the Varestraint test. Lee 
et al. |38] studied the feasibility of applying the 
Varestraint test to evaluate the heat-to-heat vari
ations in the weldability of cast Cu-30Ni alloy. 
This study compared the Varestraint test to the 
military specification MIL-C-20159B to determine 
the effects of welding parameters and trace-
element contamination on the hot-cracking 
sensitivity of Cu-30Ni alloy, These tests were 
supplemented by metallographic and electron 
microprobe analyses. Welding was completed 
by utilizing the inert-gas-shielded tungsten-arc 
process without the addition of filler metal. The 
results of these tests yielded cracks in the fusion 

zone, the HAZ, and the base metal adjacent to the 
HAZ. Microprobe analysis indicated the segre
gation of low-melting-point impurities such as 
lead, sulfur, and phosphorus, to the grain-
boundary and subgrain-boundary regions of the 
fusion zone and HAZ. This microsegregation of 
impurities was considered as the principal factor 
in determining the cracking location. 

An extensive study of microsegregation in 
Cu-30Ni alloys was completed by Savage et al. 
[39-41]. Savage et al. {39] completed electron mi
croprobe analysis of Cu-30Ni welds to study the 
distribution of solutes throughout the fusion 
zone. Principles of solidification mechanics were 
applied to explain the observed distributions of 
elemental concentrations. Figure 11 [39] shows a 
schematic of the solidification process for the 
conditions at which redistribution of solute in the 
liquid phase is by diffusion only and there is no 
diffusion of solute in the solid phase. Note that 
this produces a solute-concentration transient 
spike during solidification. Electron microprobe 
analysis of weld specimens of Cu-30Ni prepared 
from autogenous gas tungsten-arc welds noted 
significant segregation of impurity and major al
loying elements, as shown in Fig. 12 [39], The 
presence of the solute concentration transient 
spike, predicted by solidification mechanics, 
can be seen in the concentration profile for zinc 
and lead. 

This study [391 concluded that welds made in 
Cu-30Ni exhibit extensive solute segregation in 
the fusion zone and that a steady-state solute con
centration gradient exists ahead of the solid-liquid 
interface during solidification of welds. Attempts 
were also made to determine the elemental distri
bution of solutes and major alloying elements in 
the fusion zone. The range of nickel content 
noted in the fusion zone was from 25% at the 
boundary to 38% at the center. 

Additional work by Savage et al. [40] hy
pothesized a mechanism of partial melting that 
results in microsegregation of major and impurity 
elements in Cu-30Ni welds. A schematic for the 
mechanism of partial melting in a single-phase 
alloy (such as Cu-30Ni) is shown in Fig. 13 |40J. 
The mechanism for partial melting was described 
by noting that, in the presence of point-to-point 
variations in solute content in the base metal, the 
effective melting temperature would vary, as 
shown in Fig. 13. Two typical temperature gradi
ents are superimposed on the schematic, showing 
point-to-point variation in the effective melting 
temperature. Note that at the localities where the 
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Figure 11. Schematic showing transient phenomena during initial solidification [39]. 

effective melting temperature is below the instan
taneous temperature, localized melting will occur. 
The extent of melting and the separation between 
localized molten regions will determine the dis
tance over which grain boundaries can migrate 
before becoming pinned. 

The width of the partially melted region de
pends on both the temperature gradient produced 
adjacent to the weld and the magnitude of the 
peak-to-peak variations in solute concentration in 
the original base metal. The influence of peak-to-
peak variations in solute concentration can be 
seen in Fig. 14140]. For a homogeneous Cu-30Ni 
alloy, the solidus and tiquidus temperatures cor
respond to 1166 and 1238°C, respectively. Thus, 

the partially melted region for the perfectly 
homogeneous alloy would extend over a 72°C 
(130°F as shown in Fig. 14) interval of the temper
ature gradient beyond the locus of the liquidus, 
i.e., the fusion line. However, if there were a 5% 
variation in the nickel content due to residual 
segregation in the base metal, the nickel-rich 
regions would exhibit a liquidus of 1149°C, and 
the nickel-depleted regions would exhibit a 
solidus of 1260°C Thus, the partially melted 
region would extend over a 1 H°C (200°F as 
shown in Fig. 14) interval of the temperature 
gradient beyond the locus of the liquidus. Thus, 
microsegregation can significantly increase the 
extent of the partial melt zone. 
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Figure 13. Proposed mechanism for partial melting in a single-phase 
alloy [40]. 

This study employed electron microprobe 
analysis techniques to determine the variation in 
alloy composition over the melt and partial-melt 
regions of a Varestraint test weld produced by an 
autogenous-gas tungsten-arc process on cold-
rolled Cu-30Ni alloy. This study concluded: 

1. A partially melted region occurs adja
cent to the fusion line of welds made in 
a commercially prepared alloy of Cu-30Ni. 

2. Welds made in Cu-30Ni exhibit solute 
segregation in the partially melted region. 

3. Metallographic evidence substantiated the 
hypothesis of partial melting by observa
tion of grain-boundary broadening and in
terference with normal grain growth. 

4. Electron-beam microprobe analysis of the 
broadened grain boundary in the partially 
melted regions shows solute segregation of 
a form that causes localized reduction of 
the effective melting temperature. 

5. The partially melted region in welds of Cu-
30Ni is probably a nucleation site for hot 
cracking in the base metal adjacent to the 
weld fusion zone. 

Further work by Savage et al. [40] more fully 
addressed the effects of impurity and alloying 
elements on the hot-cracking sensitivity of Cu-
30Ni alloys. Noting that small additions of iron, 
manganese, phosphorus, and lead have been em
ployed in solution to strengthen copper-nickel 
alloys, this investigation completed a parametric 
study of the effects of various combinations of 
these alloying elements on the propensity for hot 
cracking in these alloys when welded. This work 
also attempted to determine whether hot-cracking 
resistance could be improved by thermomechani-
cal treatment involving cold work and recrystal-
lization. Small additions of phosphorus (0.01%), 
lead (0.003%), iron (0.25%), and manganese (0.3%) 
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Figure 14. The influence of segregation on the melting range of a 
binary alloy [40]. 

were introduced into the Cu-30Ni alloy by em
ploying a gas tungsten-arc remelting process of 
metal powder compacted in a. groove on the sur
face of a Cu-30Ni plate in an argon dry box. The 
resulting remelt microstructure was examined us
ing optical metallography, transmission electron 
microscopy, and electron microprobe analysis to 
determine the crack density and elemental distri
butions. Hot cracking was augmented by the ad
dition of phosphorus and manganese. Additions 
of lead reduced hot cracking, nnd additions of 
iron had no effect. Second-order combinations 
of phosphorus-iron and lead-iron were detri
mental, and the combination of phosphorus-
lead was the most detrimental of all. The com
bination of lead-manganese was beneficial in 
reducing hot cracking. 

A recent review {42] of the welding of 
copper-nickel alloys addressed the accepted in
dustrial practices that might be employed to 
successfully join these materials. TIG and M1G 
welding techniques can be successfully employed 
with proper material purity and weld-surface 
preparation. This paper reported the maximum 
impurity concentrations that can be tolerated and 
still produce sound welds. These impurity 

concentrations, shown in Fig. 15 [42], depend on 
the filler material employed in the weld. When 
nickel filler material is used, greater levels of 
sulfur, phosphorus, lead, bismuth, selenium, and 
tellurium can be tolerated. This study concludes 
that, with careful welding practices, welding of 
copper-nickel alloys poses no great problems. 

The results of the previous study [42] are not 
generally accepted in the welding industry. 
Witherell 143] notes that "tolerance thresholds for 
trace impurities using nickel filler metals depend 
upon the thermal gradient (and, there-fore, the 
stress gradient at the heat affected zone) in the 
welded part. Under conditions where these gra
dients are steep, tolerance thresholds for nickel 
.'iller (viz., of higher solidification temperature) 
will be lower." 

An excellent summary of the problems 
associated with the welding of copper-nickel 
alloys was provided in the review article by 
Dawson 117]. This review suggests that several 
factors are particularly relevant to the welding of 
copper-nickel alloys. Dawson states: 

1. All grades of these alloys arc susceptible to 
cracking caused by the presence of trace 
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producing sound welds in Cu-30Ni alloy [42]. 

elements such as lead and sulfur from ma
chine oils, furnace atmospheres, etc., and 
care must be taken to avoid such contact. 
Cupronickels are especially prone to atmo
spheric contamination, causing porosity in 
weldments. The specially developed filler 
metals must be used to counteract this 
effect, and particular attention should be 
given to effective shielding of both sides of 
the weld. 
Helium shielding or argon-helium mix
tures are particularly effective in gas 

tungsten-arc and gas metal-arc welding 
to enable high weld speeds and reduce 
the welding time, thus reducing risk of 
porosity. Direct-current electrode negative 
work is recommended for gas tungsten-arc 
welding. 
Cupronickels are prone to coring as they 
solidify through a somewhat wide, solid-
solution freezing range. This renders them 
Liable to subsolidus tearing, and restraint 
must be reduced to avoid cracking. 

3. Alternative Methods of Welding 

As indicated in the papers reviewed in the 
previous sections, the welding of copper-based 
alloys is not without drawbacks and some diffi
culty. The problems of hot cracking, porosity, 
and microsegregation can ail have an impact on 

the integrity of the welded joint. Three feasi
bility studies [44-461 have been completed for 
Lawrence Livermore National Laboratory 
which address the fabrication and closure of 
containers to be employed in the Nuclear Waste 
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Management Program (NWMP). These stui' ^s 
review alternatives for the fabrication and closure 
of the high-level nuclear-waste storage containers 
being designed for use at the Yucca Mountain site 
in Nevada. 

Kundig 144] reviewed the closure require
ments of the nuclear-waste container with respect 
to the copper-based candidate materials and pro
posed two methods of closure: (1) electron-beam 
welding, and (2) inertial or friction welding. Both 
of these methods require relatively tow heat input 
and thus would limit the problems associated 
with more conventional welding procedures. 
Low heat input would provide little time for 
solute segregation and partial melting associated 
with impurity eutectic formation. Electron-beam 
welding is an autogenous process, requiring 
no filler wire. This process is usually com
pleted in a vacuum environment, precluding 
the requirement for gas shielding and the 
possibility of porosity from the entrapment of 
hydrogen or water vapor during the welding 
process. 

Inertial or friction welding was also proposed 
by Kundig [44J as a means of container closure. 
Friction welding can be completed without the 
use of a shielding gas or a vacuum environment. 
The process is completed by rubbing two metal 
surfaces together until the frictional heat gener
ated causes them to bond metallurgically. There 
is no fusion on the macroscopic scale and, there
fore, no traditional fusion zone. The bond line 
has an appearance similar to that of a forged joint. 
Kundig notes that the advantages of a friction 
welding process include: 

1. The ability to produce high-quality welds 
consistently. 

2. The ready inspectability of the welds. 
3. The relative insensitivity of this process to 

surface contamination. 
4. The ability to locate most moving parts 

outside the hot cell facility. 
5. The fundamental simplicity of the 

process. 
6. The ability to measure parameters prior 

to welding. 
7. The relative insensitivity to part configu

ration and welding parameters. 

It should also be noted that there are a number of 
potential disadvantages associated with the fric
tion welding process. These include: 

1. Upset formation (flash) during the weld
ing process: External flash must be removed 
prior to emplacement of containers. 

2. Potential internal crevice formation due 
to internal flash. 

3. Significantly less industrial experience. 
4. The container must be designed to resist 

the thrust and load forces required to complete 
the friction weld. 

5. There may be a significant increase in 
capital costs to design and build the friction 
welding system in a hot-cell environment. 

Although friction welding is still a developmental 
process, this study states that there is no indica
tion that it will prove unsatisfactory for nuclear-
waste container-closure applications. This study 
concludes that both friction welding and electron-
beam welding appear to be promising alterna
tives for container closure. 

Two other other feasibility studies 145,46J 
that have addressed the issue of joining the 
copper-based candidate materials have been com
pleted for the NWMP. These studies include an 
entire decision-tree analyses for selection of the 
fabrication and closure processes to be employed 
by the NWMP. In the report on closure. Stein (45] 
evaluates five potential closure methods, includ
ing friction welding, electron-beam welding, 
laser-beam welding, gas tungsten-arc welding, 
and plasma-arc welding. When the decision-tree 
analysis was applied to the parameters of the re
quirements of the nuclear-waste repository, fric
tion welding and electron-beam welding were 
ranked as the top two candidate methods for con
tainer closure. These methods were selected pri
marily for the limited heat-input requirements 
and the autogenous nature of the welding 
method. 

Alternative closure techniques for copper-
based containers have been briefly reviewed in 
industrial trade journals. Dawson [47] provides 
an excellent summary of the status of industrial 
practices employed in the welding of copper and 
copper alloys. This report includes a brief de
scription of the state-of-the-art of pressure bond
ing, friction welding, ultrasonic welding, and 
induction and resistance welding. A more exten
sive review of applications of friction welding 
in copper and copper alloys is presented by 
Nichols |48], who reviews typical welding condi
tions for the bonding of various copper alloys 
using friction welding. A review of current 
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applications of friction-welded copper alloys is 
also provided. 

Wang [49] has completed an extensive re
view of the friction welding process, addressing 
the typical welding parameters and materials that 
can be joined. A review of the specific power and 
critical initial surface speed for welding certain 
materials is also provided. This study states that 

a specific power of 110 kW/cm2 (950 hp/in. 2), 
and a critical initial surface speed of 914 cm/sec 
(1800 ft/min) are required for the welding of most 
copper alloys. This study also states that the 
bond produced in the friction welding process 
can exhibit strengths as great as that of the base 
metal. 

4. Ranking of the Candidate Materials 
Considering the effects of welding alone, the 

following ranking of the copper-based candidate 
materials is proposed: 

1. CDA715 
2. CDA102 
3. CDA 613 

This ranking considers the application of tradi
tional and developmental welding techniques, as 
documented in this volume. 

CDA 715 is judged to be superior since it 
undergoes ler.s catastrophic degradation and fail
ure with respect to oxide formation and loss of 
ductility. The microsegregation of alloying ele
ments and impurities and the partial melting 
documented in this volume might be overcome 
by the application of alternative welding tech
niques, such as friction welding. Problems due to 
microsegregation may also be overcome by limit
ing the trace-impurity content of wrought and 

cast materials and controlling the grain size, 
primarily in cast materials. 

CDA 102, though prone to the effects of hy
drogen sickness or porosity formation because of 
the reduction of entrapped cuprous oxide parti
cles, could be employed as a container material if 
a suitable filler material with sufficient deoxidiz
ing capabilities were used. The utilization of an 
alternate high-purity copper alloy, such as CDA 
122, might preclude this requirement. 

The aluminum bronze alloy, CDA 613, ap
pears to have the most significant problems when 
welding is considered. The formation of an alu
minum oxide scale and the inclusion of oxide 
particles with inadequate inert-gas shielding 
could significantly affect weld integrity. The al
most complete loss of ductility in the temperature 
range of 400 to 600°C and the resulting possibility 
of hot cracking suggest that this alloy might not 
be suitable for high-level nuclear-waste container 
applications. 
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