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ABSTRACT

This review examines the development and current state of Cu-rich Cu-Cr-Nb alloys commonly
referred to as GRCop or Glenn Research copper alloys with emphasis on Cu-8Cr-4Nb (at%), or
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GRCop-84, and Cu-4Cr-2Nb, or GRCop-42. Recent additive manufacturing efforts have

increased interest in GRCop alloys, and full-scale hardware has been fabricated using AM
techniques and practical hot-fire tests have been conducted, but structure-property
relationships are still under development. The development, processing, and current
microstructure-property relationships of GRCop alloys are reviewed along with comparisons
to similar high-heat-flux Cu alloys including NARIloy-Z, GlidCop Al-15, AMZIRC, Cu-1Cr-0.1Zr,
and Cu-0.9Cr. The review concludes with an assessment of future prospects for GRCop alloys
and overview of advantages provided by additive manufacturing.

Introduction

Excessive heat flux from or onto surfaces has been a
major limiting factor in the development of various
technologies such as turbines, rockets, or electronics
[1]. The term ‘high-heat-flux applications’ is used to
describe these and similar uses where the heat flux is
subjectively high and difficult to manage and has
been ascribed to a multitude of applications from weld-
ing equipment to fusion reactor components [1-4].
Defining a range for high-heat-flux is difficult since
its perception has evolved with time and differs
between different fields and industries. Most engineer-
ing disciplines consider >1 MW m™? as high-heat-flux
[5]. In the realm of microprocessor cooling for
example, Ebadian et al. classify 1-10 MW m™> as
high-heat-flux and denote 10-100 MW m™? as ‘ultra-
high-heat-flux’ and >100 MW m™ as ‘extreme-heat-
flux’ [5]. However, these terms are rarely used outside
of the microprocessor field, so the term high-heat-flux
will primarily be used broadly here to encompass
everything above 1 MW m™. For reference, a typical
burning room during a house fire releases heat flux
on the range of 0.001-0.01 MW m 2, while the maxi-
mum allowed heat flux in a fission reactor is roughly
1 MW m~? in the fuel cladding which is 1% of the
heat flux at the surface of the sun [6,7]. One method
of mitigating excessive heat flux is to use a high thermal
conductivity material to rapidly transfer heat by active
or passive cooling. Copper is a standard for heat
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transfer media due to its relative cost, formability,
and conductivity, and numerous alloys with a variety
of elements have been used to fulfil various roles in
industry. One of these alloys is Cu-8Cr-4Nb (at%) or
GRCop-84 (Glenn Research Copper alloy 84) which
was formulated for NASA’s Space Shuttle Main Engine
(SSME) for a component with heat flux on the order of
100 MW m™ but was not put into service due to large
time and monetary investments in its predecessor,
NARloy-Z. The term ‘GRCop-84" will be used to
specifically denote Cu-8Cr-4Nb and GRCop will clas-
sify similarly Cu-rich Cu-Cr-Nb alloys like GRCop-42,
although the focus will be on GRCop-84 which has
more available literature. GRCop-84’s creep, conduc-
tivity, low cycle fatigue, tensile strength, and thermal
expansion properties are among the best available at
high temperatures up to approximately 973 K [2].
GRCop-84 has shown potential for numerous high-
heat-flux applications including resistance welding
electrodes and holders, permanent metal casting
moulds, vacuum plasma spray nozzles, fusion reactor
first walls, or any high temperature heat exchanger in
the past, but recent advances in additive manufacturing
(also known as 3D printing) and metallurgy have
extended its utility [2,8,9]. While this has renewed
interest in GRCop-84, the majority of the development
of the alloy remains in technical documents and older
papers that are overshadowed by more recent publi-
cations. GRCop-84 has become an intrinsic component
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to NASA’s additive manufacturing based Low-Cost
Upper Stage Propulsion (LCUSP) project and Rapid
Analysis and Manufacturing Propulsion Technology
(RAMPT) and full-scale, quality tested hardware has
been developed [10-12]. The objective of this review
is to provide the context of GRCop-84 from the per-
spective of the Space Shuttle development and relevant
properties and scientific theory to help facilitate its
continued development and application.

Background

Following the historic moon landing in 1969 during the
Apollo project, the largest arguable obstacle to further
human operated space exploration and development
was its high cost. Concepts from as early as the 1950s
advocated the use of reusable launch vehicles for redu-
cing cost but were not technologically viable [13]. The
majority of the necessary developments in technology
were made during the Apollo project and led to the
eventual approval of the Space Shuttle program in
1972 [13]. The primary goal of the Space Shuttle was
to provide a consistent and reliable mode of transpor-
tation for the parts and crew to the International Space
Station with high payload and safety requirements. The
final design of the Space Shuttle consisted of the Orbi-
ter Vehicle which held the crew and cargo, expendable
tanks of liquid hydrogen and oxygen, and a pair of
recoverable solid rocket boosters. Entry into orbit
could be achieved by combining the thrust from the
solid rocket boosters and Orbiter Vehicle’s engines,
but NASA engineers found that existing engines
would not be sufficient to meet the weight and safety
requirements [13]. As a result, a development contract
was awarded to Rocketdyne in 1971 to develop a new
engine that would eventually become the RS-25 engine
or Space Shuttle Main Engine (SSME), which is shown
in its relative position to the Space Shuttle in Figure 1
[13,14].

A key component of the SSME was a new high-per-
formance combustion chamber design that raised the
throat heat flux of previous designs from 32 MW
m™ (20 Btu in™? s7!) to 114-164 MW m™2 (100 Btu
in™ s7'), which could accommodate the increased
payload requirements [15,16]. The SSME’s combustion
chamber contains the combustion reaction of propel-
lants and generates thrust through supersonic expan-
sion in the throat that is passed out the nozzle; these
essential components are shown in Figure 2 [17]. The
combustion chamber was predicted to have operating
conditions of 3600 K and ~20 MPa, though these pre-
dicted values vary between sources, and required
regenerative cooling and a high thermal conductivity
structural liner to dissipate heat and resist thermal
strain [15,17]. The temperature environment of the
nozzle is significantly lower, so a lower cost, from a fab-
rication and raw material perspective, steel alloy or

superalloy can be used instead. The pressure generated
by the combustion reaction is mostly negated by mech-
anical support provided by an external jacket of IN718,
but the rigid reinforcement does not aid in reducing the
high thermal strains [16,17].

Regenerative cooling was achieved by flowing liquid
H, through rectangular cooling channels machined
into the liner that also functioned as the path to the
fuel injectors, see Figure 2. These channels were
machined by milling into the edges of the liner in a rec-
tangular configuration parallel to the length with a sub-
sequently added shell to enclose the channels with a
close-out by electro-forming, or a similar process
[18,19]. Due to the complicated geometry of the
liner, this was likely the most reliable method to add
cooling channels at the time despite high machining
costs and limited tolerances. Forming a combustion
chamber in a single piece with built-in cooling chan-
nels without the need for machining would likely
improve cooling rates, overall reliability, and cost
efficiency but was effectively impossible at the time.
Higher machining tolerances or built-in channels
would allow for overall improvements to the design
geometry such as the aspect ratio, number, and pos-
ition of the channels [18]. Future computer analysis
and fabrication methods would eventually be found
and used to optimise the channels to some extent
[18]. Under the high active-cooling gradient between
the heat of combustion and liquid hydrogen, respect-
ively, a typical rocket engine liner will have an operat-
ing temperature, often referred to as a ‘hot-wall’
temperature, ranging from 673 to 973 K depending
on cooling efficiency from thickness and conductivity
of the channel walls [2]. This hot-wall temperature
range could be endured by a variety of materials, but
NASA had another critical requirement that would
prove to be the most difficult to meet: the SSME needed
to be reusable with limited repair and re-conditioning
to reduce cost. Even if a material could initially meet
initial property requirements set by NASA, perform-
ance considerations of creep, low-cycle fatigue (LCF),
and other time dependent mechanisms dramatically
increased the design challenge.

A new alloy was needed to fulfil these conditions
and Rocketdyne developed a copper alloy based on
their previous work with NARloy-A, a cast Cu-3.5Ag
(wt-%) alloy, by adding Zr to a ratio of Cu-3Ag-0.5
Zr (wt-%) and vacuum melting and vacuum centrifug-
ally casting [16]. Copper was the base material due to
its ability to function as a structural material along
with its balance of cost, thermal conductivity, and
mechanical strength. Cu-3Ag-0.5 Zr was trademarked
NARloy-Z and formed into combustion chamber liners
by a combination of hot spun forging and machining
by Rocketdyne [16]. After the original production,
the equipment was dismantled, and NASA had to
reproduce a chemically equivalent version of the alloy
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Figure 1. General Space Shuttle outline and inset of diagram of the RS-25 SSME adapted from [1].

with conventional melting, casting, and forging
methods, designated as NASA-Z, when new liners
were needed [16]. Other groups have had similar suc-
cess including Krishna et al. who reproduced a similar
Cu-Ag-Zr alloy with a combination of vacuum induc-
tion melting, hot forging, and rolling [20]. AMZIRC, a
Cu-Zr alloy, was the primary competitor at the time
for fatigue resistance, but NARloy-Z demonstrated
longer and more uniform cycle lifetimes under realistic
thrust chamber conditions [16]. Despite being the best
available alloy, NARloy-Z was not able to fully meet
reusability specifications and reusability life require-
ments were reduced from 100 missions in 1973 to 55
in 1980 [17,21].

Regardless of its limitations, NARloy-Z was used in
each space shuttle engine until the last launch in 2011
with roughly 40 years of development and investment
focused on ensuring the reliability of the NARloy-Z
engines. Replacing a critical component like the liner
requires thorough testing and evaluation over many
years, even though relatively small improvements
from a new alloy could be economically worthwhile
by improving load capacity or safety margins [22].
Although NARloy-Z remained in service, it was limited
by its maximum operating temperature and reusability,
leaving an opportunity for the development of a more
optimised replacement. NASA and independent
researchers were investigating new alloys capable of

meeting the original standards of the SSME. Their
goal was to develop a reusable copper alloy that
would be thermally and mechanically stable during
operation as a combustion chamber liner with primary
criteria of mechanical strengthening, thermal conduc-
tivity, thermal expansion, creep, fatigue, and environ-
mental resistance. Relevant theory and background
for these criteria will be discussed to highlight the chal-
lenge and differences in performance between alloys in
high-heat-flux applications.

Structure property correlations of high-heat-
flux copper alloys

High-heat-flux Cu alloying

Copper’s mechanical strength can readily be improved
through combinations of alloying, work hardening,
and heat treatments, but the viable choices are con-
siderably reduced at high temperatures. Most metals,
including copper, become mechanically unstable and
exhibit decreased mechanical properties at elevated
temperatures. An alloy chosen for high temperature
applications requires strong resistance to microstruc-
tural evolution in addition to mechanical strengthen-
ing. Solid solution strengthening (SSS), precipitation
hardening (PH), dispersion hardening (DH), mechan-
ical alloying, and oxide dispersion strengthening
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Figure 2. Sketch of essential components of SSME combustion chamber and nozzle without injector demonstrating path of cooling

chambers built parallel to height of the nozzle; not to scale.

(ODS) are all commonly used to introduce a variety of
secondary phases in copper, although their efficacy at
high temperatures can vary. State-of-the-art copper
alloys are compared in terms of composition and
strengthening mechanisms in Tables 1 and 2. Solid sol-
ution strengthened alloys are the result of soluble
elemental additions in either substitutional or intersti-
tial atomic positions within the solvent metal. For high
substitutional solubility, the two elements should have
the same crystal structure and similar atomic radii,
while interstitial solubility requires the atomic radii of
the solute atom be sufficiently smaller than the base
element (<15%). In both cases, the elements’ valences
and electronegativities should be similar to help with
bonding. Comparing the alloying elements of NAR-
loy-Z and GRCop-84 to Cu provided in Table 3, only
Ag has the same crystal structure (FCC) as Cu, and
has significant solid solution solubility in Cu; although
it’s slightly larger atomic radius limits its solubility in
Cu to about 4.9 at%. Cr is similar in size to Ag, but
has a different crystal structure (BCC), and therefore
has limited solubility in Cu. Nb and Zr have both
different atomic radii and different crystal structures,

and have limited solubility in Cu. However, both
elements do form intermetallic phases with Cu that
could be used as precipitation or dispersion strength-
ening particles.

Precipitation hardening, also called age hardening,
is the result of a secondary heat treatment after initial
fabrication where second phase particles form, or pre-
cipitate, within the primary matrix phase. Precipitation
hardened alloys require a matrix-phase solubility that
decreases with decreasing temperature [23,24].
Quenching from an elevated temperature, followed
by aging, causes supersaturation of solute and second-
ary-phase precipitation, respectively. The amount of
secondary-phase precipitation is proportional to the
concentration of solute in supersaturation and the
solubility at the aging temperature [24]. Precipitation
occurs because of the materials tendency to reduce
free energy, and most often the precipitates nucleate
at defects, such as dislocations or grain boundaries, as
spherical particles (low surface area to volume, mini-
mising interfacial energy) [23-25].

The Ag in NARloy-Z contributes both SSS in the
matrix and PH by forming various reported

Table 1. Primary composition of Cu alloys by wt-% [at%]; additional intentional or impurity elements may be present depending on
the quality of the raw materials and processing, and exact values of elements can vary; united numbering system (UNS) identifier
provided when available; adapted partially from [1]; rounded to first decimal when calculated.

Alloy UNS Ag Al Cr Cu Nb 0 Zr
NARloy-Z 3.0 [1.79] - - 96.5 [97.86] - - 0.5 [0.35]
AMZIRC C15000 - - - 99.85 [99.9] - - 0.15 [0.10]
GlidCop AL-15  C15715 - 0.15 [0.08] - 99.68 [99.8] - 0.17 [0.12] -
GRCop-84* - - 6.2-6.8 [7.6-8.3] 88.4-87.2 [87.3-88.69] 5.4-6 [3.7-4.1] -

GRCop-42* - - 3.1-34[3.8-4.2] 94.2-93.6 [944-93.8]  2.7-3[1.8-2.1] - -
CuCrzr-IG* - - 0.6-0.9 [0.73-1.10]  Balance - - 0.07-0.15 [0.05-0.10]

*GRCop-84 and GRCop-42 based on powder chemistry from [2].
*CuCrZr-IG represents ITER grade Cu-Cr-Zr, adapted from [1].
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Table 2. Comparison of high temperature Cu alloys’ general composition, strengthening mechanisms, secondary phases, particle
descriptions with key references; CW indicates cold work is optional but common.

Alloy Strengthening
name Composition  mechanism(s)

Secondary
phase(s)

Particle description Ref.

NARloy-Z  Cu-Ag-Zr PH, SSS, & CW  Ag, Cu,Zr*

Zr serve as oxygen traps at grain boundaries by forming oxides which prevents Cu  [1,2]

oxide formation and promotes homogenous precipitation, while intermetallic
Cu-Zr phases form that can pin grain boundaries and slow grain boundary
growth; Ag’s role is primarily strengthening: after aging, semi-coherent Ag
nanocrystalline precipitates form that strengthen the matrix by pinning the Cu
matrix grain boundaries and slowing grain boundary growth; above 866 K Ag
precipitates coarsen in the matrix becoming incoherent and degrading material

strength

AMZIRC  Cu-Zr PH & CW CuZr*

Approximately 80% of strengthening from CW rather than particle strengthening; [3]

aging has limited effect; strength retained up to 773 K; Zr provides benefits
similar to NARIloy-Z, and intermetallics form as relatively large pm-sized

precipitates
Finely dispersed, nanometer oxide particles inside grains or at grain boundaries [4]

GIIdCOp CU—A/203 DH A/203

provide most of GlidCop’s strengthening, though CW can be used to enhance
mechanical performance; alumina prevents recrystallisation and softening at
elevated temperatures; noted as immune to coarsening

GRCop Cu-Cr-Nb PH & DH Cr, Cr,Nb (C15)

Slight excess of Cr suppresses detrimental Nb formation; can be CW but [5,6]

strengthening is not dependent on it; Cr,Nb is resistant to coarsening at high
temperatures, pins the Cu matrix grain boundaries, and slows grain boundary
growth. Cr,Nb forms bimodal distribution with um and nano-scale particles that
refine the matrix and provide strengthening respectively

CuCrZr-IG  Cu-Cr-Zr PH Cr, Cu,Zr*

Can be used in aged condition after CW to maximise mechanical properties; [4,7-

provides similar Zr benefits described in NARIloy-Z; Cr believed to precipitate from 9]
the matrix and intermetallic Laves Cr,Zr are possible but not observed;

susceptible to over-aging and recrystallisation at high temperatures; Cr also

prevents grain growth following recrystallisation

intermetallic phases with Cu and Zr [20,26]. The Zr, in
addition to contributing to Ag’s intermetallic phases,
can add SSS or form CuyZr or CusZr precipitates or
oxides depending on the processing methods [26,27].
Singh et al. asserted that Zr in solid solution should
contribute considerably to observations of higher
microstructural and thermal stability and non-equili-
brium conditions introduced by rapid melting and soli-
dification extending the solid solubility of Zr [27].

Dispersion hardening is distinguished from PH in
that the second phase particles do not form via solid-
state phase transformation in the matrix. Instead, DH
particles can be directly added to a liquid metal (i.e.
oxide or carbide particles), or can be formed in the
melt before solidification. The other major difference
between dispersion and precipitation strengthening is
the particle/matrix interface. Precipitation hardening
second phase particles typically have an orientation
relationship with the matrix phase, are often fully or
partially coherent (matching of the atomic lattice
planes across the interface) [23]. Dispersoids typically
have no lattice correspondence between matrix and
particle [23].

DH can be difficult to distinguish from PH because
their secondary phases have similar particles and
strengthening mechanisms. Complicating matters, pre-
cipitate particles have been referred to as dispersions
based on size or distribution in a matrix, but precipi-
tates specifically refer to particles that come out of sol-
ution from additional heat treatments. DH alloys can
be also be distinguished from PH by mechanical beha-
viours such as creep characteristics. However, it is rare
to find an alloy with only one form of strengthening

mechanism, so the dominant mechanism is often con-
sidered for classification. DH alloys are not limited by
solubility like PH alloys and a variety of ceramic par-
ticles and intermetallic compounds can be readily
introduced into a metal matrix by a variety of tech-
niques, including mixing incoherent particles with an
alloy melt, internal oxidation, precipitation by a chemi-
cal reaction, mechanical alloying, and rapid solidifica-
tion [23].

The lattice correspondence between particle and
matrix results in a greater increase in strength from
PH compared to DH [23]. However, PH is limited to
alloy systems with the appropriate phase equilibria
conditions and are limited in maximum temperature
capability by the solvus temperature of the precipitate
phase at which the precipitate dissolves. PH alloys are
further limited by diffusive coarsening of the precipi-
tate particles at temperature well below the solvus
temperature. These limitations leave DH as the only
particle strengthening mechanism available for many
alloy systems.

Specifics of strengthening mechanisms

Solute atoms generally provide SSS by impeding dislo-
cation motion. More specifically, solute atoms locally
distort the matrix lattice structure which provides a
strain field around the solute atom. The solute strain
field interacts with and impedes the strain field of dis-
locations by providing a frictional resistance force. The
strength of the field is dependent on a variety of factors
such as shear modulus, concentration, or relative size
of the solute atom. SSS is limited by the solid solubility
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Table 3. Characteristics of select metals and maximum solid solubility in Cu from the indicated references.

Melting temperature ~ Approximate maximum solubility in Cu Pure thermal conductivity 0-100 °C (W Atomic radii Crystal
Element K) (Wt-% [at%]) m~ K™ 1] A lattice
Ag 1234 8.04 [4.9] [2] 425 1.65 FCC
Cr 2180 0.73 [0.89] [3] 91.3 1.66 BCC
Cu 1358 - 397 1.45 FCC
Nb 2750 1.31 [0.9] [4] 54.1 1.98 BCC
Zr 2128 0.17 [0.12] [5] 226 2.06 HCP

of the strengthening phases, and excess will form sec-
ondary phases. Typically, SSS alloys are made inten-
tionally with excess solute to ensure that maximum
solubility, and therefore strengthening, is reached [28].

Particles in alloys from DH or PH generally provide
strengthening by hindering dislocation motion, similar
to SSS, either by the dislocation shearing through the
particle or by bypassing it (Orowan strengthening or
bowing). There are six properties of particles that
affect shear including coherency strains, stacking-
fault energy, ordered structure, modulus effect, inter-
facial energy and morphology, and lattice friction stress
[23]. Most strengthening particles found in high-heat-
flux Cu alloys are incoherent or much stronger than the
Cu-matrix (i.e. resistant to particle shear), so Orowan
strengthening is the primary precipitate/dispersoid
strengthening mechanism [23].

Orowan strengthening relates to direct dislocation
interactions with discrete particles in a matrix. The
original derivation of Orowan strengthening has been
adjusted to account for estimates of the dislocation
line tension, mean free path, corrections of the inter-
action between dislocation segments on either side of
a particle, type of dispersion, or particle type leading
to many forms of the Orowan equation [23]. Most of
these equations are semi-empirical and serve as esti-
mates of strengthening for comparing similar alloys.
As an example, the Orowan-Ashby equation for oxide
dispersion strengthening is shown in Equation (1)

0.13Gb ., r
Ao = In— 1
T="3 0 (1)

where Ao represents the increase in strength of the bulk
alloy, G is the shear modulus of the matrix, b is the Bur-
gers vector of the lattice, r is the average particle radius,
and Azp is the linear mean free path of dislocations
between the particles [23]. The mean free path can be
described in many ways, but a simple expression is pro-
vided in Equation (2)

_ 41 —fr
==

where fis the volume fraction of particles assumed to be
spheres with radius r [23]. A high volume fraction of
small particles should minimise the mean free path
and provide the highest degree of Orowan strengthening
due to the mean free path’s inversely proportional
relationship shown in Equation (1).

ALp )

The Orowan-Ashby equation for a random distri-
bution of impenetrable particles goes by the form

0.84 M Gb r
g = 05 ln— (3)
2m(1 —v)"(App —2r) b

which takes additional factors into account including
the Poisson’s ratio of the matrix, v, and the Taylor fac-
tor, M, which is roughly 3 for face centred cubic (FCC)
metals [29]. The linear mean free path term, Arp,
changes to the mean planar particle spacing, App in
Equation (3), calculated by

2\ 0
App =71 (§> (4)

This derivation of the Orowan-Ashby equation pro-
vides a better estimate of particle strengthening that the
shear resistant particles in PH and DH will provide to
the matrix. However, there are also a variety of other
mechanisms that might be active depending on alloy
composition.

The strengthening contribution from matrix grain
size is described by the Hall-Petch mechanism, given
in Equation (5)

o= oy +k,d "’ (5)

where d is a measured average grain size, k, is a
material constant for the ease of slip transfer and oy
is yield or friction stress of a single crystal, 0.16 MPa
m~ " and 26 MPa for pure copper, respectively [30].
Using these constants, the strength for Cu with an
average grain size of 1 cm, 1 mm, 1 pm, and 100 nm
is approximately 27.6, 31.1, 186, and 532 MPa, respect-
ively. At 1 cm there is effectively no strengthening
above 0y and considerable strengthening at 1 um and
100 nm. Hall-Petch strengthening is possible because
grain boundaries, like solute atoms and second phase
particles, act as glide dislocation barriers. Smaller
grains require that dislocations are positioned closer
together, and the interaction of the stress fields associ-
ated with the dislocations themselves further impede
their motion [29]. At equilibrium, the driving forces
for coarsening are prevented or balanced by various
pinning forces like Hall-Petch and Orowan strengthen-
ing, but as the temperature increases, the driving force
for coarsening will eventually overcome the pinning
forces. Additionally, small matrix grains are typically
thermally unstable. For example, nano-crystalline cop-
per has good Hall-Petch strengthening at room



temperature, but its surface energy is high, and the
grains are likely to grow, or coarsen, as the temperature
is increased to reduce the surface energy and driving
force for grain growth. Precipitates and dispersions
can indirectly aid Hall-Petch strengthening by inhibit-
ing grain boundary motion, preventing matrix grains
from coarsening. However, the initial matrix grain
size must be small, which can readily be achieved
through rapid solidification techniques.

Rapid solidification broadly describes methods with
cooling rates on the order of 10°~10"> K s™" that form
unique microstructures with non-equilibrium phases
and structures [9,31]. Rapid solidification is often
used to produce fine matrix grains and particles, but
these have inherently high interfacial area, and conse-
quently a large interfacial energy contribution to the
total free energy and will readily grow unless they
form in a stable configuration or are resistant to coar-
sening. Rapid solidification’s high cooling rates typi-
cally prevents time-dependent particle or grain
growth, so the microstructure is often more hom-
ogenous than other methods which can help prevent
particle coarsening.

Particles of different radii have differences in free
energy arising from capillarity effects, providing a driv-
ing force for particle coarsening, known as Ostwald
ripening, which tends to decrease the free energy of
the system by forming a more homogeneous distri-
bution of larger particles [9,32]. The free energy gradi-
ent between two particles, including grains, driving
coarsening can be expressed as

1 1 kg T AC,
=2, V<___) _ ke TAG o
rnon Cs

where w, represents the difference in chemical poten-
tial, V is the atomic volume, rjand r, are the radii of
two particles, kg is Boltzmann’s constant, v, is the sur-
face energy of the precipitates, ACg is the solute con-
centration gradient between the particles, and Cp is
the average concentration of solute in the matrix
[32]. While intended for comparing particles, this
effect can largely be ignored because the inverse
relationship of both rjand r, has a larger impact on
the chemical potential than their difference. Unless
the distribution is unusually homogenous, the smaller
the particles, the greater the tendency to grow. By
Equation (6), coarsening could be readily reduced by
increasing the precipitate size, r, but this change
would likely result in an undesirable decrease in the
mechanical strengthening.

The Lifshitz-Slyozov-Wagner (LSW, formerly
referred to as Lifshitz—Wagner) theory provides a bet-
ter understanding of particle size development as the
following derivation

3 3 DB’)/S CB Vzt

T—TO—kB—T (7)
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allows for the calculation of the average precipitate size
where r is the average precipitate radius at the end of
the growth stage, 7, is the initial precipitate radius Dp
is the diffusivity of the solute in the matrix, and ¢ is
time [9,33]. The particular LSW derivation, given in
Equation (7), has the benefit of including diffusivity
which can be used as a qualitative means of assessing
the coarsening kinetics. Precipitates consisting of
elements with low diffusivity will help decrease coar-
sening, and precipitate elements with larger atomic
radii than the matrix atoms generally have slower
diffusion.

Conductivity

Strengthening copper can be readily achieved by adding a
secondary phase or solute, but if thermal conductivity is a
critical design property, such as the case with the SSME
combustion chamber liner or high-heat-flux appli-
cations, the alloy choice becomes significantly more com-
plex. The principles of conductivity in metals will be
discussed to help understand alloy choice and relation-
ships between thermal and electrical conductivity.

Thermal energy is often attributed to atomic
vibration in a given material, but a solid’s vibration
can further be defined by quantum mechanics as a
wave carrying vibrational energy between the lattice
or a phonon [34]. All crystalline materials conduct
thermal energy through phonon interactions such as
lattice or phonon thermal conductivity, «,, but phonon
interactions contribute nearly all of non-metals ther-
mal conductivity [35]. Phonons are dependent on the
lattice, so the more defect-free the structure is, the
higher the thermal conductivity. Researchers like
Groza and Gibeling stress matrix purity as essential
for high-heat-flux applications for this reason [36].

One of metals’ unique qualities is the presence of free
conduction electrons that readily transfer and serve as
point charge entities for charge and heat which collec-
tively contribute to electronic thermal conductivity,
Kg, in addition to phonon thermal conductivity, ,
[35]. The Sommerfeld model treats the conduction elec-
trons of metals as an electron gas (or sea) that obey the
laws of quantum mechanics and can readily transfer
better than phonons [37]. While non-metals may have
some electronic contribution, it is significantly less
than metals’ electronic contribution which are overall
better conductors [35]. Both phonon and electronic
contributions are treated independently and contribute
to the overall thermal conductivity, «, by

K = K¢ + Kp. (8)
The electronic thermal conductivity is given by the fol-
lowing:

172 Ne klzg T)\el
K =
“l 3me Vp

€)
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where 7, is the number of free electrons per cm?, T is
temperature, A, is the mean free path between col-
lisions, m, is the mass of an electron, and V7 is the elec-
tron velocity at the Fermi surface as given in Equation
(10)

]
V= [Zﬁ]z (10)

Me

where & is the Fermi energy [34].

Copper, silver, and gold each have a half-filled 4s
conduction band that is highly mobile and permissible
to electronic transfer. Since electrical conductivity is a
direct measure of electron transport, this accounts for
their high conduction. Thermal and electrical conduc-
tivity are intrinsically linked as both are measurements
of the ease of transport of energy; thermal conductivity
is under the influence of a thermal gradient, and elec-
trical conductivity is under an applied electric field.
Additionally, the Wiedemann-Franz-Lorenz law,
shown in Equation (11), provides a relation of electrical
conductivity, o, to thermal conductivity, x, and temp-
erature, T

K ki &

ST CwrL = —3 (11)
where the remaining term is a constant known as the
Lorenz number (or Wiedemann-Franz-Lorenz coefhi-
cient) Cyyp commonly approximated to 2.44 x 1078
W Q K2 where e is the electron charge [38]. The Lor-
enz number is material specific and can vary between
materials, but this law is well obeyed at room tempera-
ture and above for most pure metals and alloys [38].
This relationship can make determining thermal con-
ductivity easier since electrical resistivity, p, can be
readily measured and converted to electrical conduc-
tivity by the inverse where o =p~".

Equation (9) predicts the electronic contribution to
thermal conductivity will increase with temperature, if
mean free path, Ay, is ignored. Figure 3 shows the
relationship between thermal conductivity and temp-
erature for several pure metals between room tempera-
ture and melting. Fe decreases initially but the trend
increases at higher temperatures suggesting that the
electronic contribution to thermal conductivity even-
tually overwhelms the phonon contribution at high
temperatures [34]. However, most metals, including
Cu, experience a constant decrease in thermal conduc-
tivity with increasing temperature. Most of the other
terms in Equation (9) are constants, A,; would need
to decrease to account for the loss of conductivity
since they are directly proportional.

Prediction of phonon and electron interactions are
limited, so the mean free paths of electrons, A, and
phonons, A,, provide a qualitative means of assessing
the thermal conductivity of metals [34]. More scatter-
ing sites or interactions will result in decreased mean

free path. Phonons are known to have three interaction
processes: electron-lattice potential scattering known
as Umklapp collisions, scattering by solute atoms and
defects, and interactions between phonons and free
electrons [34]. Electrons have three main interaction
processes as well: scattering by solute atoms and
defects, electron-electron interactions, and electron-
phonon interactions [34]. At low and high tempera-
tures, the lattice contribution to conductivity is low
due to electron-phonon and Umklapp scattering,
respectively [34]. In pure metals, the lattice contri-
bution is largely ignored except at intermediate temp-
eratures due to dominance of the electronic
contribution [34]. This may seem counterintuitive for
low temperatures since electron-phonon interactions
are shared between lattice and electron contributions,
but electrons more strongly suppress the phonon con-
tribution than phonons affect the electron contri-
bution. Scattering by defects, such as solute atoms or
dislocations, has the opposite effect; electrons scatter
more in the presence of defects, deceasing A, and
their contribution to conductivity [35]. In alloys, the
electronic contribution is still considered dominant;
however, the lattice contribution becomes more preva-
lent over all temperatures. Conductivity interactions
between alloyed elements is dependent on multiple fac-
tors, but usually, the higher the alloying content, the
lower the conductivity since more defects are present.
Part of what makes retaining both mechanical stability
and thermal conductivity difficult is that both Orowan
strengthening and conductivity are dependent on
mean free paths of interaction. While Orowan is
based on dislocations and conductivity is based on
electron and phonon scattering, they are correlated.
Orowan strengthening prefers a high-volume fraction
of particles to decrease the path length that dislocations
travel, and the presence of more particles provides
more potential scattering centres decreasing conduc-
tivity. A compromise, depending on the design require-
ments, of conductivity and strengthening is necessary.

Thermal expansion

Alloy choice for a high-heat-flux application like com-
bustion chamber liners must also consider thermal
expansion alongside mechanical strengthening and
conductivity. Thermal expansion in the combustion
chamber liner contributes the majority of the stress
and strain by the presence of high thermal gradients
in the liner’s wall rather than mechanical sources
[2,19]. The material’s coefficient of thermal expansion
and can be calculated volumetrically using Equation
(12) or linearly by exchanging the volumetric terms
for length
AV

— = AT (12)
0
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Figure 3. Thermal conductivities as a function of temperature of relevant high-heat-flux solid pure metals inspired by a similar plot
from Poirier [1] using data from Touloukian’s TPRC Data Series [2] up to 1600 K with markings on Nb and Zr for clarity.

where AV and V, represent the volume change and
initial state, respectively, and a, is the volume coefhi-
cient of thermal expansion. However, Equation (12)’s
coefficient of thermal expansion approximates thermal
expansion to a linear relationship which will hold for
most cases, but most materials’ expansion does not
hold to a linear relationship when at either excessively
low or high temperatures, such as the hot-wall temp-
erature of the combustion chamber liners which is
50-85% of the melting temperature of pure Cu.

Analysis of the thermal strain and distribution was
conducted by Andrus and Bordeau [19] of Pratt &
Whitney on NARloy-Z liners with nickel close-outs,
demonstrated in Figure 4, in 1989 which were used
on the SSME revealed hot-wall temperatures ranging
from 477 K in the nickel close-out to over 977 K in
the liner [19]. The nickel close-out has lower thermal
expansion and operating temperature which radially
restrains the hotter NARloy-Z liner which demon-
strated a tendency to expand radially outward [19].
During a single cycle of operation, the restraint of the
nickel close-out generates compressive thermal loads
in the hoop direction followed by relaxation during
shutdown [19].

Rupture, fatigue, and creep

The combustion chamber liner’s complex geometry
and thermal loading during operation produces simi-
larly complex stress and strain throughout the liner.
As a result, predicting failure in the SSME was challen-
ging and sources of failure were used to better under-
stand alloy design and implementation. The main
mechanical failure in the nozzle of rockets is rupture
of the cooling channels from wall thinning and is
referred to as the ‘dog house’ effect due to the profile
that the originally rectangular channels assume over
time, shown in Figure 4 [19,39]. In Figure 4, the web,

also called the rib or land, separates the cooling chan-
nels, and the wall separates the channel from the hot
side. The close-out chemistry varies depending on the
fabrication methods, and the thickness of the wall
depends on fabrication limitations. The wall separating
the cooling channel and hot side of the liner was
observed gradually deforming without material loss
over operating cycles and eventually rupturing when
sufficient biaxial ductility was lost [19]. Wall thinning
is a complex failure mode that has been the subject
of debate and has been attributed to different forms
of fatigue and creep with dominant mechanisms
dependent on geometry, alloy choice, and liner
environment [19,39,40]. Better understanding each of
these contributions to wall thinning led to better
designs throughout the SSME’s lifetime and into new
rocket design.

Fatigue is a failure mode that occurs when a material
is subjected to repeated cycles of stress and accumu-
lation of plastic strain. The number of cycles to failure
or fatigue life is dependent on the magnitude of the
applied stress. High-cycle fatigue involves low applied
strain in the elastic regime that takes a long time to
initiate failure, often above 10,000 cycles [23]. By con-
trast, low-cycle fatigue (LCF) is caused by relatively
high plastic strain that initiates failure below 10,000
cycles [23]. If the source of strain is from thermal
expansion and generates plastic strain, it is referred
to as low-cycle thermal fatigue (LCTF) and is one of
the dominant failure modes of high temperature struc-
tural components [41]. Under the original design con-
straints presented by Cook and Coffey, the SSME
combustion chamber liner would require a fatigue life
of at least 400 cycles at 700-900 K [17]. If the strain
exceeds elastic limits, plastic strains accumulate in the
liner during each cycle, producing LCTF [19].

Low-cycle fatigue from thermal cycling also presents
concern of thermal mismatch strain, g, between the
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Figure 4. Channel thinning or dog house effect failure mode development of combustion chamber liners in order of progression

and top view, not to scale; redrawn/modified from [1].

reinforcing particles and matrix following the relation-
ship

em = Aa AT (13)

where Aw is the difference between the coefficients of
thermal expansion and AT represents the change in
temperature [36]. While deformation may appear
sufficiently elastic, thermal mismatch strain can
account for intergranular plastic strain accumulation.
Lowering Aa by particle selection, improves the likeli-
hood of increased fatigue and creep resistance. How-
ever, copper’s high thermal expansion coefficient,
17x107° C™' at room temperature, relative to most
strengthening particles, compared in Table 4, increases
the selection challenge.

Creep is associated with progressive deformation as
a function of time under applied stresses at constant
temperature [23,42,43]. Creep can occur over a wide
range of temperatures and stress levels and has mul-
tiple mechanisms responsible for progressive plastic
deformation mostly based on diffusion and dislocation
motion. Although the operating time of each cycle is
short, creep can accumulate between cycles in a
phenomenon called cyclic creep if the thermal strain
is high enough [44]. Another creep term that is often
attributed to failure in the combustion chamber liners
is creep ratchetting which is accumulated plastic defor-
mation specifically from unequal tensile and compres-
sive loading and incomplete stress—strain loops in

temperature cycling [45]. The rate of ratcheting and
wall thinning strongly depend on the degree of heat
flux and channel geometry [46].

During the Space Shuttle’s operation, the cooling
channel geometry and cooling efficiency were better
optimised with improved machining, fabrication, and
prediction technologies which significantly reduced
the concern of the dog house effect [47]. Regardless
of improvements, wall thinning from LCF and creep
remain a concern for future designs and effort should
be made to separate the effects of creep and LCF if
the hot-wall temperature is high enough to facilitate
creep.

Environmental resistance

The thrust chamber environment has serious hydrogen
embrittlement and blanching concerns due to high
temperatures and the mix of liquid H, and O, fuels
undergoing combustion that can cause failure in the
liner if left unchecked. Other examples of detrimental
environmental effects include orange peel roughening
and cracking at inclusions but have been more easily
detected, prevented, and understood [19].

Hydrogen embrittlement is largely dependent on the
alloying elements in the Cu liner since Cu’s crystal
structure is FCC which is not susceptible to H
embrittlement [48]. BCC and HCP metals are suscep-
tible to H embrittlement, but only if they are present

Table 4. Characteristics of common particles used in strengthening Cu and Cr,Nb, GRCop alloys’ strengthening phase, with Cu for

comparison.

Heat of formation (kJ ~ Melting temperature ~ Modulus of elasticity Density (g Coefficient of thermal expansion 107 (K ") [at
Phase mol™") (K) (GPa) ™) temperature]
Al,03 [1] —1667 2323 380 3.97 7.6 [773 K]
Sic [1] —-67 2700 207 3.18 4.3 [293 K]
Cr,Nb (C15) =21 [2]* 1858** 205 [3] 7.71 6.4% 293 K] [3]*
Cu 0 1358 110 [4] 8.96 17 [293 K]

*Average of reported values.

** C15 Cr2Nb transforms to C14 above 1858K and melts congruently at 2043 K based on the Cr-Nb phase diagram in Figure 5(c).



as separate phases. NARloy-Z has demonstrated ade-
quate H embrittlement resistance despite its Ag
(BCC) and Zr (HCP) content because Ag and Zr are
either in solid solution or as an intermetallic com-
pound, further described in Table 2 [49,50].

Blanching is thought to be caused by oxidation-
reduction cycles initiated by fluctuations, caused by
hot spots in the geometry or the eventual degradation
caused by constant combustion cycling during oper-
ation, in the oxygen-hydrogen fuel system. Blanching
is represented by surface discolouration and corrosion
of the liner wall and has been observed preceding chan-
nel wall failure in failed NARloy-Z chambers
[19,51,52]. Inspection of blanched regions of NAR-
loy-Z chambers revealed pits, cracks, fissures, and
sponge-like appearance which damages the thin-walled
coolant channels which roughen and decrease their
cooling efficiency [48]. Unlike H embrittlement,
blanching has been the primary cause of failure in
NARloy-Z liners and rocket engines in general [52].
This may appear to contradict with wall thinning as
the primary failure mode, but blanching has been
observed proceeding wall thinning and is likely a
strong contributor due to how it impacts the surface.

Various researchers have proposed and experimen-
ted with thermal barrier coatings (TBCs) to improve
the thermal resistance and reduce blanching of the
chamber liners, turbine blades, and other SSME hard-
ware [47,53-59]. TBC’s are a thin coating of a low ther-
mal conductivity material such as ZrO,, ZrO,-Y,03,
and NiCrAlY (used as a bond coating) that can reduce
surface oxidation, improve corrosion resistance, and
lower the temperature of the substrate on the hot side
of a thermal gradient [56,57]. TBCs could significantly
lower thermal strain have been estimated to improve
the life of a combustion chamber liner by a factor of
3-30 [46]. While TBCs with NiCrAlY were applied to
the turbine blades of the SSME, it doesn’t appear that
any were used on the NARloy-Z liner due to issues of
coatings failing to retain adherence to the liner and spal-
ling or flaking after repeated thermal cycles [53,58].
During the coating of TBCs, the copper substrate (NAR-
loy-Z) would oxidise and the coating would develop
compressive residual stresses that formed a rough coat-
ing surface that performed poorly [53]. Various groups
like Butler and Pindera have attempted functionally
grading the TBC into combustion chamber liner alloys
to improve cohesion, but the barrier’s effectiveness
decreases when the chemistry is altered [59].

Development of Cu-rich Cu-Cr-Nb Alloys
Relevant phase diagrams and Cr,Nb

While NARIloy-Z was used successfully on the SSME,
researchers were looking for and developing alterna-
tives with better long-term properties and overall
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reusability. Ellis and Michal of Case Western Reserve
University formulated Cu alloys with additions of Cr
and Nb in the 1980s as candidate SSME liner alloys
in collaboration with NASA Lewis Research Center
(LeRC and now NASA Glenn Research Center) [9].
At this time, limited to no Cu-Cr-Nb alloys had
been developed or publicised [9]. During a phone
interview in March 2020, Dr. David Ellis explained
that the original idea for the project was conceived by
then-Branch Chief Dr. Tom Glasgow of NASA LeRC
who demonstrated that chill block melt spinning
(CBMS) could be used to form desirable Cu-Cr-Nb
alloys [60]. Glasgow then used a NASA graduate fel-
lowship to bring Ellis and his graduate advisor, Dr.
Gary Michal, onto the project and conduct more
thorough alloying and characterisation [60]. CBMS’s
high cooling rates were leveraged in an attempt to
form a supersaturated solid solution with Cr and Nb.
The supersaturated solution could then theoretically
be precipitation hardened by the formation of a stable
Cr,Nb intermetallic that would provide similar
strengthening methods compared to NARloy-Z’s Ag
and Zr. The intermetallic was expected to have a low
solid solubility which would enhance conductivity of
the matrix and provide a hard precipitate resistant to
shear and coarsening effects [60]. The majority of
Ellis and Michal’s decisions and hypothesis on the
new alloy were based on the best available alloys and
limited available literature including the Cu-Cr, Cu-
Nb, and Cr-Nb phase diagrams, shown in Figure 5.
At the time to their knowledge, no ternary phase
diagram was available, however, a Russian article by
Nikolayev and Rozenberg presented ternary phase dia-
grams and a quasi-binary Cu-NbCr, phase diagram
from 1972 which they were likely unaware of at the
time [9,61]. The existence of a binary Cu-Cr,Nb
phase diagram was important to Ellis and Michal
because they inferred that an intermetallic Cu-Cr,Nb
phase might form from substitution of Cu for Cr,
although no such intermetallic has been observed [9].
Michal later calculated a Cu-rich pseudo-binary
phase diagram, but it would remain internal until it
was presented by Anderson without additional context
or details regarding its calculation [62]. It would not be
until 2009 that Liu et al.’s [63] experimentally and ther-
modynamically calculated phase equilibria provided
thorough ternary phase information on Cu-Cr-Nb
and a binary Cu-Cr,Nb phase diagram, presented in
Figure 6, covering the full range of Cu which agreed
with Nikolayev and Rozenberg’s work [61]. However,
the binary phase diagram in Figure 6 does show a
solid solution gradient with temperature that will
allow for precipitation strengthening. The maximum
solid solubility of Cr,Nb is less than 1 wt-% at the soli-
dus (or on final solidification), and it continues to
decrease with temperature allowing for more precipi-
tation that can be enhanced with supersaturation.
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Figure 5. Phase diagrams for (a) Cu-Nb [1], (b) Cu-Cr [2] with updates from [3], and (c) Cr-Nb [4].

The Cr-Nb phase diagram, shown in Figure 5(c),
shows that the intermetallic Cr,Nb phase has two poly-
morphs. Since the intermetallic has an AB, stoichi-
ometry, they both belong to what are commonly
referred to as ‘Laves’ or ‘Friauf-Laves’ family of phases
[64]. The older Cr-Nb phase diagram presented is

and Michal during development. Based on the phase
diagram of Figure 5(c), Cr,Nb solidifies first as the hex-
agonal C14 Laves phase or MgZn, structure type and
transforms to the cubic C15 Laves phase or Mg Cu,
between 1893 and 1923K [64,65]. The existence of
the C14 phase in the Cr-Nb phase diagram has been

likely outdated but was the newest available to Ellis  brought into question with some researchers
Weight Percent Copper
100 90 80 70 60 50 40 30 20 10 0
2200 bt 1027
. L
L1+ Cr,Nb (C14)
2000 T 1727
1800 + L12 CrNb (C15 1527
o~ [ + ~
) [ BND 1) v aeNG () o
£ 1600 T L2 + Cr,Nb (C15) 1327 =
2 IRttt ! £
3‘:.‘_ 1400 -:ilsoo H 2 l H 1sooi 1127 §
£ k1 '\Ll‘é*'bcc i H E‘
& IE1400 + 7 14001 /P' e
1200 I __L2+bcc+Cr2Nb Cul it 927
:EIZOO ©15) 1zooi Cu E
[11000 + 1000}
1000 4+t Cr,Nb (C15) +Cu 1 Cr,Nb(Cl5)+Cu E L 707
[! 800 + } 800 | !
AL A - P 2 100___} !
800 A e e} 507
0 10 20 30 40 50 60 70 80 90 100
Cu Weight Percent Cr,Nb Cr,Nb

Figure 6. Calculated binary Cu-Cr,Nb phase diagram and Cu-rich insert calculated by and redrawn from [1].



concluding that it is a metastable phase [66]. These
arguments are summarised well by Jiang et al. and
seem to be a matter of current debate, and our focus
will be on C15 Cr,Nb and Figure 7 shows its crystallo-
graphy [67].

The Nb atoms in C15 Cr,Nb are arranged the same
as the zincblende structure, though with only Nb
instead of with Zn and S, and the smaller Cr atoms
fill every available tetrahedral interstitial site. This
structure is fairly stable, but from a temperature per-
spective, Cr,Nb is not as stable as Al,O; or other oxides
with melting temperatures ranging from 2100 to
3400 K, some of which are shown in Table 4 [36].
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Cr,Nb melts congruently at 2006 K, well above the
hot-wall temperature of 700-900 K and was assumed
to have limited diffusion and interaction with Cu,
which was based on the existing phase diagrams and
results of Cu-Cr and Cu-Nb alloys [9,68-70]. Low
solubility and diffusivity of Cr and Nb in liquid Cu
reduces the likelihood of Cr and Nb in solid solution,
and results in the formation of most of the Cr,Nb
during solidification and general coarsening behaviour.
C15 Laves phases are known to be brittle at ambient
temperatures and are currently commonly paired
with a ductile matrix to leverage their high strength
at high temperatures, but during the time of Ellis and
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Figure 7. Crystal structure of the Cr,Nb cubic C15 Laves phase drawn from atomic coordinates from [1]: (a) 2 dimensional sequential
stacking orientation with atom layers representing positions, modified partially from [2], with dotted line representing one unit cell;
(b) unit cell of C15 Cr,Nb; (c) extended two dimensional (001) projection.
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Michal’s work, it seems that the general focus was more
on integrating ceramic particles [9,22,36,64].

Initial chill block melt spinning alloying

Ellis and Michal tested a range of stoichiometric Cr,Nb
or 2:1, Cr:Nb atomic ratios balanced by Cu including
2:1, 4:2, 6:3, 8:4, and 10:5 [9]. The 10:5 ratio was
expected to be an over-alloyed condition that would
form an incomplete solid solution, and 2:1 was set as
an arbitrary minimum [9]. Master alloys in these ratios
were first produced by induction melting and casting,
then re-melted and solidified into ribbons and flakes
by CBMS under an Ar atmosphere with a chilled Cu
wheel [9,71,72]. Although commonly used for produ-
cing bulk metallic glasses, CBMS is useful for testing
small volumes and can yield high cooling rates of
10°-10° K s under optimum conditions [31]. Some
of the ribbons were consolidated for by vacuum hot
pressing at 124.2 MPa and 923 K for 1 hr [72].

Examination of the induction melted alloys using
X-ray diffraction and optical microscopy showed
evidence of a largely pure Cu matrix with large, centi-
meter-sized FCC Cr,Nb precipitates [9]. Cr precipi-
tates were expected to be present but were not
detected [9]. Using transmission electron microscopy
(TEM) and select area diffraction (SAD) to interrogate
the CBMS produced ribbons, Ellis and Michal asserted
that Cu matrix was largely pure with distinct Cr,Nb
particles in the HCP C14 phase with no evidence of
bulk metallic glass formation [9]. In the available litera-
ture for Cu-Cr-Nb alloys, CBMS is the only case where
C14 has been detected which is likely the result of the
extreme cooling rates. Differential thermal analysis
was run in an attempt to detect the transformation
between C15 and C14, but the results were inconclusive
[9]. Microstructural characterisation of the various
ratios showed the 2:1 ratio ribbons” had long, columnar
grains, the 8:4 and 10:5 had fine, equiaxed grains, and
the 4:2 and 6:3 ratios had mixed grain morphology [9].
The Cr,Nb precipitates were small and on the order of
10 nm for all of the alloy ratios which is unusually
small and likely due to the rapid cooling rate. Addition-
ally, the precipitates demonstrated limited coarsening
by only growing to 20.6 nm after aging at 773 K for
100 h [9]. Nb precipitates were not detected in any of
the samples [9].

The work by Ellis and Michal was successful in
developing a new alloy with high mechanical and ther-
mal stability. However, their mechanical and thermal
property results are not comparable to current pro-
duction properties due to variation in the processing
methods. In this initial study, many important concerns
were voiced that would be addressed in later studies with
focus given to the 8:4 and 4:2 Cr:NbD ratios based on their
preliminary performance. The 8:4 and 4:2 ratios have
experienced the most development and were eventually

given the commercial designations ‘GRCop-84’ and
‘GRCop-42’ representing Glenn Research Copper alloy
and their respective ratios in the early 2000s by Dr.
Michael V. Nathal of NASA GRC to represent the
GRCs efforts in developing the alloy [60].

Following their preliminary work, Ellis and Michal
performed extensive testing on the 8:4 and 4:2 Cr:Nb
ratio alloys and directly compared NARloy-Z fabri-
cated and tested under the same conditions in 1996
[26]. Instead of alloying with CBMS, both GRCop
alloys were first alloyed by gas atomisation, hot-
extruded into cylindrical bars at 1130 K, and tested in
the as-extruded condition with no additional heat
treatments [26]. Thermal conductivity, yield strength,
UTS, LCF, and creep were extensively tested and the
results of these tests provided statistically significant
evidence that the GRCop alloys’ properties were a
viable replacement option for combustion chamber
liners or other high-heat-flux applications.

Difficulties of comparing high-heat-flux Cu
alloys

High-heat-flux Cu alloys are difficult to compare
because of concerns with conductivity and the con-
dition of tested specimens including heat treatment
history, exact chemical composition, and testing equip-
ment. Conductivity is a critical design consideration
and dependent on the microstructure and processing
conditions, but few studies measure conductivity due
to lack of equipment or time constraints. In order to
provide an accurate representation of an alloy’s proper-
ties for comparison, the best available processing con-
dition should be used with testing conducted under the
same standards and testing conditions for each individ-
ual alloy. Under ideal circumstances, thermal and
mechanical measurements should be made on the
same batch of samples with descriptions of processing
conditions. It is problematic to show thermal conduc-
tivity and mechanical strength as a function of temp-
erature for alloys with different thermal histories due
to the strong microstructure dependence of conduc-
tivity. Comparisons of creep and LCF can be particu-
larly difficult since considerable time is required to
collect data, and there is a considerable range of stress
and temperature conditions that are rarely consistent
between experiments.

Experimental or literature-based comparisons of
high-heat-flux Cu alloys including NARloy-Z,
GRCop-84, GRCop-42, GlidCop, and AMZIRC for
nuclear reactors or rocket nozzle hardware have been
conducted by various researchers [2,4,6,15,46,73-78]
that are each valuable for their particular trends and
observations. The majority of the reference-based
data used to compare NARloy-Z, GlidCop, or
AMZIRC can be traced to a series of experiments by
Conway et al. of NASA LeRC in the 1970s, and new,



high-quality data is needed for better comparisons [75-
77]. Arguably, the best and most current comparison is
de Groh et al.’s 2008 publication [78] which compares
GRCop-84, AMZIRC, NARloy-Z, GlidCop Al-15, Cu-
1Cr-0.1Zr, and Cu-0.9Cr. Each alloy was produced to
current standards in the same geometry, subjected to
the same heat treatment, tested under the same con-
ditions, and compared for performance as high-heat-
flux alloys, with the exception of NARloy-Z which
used existing data [78]. Microstructures, thermal
expansion, elongation, yield strength, reduction in
area, and general creep properties as a function of
temperature are presented [78]. However, GRCop-42
and more current processing methods of GRCop-84
are not included in the comparison, and thermal con-
ductivity data was not collected which should have a
significant impact on the comparison. Tests could be
done with new material under the same conditions to
add to the comparison but results may differ, hopefully
only minor differences, due to changes in equipment or
operator. In the case of GRCop alloys, processing con-
ditions have changed dramatically over time, and lim-
ited data has been published, so a comprehensive
comparison of processing conditions is challenging.
The following sections will instead focus on the litera-
ture available for GRCop alloys, and comparisons to
similar high-heat-flux alloys will prioritise de Groh
et al.’s data when possible.

Processing, microstructure, and properties
of Cu-rich Cu-Cr-Nb alloys

Fabrication of GRCop alloys

One of GRCop alloys’ largest limitations is that they
cannot be solidified by methods with low cooling
rates like conventional casting for high-heat-flux appli-
cations. Cr,Nb will form large precipitates over 1 cm in
diameter, exceeding those shown in Figure 8(b), that
will not aid in mechanical strengthening or retention
of conductivity [2]. Serviceable GRCop-84 hardware
has been produced by a variety of fabrication and
post-processing techniques but is typically first alloyed
in a melt and solidified into bulk powder by gas atomi-
sation with Ar.

The resulting powder has a fine distribution of
Cr,Nb precipitates in powder particles visible in
Figure 8(a) [2,79]. While other rapid solidification
techniques could be used to produce fine microstruc-
tures, gas atomisation is more affordable and produces
powder with high purity and consistency. Gas atomisa-
tion is a rapid solidification technique where a liquid
metal stream is reduced to small particles by gas jets
and is often used for its high production volume and
relative cost. The number of jets and configuration
can vary, but gas atomisation consists of three primary
stages: breakup of a liquid metal stream, secondary
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breakup of large molten droplets, and solidification of
the final small (10-100 um) powder particles [80].
When gas is used, the breakup of the liquid metal
stream occurs above the focal point of the gas stream
as a result of a vacuum generated by the gas streams’
pressure, which helps improve the efficiency of the sec-
ondary breakup [80]. Depending on cost and reactivity
with the metal, gasses like Ar or N, are used, forming
smooth, spherical particles from the liquid stream
[80]. Water and steam are inexpensive but form
more irregular shapes with high oxide content, so
these methods are used primarily for low and high
alloy steels [80,81]. Standard gas atomisation with
inert gas has a lower cooling rate of 10>-10° Ks~' com-
pared to CBMS, while supersonic and close coupled gas
atomisation techniques have cooling rates comparable
to CBMS [9].

GRCop-84’s gas atomisation specifications are fairly
strict to help preserve the thermal conductivity of the
end product and are partly listed by Gradl et al. [82].
High purity of the raw materials is critical to minimise
Fe and O contamination, shown by Ellis to have a sig-
nificant impact on the performance as shown in Figure
9 [2]. According to Gradl et al., GRCop-42 is simpler to
produce through gas atomisation compared to GRCop-
84 based on anecdotal evidence from powder suppliers.
The alloy will react with N, and form nitrides, so Ar is
necessary for gas atomisation and should be used to
backfill containers to minimise oxygen exposure.
Additionally, a slight off-stoichiometric excess of Cr
is added to suppress Nb precipitate formation and H
embrittlement concerns ranging from 2.02 to 2.05
Cr/Nb based on powder compositions presented in
Table 2. Cr precipitates are expected to be present
but are often difficult to detect due to their small size
and quantity.

Following powder production, most powder metal-
lurgy and welding techniques can be applied to GRCop
alloys without issue as well as warm and cold rolling,
bump forming, stamping, metal spinning, and tube
drawing [2]. NASA has demonstrated GRCop-84 con-
solidation methods including direct extrusion, hot iso-
static pressing (HIP) to form, and vacuum plasma
spraying (VPS) into shape and densifying with HIP
[2]. NASA has also demonstrated a variety of welding
techniques including diffusion bonding, inertia weld-
ing, friction stir welding, electron beam welding, and
brazing, but limited information on these techniques
is available currently [2,83,84]. Combustion chamber
liners of GRCop-84 have been produced by VPS, con-
ventional wrought processing, and by powder bed
additive manufacturing (AM), with AM proving to
be the most versatile processing technique [82,85].
The term ‘wrought’ is used in GRCop literature to rep-
resent conventional processing methods like extrusion
or rolling and the terminology used by the original
authors will be maintained. Fabrication of GRCop-42
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Figure 8. Micrographs of GRCop-84; (a) Gas atomised powder showing pure copper matrix with Cr,Nb particles represented by the
grey phase [1]; (b) Typical cast microstructure showing large, elongated Cr,Nb [2]; (c) Etched, as-extruded with visible matrix grains
and Cr,Nb particles and agglomerations represented by the lighter phase [1]; (d) Extruded microstructure after 1273 K exposure for
30 min demonstrating more visible grain and particle boundaries [1], adapted with permission.
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has been demonstrated with several techniques includ-
ing hot extrusion and AM, any methods that work with
GRCop-84 should be viable with GRCop-42. The spe-
cifications of extrusion, HIPing, and commercial roll-
ing are detailed by Ellis et al. [86].

Before AM, several concepts were available for fab-
ricating new liners and nozzles with GRCop alloys to
improve SSME designs. These are described by Ellis
et al. [86] and include metal spinning plate, directly
HIPing into a cylinder or hourglass shape, diffusion
bonding platelets, and forming tubing, but these pro-
cesses all require considerable machining to produce
cooling channels which are intrinsic to the operation
of the liners. Annealing and cold work have a demon-
strable effect on the room-temperature tensile proper-
ties, but Ellis et al. showed that recovery and
recrystallisation occurs between 473 and 873K
depending on the degree of cold work, so the benefits
of cold work will be lost in high-heat-flux operations
[86]. At temperatures where cold work could improve
GRCop-84’s mechanical properties, other alloys with
more optimal properties should be considered.

Additive manufacturing

Cu alloys present two main challenges with powder bed
AM: reflectivity with conventional lasers and high ther-
mal conductivity of the powder [87]. Copper has high
reflectivity with infrared light (1 um) used in conven-
tional lasers, so the majority of the energy used by con-
ventional laser additive systems will not be absorbed by
Cu powder and can inhibit melting. If sufficient energy
is absorbed to initiate melting, the melt zone will have
high local thermal gradients that will either inhibit
melting or cause delamination, layer curling, and
build failure [87]. A review of AM of pure Cu has
been published by Tran et al. on selective laser melting
(SLM), electron beam melting, binder jet, and ultra-
sonic AM [87]. Green lasers, which have a shorter
wavelength of 515 nm, have been used for Cu with
laser-based AM, but they are more expensive and less
common [87].

As Gradl et al. discuss, GRCop-84 is unusual
because it is easily melted by conventional SLM, a
form of laser-powder bed fusion (L-PBF) AM [88].
As the more generic term, L-PBF will be used to rep-
resent sources that reference SLM. Gradl et al. postulate
that the presence of the Cr,Nb precipitates is respon-
sible for initiating melting by lowering the initial reflec-
tivity of the powder [88]. Cu’s reflectivity decreases
rapidly with temperature, so as long as enough initial
energy can be absorbed, melting should initiate [88].
Additionally, the thermal conductivity is reduced by
the high alloying content which likely contributes to
the ease of AM by reducing heat dissipation. GRCop-
42 has been shown to have a similar affinity with con-
ventional L-PBF [82]. Measuring the reflectivity of the
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GRCop alloys would likely provide evidence to support
their relative ease of AM.

Additive manufacturing often results in inherent
porosity, anisotropy, and reproducibility concerns that
must be addressed before implementation. Post-pro-
duction annealing and HIP, often standard on aero-
space hardware, are usually sufficient to ensure near
theoretical density and homogeneity [88]. NASA’s L-
PBF development of GRCop-84 and GRCop-42 has
progressed to the point where L-PBF build parameters
have been established and practical hot-fire tests of L-
PBF GRCop liners have been performed [82,88].
NASA has demonstrated GRCop-84’s versatility with
L-PBF in forming combustion chamber liners and was
akey component of the low-cost upper stage propulsion
(LCUSP) project [10,85], but the majority of NASA’s
build parameters and characterisation efforts are
internal and not currently available to the public. How-
ever, Gradl et al. mention that process parameters and
characterisation data are available to industry to expand
NASA’s supply chains, and that their GRCop-42 L-PBF
process parameters are different than GRCop-84 [89].

A technical memorandum by Cooper et al. [90] pro-
vides NASA’s basic process parameters for GRCop-84
and initial parameter testing for GRCop-42 on a Con-
ceptLaser M2 system though the focus of the memor-
andum is on GRCop-42, and the parameters may not
be current. Their ConceptLaser uses a single 400 W
Nd:YAG laser with a spot size of 52 pm, travel speed
of 50-5,000 m s~!, and the build chamber is filled
with Ar [90]. The default parameters for GRCop-84
include a core laser power of 180 W, core scan speed
of 800 mm s~ %, hatch width of 0.105 mm, build layer
thickness of 0.03 mm, and core energy density of
95.2 ] mm ™. The coolest, fastest parameters in this
memorandum for GRCop-42 are 270 W, 1,025 m
s7%, 0.099, 0.045 mm, and 59.1 ] mm > in the same
order as the parameters for GRCop-84 [90]. Cooper
et al. were able to improve on the build parameters of
GRCop-84 by successfully increasing the build layer
thickness and scan speed which improves the print
time by about 20% [90]. Characterisation work by
Hayes et al. provides some general metallography and
mechanical properties of L-PBF GRCop-84, and com-
puted tomography of small-scale L-PBF GRCop-84
liners including demonstration of a new cooling channel
design and orientation that can be achieved by AM, but
more thorough characterisation is necessary for future
development [85]. The design freedom allowed by AM
for the cooling channels provides a strong motivation
to pursue AM as GRCop alloys main method of fabrica-
tion for high-heat-flux applications in the future.

Microstructure of wrought GRCop-84

There are few microstructure-focused studies available
for GRCop alloys with the exception of gas-atomised
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powder and extruded GRCop-84, the majority of which
have been contributed by Groza and Anderson
[29,30,62,79,91]. While there are newer fabrication
methods available, such as AM, the available literature
is developing, so gas-atomised powder and extruded
GRCop-84 are the best available representation of the
alloy and should be comparable to newer methods.

Groza and Anderson investigated the microstructural
features of gas-atomised GRCop-84 powder which had a
powder particle size of less than 106 um [79]. The pow-
der used in this study is not directly comparable to cur-
rent gas-atomised powder used for powder bed AM
which has a powder particle size of 25-40 pm, shown
in Figure 8(a), but the general precipitate distribution
and trends are comparable. The more current powder
of Figure 8(a) is used as a visual reference for Groza
and Anderson’s work because it is the best available
micrograph which shows distinct separation of the Cu
matrix and Cr,Nb particles, but it is not the same pow-
der. Groza and Anderson identified a bimodal distri-
bution of primary and secondary Cr,Nb precipitates
on the order of 1 um and 10-100 nm, respectively [79].

Groza and Anderson suggest that the primary par-
ticles solidify and grow rapidly during atomisation
before the surrounding Cu matrix can solidify which
yields large primary particles [79,91]. The primary par-
ticles are irregular in shape, which can be observed in
the more current powder of Figure 8(a), from their
lack of constraint in the liquid and serve partially as
nucleating sites for the Cu matrix. The secondary par-
ticles are hypothesised to precipitate out of the matrix
grains because the secondary particles are primarily
observed within the matrix grains and the matrix
should be supersaturated considering the cooling
rates [79,91].

The bimodal distribution observed in the gas-ato-
mised powder persists in extruded GRCop-84, shown
in Figure 8(c,d). The average diameter and distribution
of the primary and secondary particles in the extruded
material remains roughly the same as the powder [92].
This demonstrates that the starting powder micro-
structure has a significant impact on the final micro-
structure, so powder quality and optimisation might
improve the final microstructures. Both the primary
particles and Cu matrix grains had limited coarsening
behaviour during heat treatments which is ideal for
high temperature performance. Following aging treat-
ments at 773 and 973 K, below the Cu-Cr,Nb solvus
temperature (see Figure 6), further precipitation was
observed in the extruded material as a distinct second-
ary distribution of particles which indicates that the
matrix is supersaturated [92]. Even after an aging of
1323 K for 100 h, the mean primary precipitate diam-
eter only increased from 0.93+£0.04 to 1.35+0.03
um, where the + represents standard error [92]. This
is consistent with statements that the coarsening of
Cr,Nb is slow in GRCop-84.

Anderson et al. estimated the strengthening contri-
bution of the primary and secondary particles using the
Orowan-Ashby equation for a random distribution of
impenetrable particles (Equation (3)) [92]. The pri-
mary particles were found to contribute little to
strengthening based on estimates of the Orowan-
Ashby equation, while the secondary particles provided
a high degree of strengthening. However, the large par-
ticles contribute to grain boundary (Hall-Petch)
strengthening by pinning the matrix grains and pre-
venting grain growth [30], evidenced by the copper
matrix grains exhibiting slow growth with a maximum
size of 4 from 0.9 um in the as-extruded condition [29].
Based on particle size and stress measurements, Ander-
son et al. calculated the contribution of Orowan and
Hall-Petch strengthening with good agreement to
experimental results with Equation (3) [30]. The
Hall-Petch strengthening is dominant with roughly
two-thirds of the contribution to strength, and Orowan
contributes roughly one-third, contrary to prior esti-
mates [30]. This appears to reveal the true strengthen-
ing nature of the Cr,Nb precipitates and their role in
the high temperature properties of GRCop-84 keeping
the matrix grains small by pinning the grain bound-
aries and preventing coarsening while keeping the
matrix as pure as possible for high conductivity. This
strengthening ratio has been cited for newer fabrication
methods but has not been reproduced and should be
reevaluated for the new microstructures.

Room-temperature properties of GRCop alloys

Room-temperature properties are somewhat unnecess-
ary for high-heat-flux applications, but they are the
most common type of tests and can provide a baseline
comparison between alloys. A selection of extruded
GRCop-84’s properties relevant to high-heat-flux
applications are presented in Table 5. There is data
available for other processing conditions, but they are
often incomplete, with unknown aging or annealing
history, or only data is available in the as-fabricated
condition. Furthermore, the properties of extruded
GRCop-84 have improved with better processing and
aging conditions, so comparisons between sources is
challenging. Some of GRCop-42’s properties have
recently been published [82], but a general properties
table has not been published and would be useful for
future development.

Alloys used at high temperatures are best demon-
strated by temperature dependence, so GRCop-42
and —84’s thermal conductivity, yield strength (YS),
ultimate tensile strength (UTS), creep, LCF, and ther-
mal expansion as a function of temperature are com-
pared with oxygen-free high thermal conductivity
(OFHC) Cu serving as the baseline example when
available.



Thermal conductivity

GRCop-84’s thermal conductivity compared to similar
high-heat-flux alloys is its weakest property due to its
high alloying content and can be significantly impacted
by impurities In 2000, Ellis and Keller with Thermo-
physical Properties Research Laboratory (TPRL), Inc.
in West Lafayette, IN [93] calculated thermal conduc-
tivity and electrical resistivity of extruded GRCop-84
using the Kohlrausch method. Since both conductivity
and resistivity are calculated, the Lorenz number could
be determined and was measured between 29 and
480 K with 5 powder lots [93]. The Lorentz number
was significantly higher than pure Cu’s and demon-
strated a mild temperature dependence, but these
results had not taken Fe impurity into account and
are not accurate to current GRCop-84 chemistry.
Although the Lorenz number increased, Ellis and Kel-
ler believed that this was caused by the thermal con-
ductivity  increasing and electrical resistivity
decreasing in response to the material dynamically
annealing during the measurements [93]. So, it is poss-
ible that the Lorenz number is constant for GRCop-84,
though an updated and more accurate measurement
has not been acquired. In 2005, Ellis found that Fe
impurities on the order of 200-250 ppm from the Cr
melt stock had a significant impact on GRCop-84’s
conductivity, illustrated in Figure 9 and Table 5, and
new processing guidelines ensure or require the con-
centration of Fe to be <20 ppm, so the mechanical
properties should remain largely unaffected [2]. This
distinction makes comparisons problematic with
results before this publication because the Fe concen-
tration was not commonly measured and often
unknown and unreported.

Gradl et al. [12] present a significant amount of data
for L-PBF GRCop-84 and GRCop-42 including ther-
mal conductivity which is shown in Figure 9. However,
the data collection method and thermal history are not
presented, and they are assumed to be in the as-built
condition. Both GRCop alloys have significantly
lower thermal conductivity than their wrought
counterparts which is likely due to a detrimental
microstructural change by additive processing. This
could be caused by residual stress, stoichiometry
change, or dissolved content and could likely be
reversed by heat treatment or HIP, so these results
may not be indicative of the optimal properties. L-
PBF GRCop-84’s thermal conductivity demonstrates
a significant decrease starting at ~850 K, and Gradl
etal. [12] postulate that the decrease is caused by excess
Cr dissolving into the Cr matrix. GRCop-42 also
decreases but at a much lower rate, which is likely
due to a higher degree of excess Cr. In practical appli-
cation of GRCop-84, the amount of excess Cr should be
optimised to reduce this effect with care taken to retain
hydrogen-embrittlement resistance.
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At room temperature, extruded, <20 ppm Fe,
GRCop-84s thermal conductivity is ~76%, based on
Figure 9, of OFHC’s room temperature thermal con-
ductivity, ~400 W mK™" [78], while NARloy-Z’s is
~91%. For comparison, AMZIRC has the highest avail-
able thermal conductivity of high-heat-flux copper
alloys at 92.5% OFHC Cu, and GlidCop Al-15’s is
approximately 80% OFHC Cu [78]. Extruded
GRCop-42’s lower alloying content provides signifi-
cantly fewer scattering sites, which results in a thermal
conductivity ~86.5% OFHC Cu at room temperature
which is a significant improvement over GRCop-84.
Extruded <20 ppm Fe GRCop-84’s thermal conduc-
tivity, shown in Figure 9, demonstrates some tempera-
ture dependence. The thermal conductivity first
increases to a maximum value of ~79.5% OFHC Cu
at ~535K and then decreases steadily up to ~900 K.
At temperatures above 900 K, the thermal conductivity
continues to decrease but at a noticeably lower rate.
These regions may help identify changes in the micro-
structure between these temperature ranges, but this
data is from a single sample and more, repeated data
sets would be necessary to be certain that these shifts
are not anomalous.

Tensile properties

According to Ellis et al., optimisation of tensile strength
at high temperatures is not the primary design con-
sideration of the combustion chamber liner, but tensile
strength provides a readily tested macroscopic indi-
cator of thermal stability against thermal cycling [86].
This 2012 study by Ellis et al. presents a thorough
characterisation of GRCop-84 tensile properties fabri-
cated by various methods including extrusions,
HIPed billet, rolled plate, rolled sheet, drawn tube,
and VPS, under a variety of heat-treatment conditions
including annealed, brazed, and cold worked [86].
They reported that processing methods had a minimal
effect on the tensile properties, though the HIPed billet
had the worst performance, likely due to the higher
consolidating temperatures and longer thermal
exposures resulting in larger grain and precipitate par-
ticle sizes [86]. Regardless of processing or heat-treat-
ment conditions, the GRCop-84 samples were noted
to exhibit similar stress-strain behaviour with the
exception of cold work [86].

As-extruded, annealed, and brazed GRCop-84
revealed similar general tensile behaviour, demon-
strated by the as-extruded results in Figure 10, with a
minimal elastic region less than 0.5% strain and long
plastic region greater than 20% [86]. When the yield
point is reached, as-extruded GRCop-84 rapidly
reaches a stress near its UTS and remains near that
stress for 10-20% elongation followed by 5-15%
elongation during necking before failure [86]. Ellis
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Table 5. Room temperature properties of GRCop alloys including some mechanical brazing data and some SLM GRCop-84 and
GRCop-42 data; all data is from the indicated references and should be considered approximate due to limited statistics.

YS uTsS Elongation  Reduction in Area Modulus of Elasticity Density Specific Heat Thermal conductivity
Alloy (MPa)  (MPa) (%) (%) (GPa) (kg m~3) (U kg™'k™) Wm'K™)
Extruded GRCop-84  196.2 368 [1] 21.7 [1] 39.7 [1] 112 2] 8.81-8.83" [3] 381.8"" [3] 284' [4]
[1 ,
187* [1]1 361* [1] 25.5% [1] 40.6*[1] 304" [4]
226 [5] 368.2 [5]
Extruded GRCop-42 200 [5] 422 [5] 30 [5] 8.88-8.89"[3] 346 [5]
SLM & HIP GRCop-84 208 [5] 390 [5] 30 [5]
SLM & HIP GRCop-42 173 [5] 357 [5] 329 [5]

* Brazed at 1208 K.
' <20 ppm Fe interpreted from graphical data.
" 200 ppm Fe interpreted from graphical data.

* Theoretical density range based on powder alloying composition of Table 1, measured density not available.

** Calculated from temperature dependent equations at 300 K.

et al. studied strain-rate dependence for annealed and
47% cold-worked GRCop-84 tensile specimens in a
range of strain rates of 0.01-0.0008 s~'. The annealed
samples demonstrated limited dependence while the
cold-worked samples had some dependence [86].

Strain (percent)

OF 0 2 4 6 8 10121416 182022 24 26 28 30 32 34

100
650 mm GRCop-84 as-extruded
600 £ GRCop-84 MSFC L-PBF & HIP | 90
GRCop-84 MSFC L-PBF
550 ¥ GRCop-42 Vendor L-PBF & HIP |4 80
s00 £ GRCop-42 Vendor L-PBF
T 70
_ 450 ¢
£ 400 £ T 60 =
= 2
g 350 + 150 =
$ 300 § 298 K 2
> T 40 @«
2250 |
200 T 30
150 673 K 473 K 120
100 Extensometer removed
50 31K ¥ 10
— 1073 K
0 fasat 0

0 2 4 6 810121416 182022 24 26 28 30 32 34
Strain (percent)

(b). 0 0.5 1 1.5 2

y t + 34 50

T 40
= 2
: 0 g
o =
5) F 20 2

10

0

0 0.5 1 15 2
Strain (percent)

Figure 10. Stress-strain plots (tensile) (a) data collected on
GRCop-84 and GRCop-42, processed using a variety of tech-
niques with post processing treatments, and several tempera-
tures between room temperature and 1073 K; If not specified,
data was collected at room temperature [1,2]. Marshall Space
Flight Center's (MSFC) tensile specimens were fabricated on
a Concept M2 SLM system, and the vendor's were built on
an EOS M400. (b) Low strain regime of as-extruded GRCop-
84 data from (a) redrawn with permission.

Tensile data for as-built L-PBF GRCop-84 and —42
specimens, collected at room temperature, also pre-
sented in Figure 10, demonstrate significantly more
brittle behaviour with a higher UTS and reduced
elongation [82,86]. L-PBF samples that were HIPed
demonstrate a similar tensile behaviour compared to
as-extruded GRCop-84, though slightly more ductile
with a ~16-33% increase in final elongation [82,86].
In both L-PBF cases, GRCop-42 demonstrated reduced
strength but longer elongations compared to GRCop-
84 [82].

In high-heat-flux applications, changes to UTS and
YS with temperature help demonstrate an alloy’s loss of
mechanical strength at high temperatures. The UTS
and YS as a function of temperature for OFHC Cu
and GRCop-84 and GRCop-42 in a variety of con-
ditions are presented in Figures 11 and 12. Gradl
et al. discuss that the operating pressures in the cooling
channel walls of combustion chamber liners can be up
to 40 MPa, so the benefit of higher YS and UTS is that
thinner walls can be used resulting in better cooling
efficiency and lower hot-wall temperatures [82]. Simi-
lar to the thermal conductivity, the L-PBF samples
are assumed to be in the as-built condition. The UTS
and YS of the L-PBF samples are significantly higher,
20-30 MPa in some cases, than the wrought conditions
at elevated temperatures which is a significant
improvement. The improvement of mechanical prop-
erties may help balance the lower thermal conductivity
at high temperatures in practical use. Below ~873 K for
YS and ~700K for UTS, GRCop-84’s mechanical
properties are better than GRCop-42 which compen-
sates somewhat for the shortcoming of GRCop-84’s
lower thermal conductivity. Above these temperatures,
GRCop-42 performs better in YS and roughly the same
in UTS, which is likely caused by the comparatively
weak Cu matrix dominating the strength [82].

Compared to similar high-heat-flux alloys, GRCop
alloys demonstrate low loss of UTS and YS at high
temperatures and after high temperature exposures.
This is best demonstrated by de Groh et al.’s compari-
son of common high-heat-flux alloys in as-received
and brazed at 1208 K conditions, shown by data points
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Figure 11. Ultimate tensile strength as a function of temperature for existing data on GRCop alloys in wrought, extruded, and L-PBF
(SLM) conditions with OFHC Cu for comparison; redrawn and combined from [1-5].

extracted in Table 6. The alloys were subjected to the
braze to simulate a brazing operation typical of a
main combustion chamber liner to apply a brazed
structural jacket [78]. The simulated braze demon-
strates how the alloys’ properties will change after a
braze (if required) or exposure to the highest realistic
temperatures in the combustion chamber liner, and
the same simulated braze was used for each brazed
sample in de Groh et al’s experiment. These results
should be used more for comparison of high tempera-
ture exposure rather than property change after a braze
cycle because the requirements for the individual alloys
after a braze cycle have not been taken into account. At
all temperatures, GRCop-84 and GlidCop Al-15 are the
least effected by the brazing cycle and exhibit limited

UTS and YS loss compared to the other alloys. This
can be related to their microstructures which are
strengthened with thermally stable Cr,Nb and Al,Os
precipitates. While other alloys demonstrate better
UTS and YS below 773 K, brazed GlidCop Al-15 and
GRCop-84 have superior UTS and YS values above
773 K. Although as-received Cu-1Cr-0.1Zr and Cu-
0.9Cr have better UTS and YS then GRCop-84, their
brazed counterparts are at least half that of brazed
GRCop-84, and the as-received values are likely to
drop after continued high temperature exposures simi-
lar to those in practice [78]. L-PBF GRCop alloys and
wrought GRCop-42 in brazed conditions will likely
perform similar to wrought GRCop-84 but should be
tested to the benefit of the literature.
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Figure 12. Yield strength as a function of temperature for existing data on GRCop alloys in wrought, extruded, and L-PBF (SLM)
conditions with OFHC Cu for comparison; redrawn and combined from [1-5].
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Table 6. Comparison of (a) UTS and (b) YS of high-heat-flux data from [1,2] in rough descending order between 300 and 773 K and
separated/reorganised at 923 K to help demonstrate the shift in strength; OFHC Cu condition is unknown, but provides baseline
value; estimated from data points of figures by [1] with GRCop-84's data based on the average of HIPed and extruded material with
five tests at each temperature, and all others are estimates of two tests; OFHC Cu and NARloy-Z data estimated from trend lines [2].

Ultimate Tensile Strength (MPa)

(a) Alloy Condition 300 K 773 K - 923 K Condition Alloy
Cu-1Cr-0.1Zr As-received 564 293 125 As-received GlidCop Al-15
AMZIRC As-received 509 264 125 Brazed GlidCop Al-15
Cu-0.9Cr As-received 495 206 118 As-received Cu-1Cr-0.1Zr
GlidCop Al-15 As-received 464 184 104 As-received Cu-0.9Cr
GlidCop Al-15 Brazed 408 174 86 As-received GRCop-84
GRCop-84 As-received 368 153 82 Brazed GRCop-84
GRCop-84 Brazed 361 148 46 Brazed Cu-1Cr-0.1Zr
NARloy-Z* STA 315 187 33 Brazed Cu-0.9Cr
Cu-1Cr-0.1Zr Brazed 266 89 34 Brazed AMZIRC
Cu-0.9Cr Brazed 245 62 32 As-received AMZIRC
AMZIRC Brazed 231 104
OFHC Cu* Unknown 217 84
Yield Strength (MPa)
(b) Alloy Condition 300 K 773 K - 923 K Condition Alloy
Cu-1Cr-0.1Zr As-received 551 284 126 As-received GlidCop Al-15
AMZIRC As-received 501 261 126 Brazed GlidCop Al-15
Cu-0.9Cr As-received 442 207 112 As-received Cu-1Cr-0.1Zr
GlidCop Al-15 As-received 465 184 100 As-received Cu-0.9Cr
GlidCop Al-15 Brazed 409 175 73 As-received GRCop-84
GRCop-84 As-received 196 114 69 Brazed GRCop-84
GRCop-84 Brazed 187 105 55 STA NARloy-7*
NARloy-Z* STA 138 93 36 Brazed Cu-1Cr-0.1Zr
Cu-1Cr-0.1Zr Brazed 107 67 29 As-received AMZIRC
Cu-0.9Cr Brazed 90 43 23 Brazed Cu-0.9Cr
OFHC Cu* As-received 52 33 16 Brazed AMZIRC
AMZIRC Brazed 32 25

* Indicates estimated and interpreted from trend lines.
**STA indicates solution treated and aged.
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Figure 13. (a) Creep results for three temperatures and con-
stant-stress conditions of extruded GRCop-84, redrawn from
[1]; primary (I), secondary (ll), and tertiary (lll) creep regions
are labelled for the 746 K creep test; (b) — Axial creep results
for three constant temperatures and various constant stress
conditions tested at a strain rate of 0.0001 s, only the 69
MPa - 873 K sample broke during testing [2].

Creep properties and characteristics

Decker et al. in 2004 and Ellis et al. in 2015 conducted
creep tests with GRCop-84 over a range of tempera-
tures and strain rates that could be experienced by
the combustion chamber liner in service [40,94]. At
the time of Decker et al.’s study, the most common pro-
duction methods of GRCop-84 were as-extruded or as-
rolled following the extrusion, and these two forms
were both creep tested [94]. The creep tests were per-
formed in tension with a constant stress creep instru-
ment under vacuum. A range of temperatures from
764 to 1068 K and stresses from 12.5 to 200 MPa
were examined to determine the activation energies
needed for creep, and analysis included applying sev-
eral creep models to the results.

Ellis’s [40] creep study was more focused on liner
application and generating statistically significant
data to help qualify and provide to potential models
predicting GRCop-84’s creep response during service
while investigating the effect of processing on creep.
Large and small extrusions, plate, brazed plate, pro-
duction sheet, HIP billets, pre-production sheet, and
friction stir welded sheet were creep tested at 773,
923, and 1073 K to determine the influence of proces-
sing on creep properties with constant load tests [40].
The creep tests were conducted in both vacuum and
in air at three separate laboratories so special consider-
ation was given to errors in their comparison. Ellis et al.



focused on formulating a forward stepwise regression
analysis to compare fabrication and only the power
law creep model was fit to the data [40].

Typical creep curves of GRCop-84 generated by
Decker et al., Figure 13(a), show three distinct regions
of creep, and the strain is often in excess of 10% in con-
trast to dispersion strengthened alloys which usually
have low ductility. Most of the strain is within the sec-
ondary and tertiary regions, with a short primary.
GRCop-84 also lasts longer in the secondary creep
regime with an easy transition to tertiary creep, Figure
13, which results in total elongations of 8-14%, which
resembles creep curves of pure metals according to
Decker et al. [40]. Another constant stress study by
Lerch et al, Figure 13(b), shows that extruded
GRCop-84’s creep behaviour at lower temperatures
have only two distinct creep regions and stays mostly
within the steady-state, secondary creep [40].

The majority of Decker et al.’s measured stress expo-
nents ranged from 7.6 to 10 with an outlier of 4.7 at
1068 K under low stress conditions which could indi-
cate evidence of dislocation climb controlled creep in
that region [94]. Ellis et al. calculated similar stress
exponents ranging from 6.6-8.26 for the eight fabrica-
tion methods tested [40]. The general range of stress
exponents for both studies are indicative of creep
behaviour of dispersion strengthened alloys or metal
matrix composites. Decker et al. found that GRCop-
84’s diverse creep characteristics of pure metal strain
and high creep exponents made applying a model of
creep behaviour difficult [94]. They attempted to
apply a power law relationship, but almost all of the
data was well above power-law breakdown and instead
applied a hyperbolic sine relationship, which incorpor-
ates an exponential dependence on stress, to interpret
data.

Both studies applied a Monkman-Grant relation-
ship to compare fabrication conditions. The Monk-
man-Grant relationship is simple to test; if the slope
is constant for minimum creep rate as a function of
rupture time, fabrication does not impact the creep
properties. Decker et al. found a slope of —1.08 and
determined the fracture mechanism was the same
between rolled and extruded material [94]. Ellis et al.
calculated a slope of —1.11 in agreement to Decker
et al.’s results; however, the forward stepwise regression
analysis showed a statistically significant impact of pro-
cessing on creep response, though differences in tex-
ture, testing environment, or scatter of the data could
also contribute to explaining the results [40]. In 2011,
Ellis and Loewenthal [95] conducted a follow-up
study to assess the variation of previous creep results.
By improving the specimen temperature measurement
and control, the scatter in the data was from 2 to %
orders of magnitude for extruded GRCop-84, demon-
strating that the scatter in data collected before the
2011 study is largely due to complications of the testing
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environment [95]. In particular, different fabrication
methods produce roughly the same grain size, but
changes to texture can have a substantial impact on
creep properties [40]. For the small extrusions, plate,
and pre-production sheet there was evidence of texture
having an impact on creep, though the change is mini-
mal [40]. Therefore, fabrication method should not be
fully excluded from future creep studies of GRCop
alloys and could be utilised to improve creep properties
by texture control.

Regardless of fabrication, wrought GRCop-84 has
generally good creep characteristics compared to the
other high temperature Cu alloys studied by de Groh
et al. [78]. The step loaded and constant load creep
results are compared in Table 7 based on the rate
equations at a strain rate of 1x107® s™'. Not all of
the samples reached this strain rate, so some have
been extrapolated for comparison. Creep results should
not normally be extrapolated as the strain rate or creep
mechanism could change outside of these regions and
is only included here to compare a limited data set.
Additionally, the condition of the GRCop-84 creep
samples was not explicitly stated with the presented
data, so comparison of the as-received and brazed
GRCop-84 is based on de Groh’s analysis. Their results
revealed that GlidCop Al-15 had the best creep proper-
ties at high temperatures followed by brazed GRCop-
84, similar to UTS and YS behaviour [78]. AMZIRC,
Cu-1Cr-0.1Zr, and Cu-0.9Cr’s creep stress was signifi-
cantly reduced after the simulated braze and were well
below GlidCop and GRCop-84’s creep stress at the
same strain rate and temperatures. At similar tempera-
tures and stresses, NARloy-Z’s creep response is rela-
tively poor and has been observed to have creep
lifetimes up to a third of wrought GRCop-84’s life [2].

Compared to GRCop-84, GRCop-42 has limited
available creep data. Ellis and Michal’s study compares
the creep behaviour of GRCop-84, GRCop-42, and
NARloy-Z [26]. Though, these results are best used for
qualititative comparisons. Specifically, both GRCop
alloys’ data were not consistent between tests, with
over 2% strain difference between tests conducted at
the same stress level in some cases and did not fit well
to linear trends [26]. In general, GRCop-42’s creep
properties were slightly inferior but comparable to
those of GRCop-84 [26]. Ellis and Michal noted that
the as-extruded GRCop-84 showed limited stage III
creep, as shown in the creep curves in Figure 13(b)
from a 2017 study by Lerch et al. [96], whereas
GRCop-42 was more likely to exhibit more stage III
creep [26]. A more recent comparison of extruded
GRCop-84 and —42 from Gradl et al. in 2019 [82]
shows that the creep rate and lifetimes are similar,
shown in Figure 14. While there are some deviations,
both alloys still demonstrate similar creep rates and life-
times under the tested conditions [82]. Gradl et al. pos-
tulate that while the Cr,Nb precipitates of the GRCop
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Table 7. Power function constants for high-heat-flux Cu alloys (a) step loaded secondary steady state creep and (b) constant load,
secondary, steady state tensile creep; with calculated stress based on the power function constants of the form € = Ao "
converted to o = /(€ /A), where n is the stress exponent, A is the pre-exponential factor constant, € is creep rate in units of
s~' and o is stress; reused from [1] with added calculated stress and some as-received data removed for clarity.

(a) Alloy Condition Temperature (K) A n Estimated Step Loaded Creep Tensile Stress (MPa)
GlidCop* As-received 773 7.71E-57 22.93 153
GlidCop* Brazed 773 3.72E-34 124 163
GlidCop* As-received 923 4.58E-39 15.9 108
GlidCop* Brazed 923 8.48E—38 15.5 101
GRCop-84 Not Specified 773 4.77E-26 9.49 109
GRCop-84 Not Specified 923 7.17E-24 10.32 46
AMZIRC* Brazed 773 4.18E-13 373 51
AMZIRC Brazed 923 2.99E-11 3.65 17
Cu-1Cr-0.1Zr Brazed 773 5.94E-17 5.71 62
Cu-1Cr-0.1Zr Brazed 923 1.50E-14 5.52 26
Cu-0.9Cr* Brazed 773 4.00E-14 5.08 29
Cu-0.9Cr Brazed 923 1.27E-10 3.83 10

(b) Alloy Condition Temperature (K) A n Estimated Constant Load Stress (MPa)
GlidCop* As-received 773 2.392E-87 36.40497 164
GlidCop* Brazed 773 1.195E—205 91.21151 152
GlidCop As-received 923 3.312E-61 26.74301 109
GlidCop* Brazed 923 2.762E-56 24.69575 102
GRCop-84 Not Specified 773 1.042E—-22 7.67 121
GRCop-84 Not Specified 923 3.400E-21 8.52 50
AMZIRC* Brazed 773 1.633E—23 9.4861 59
AMZIRC* Brazed 923 2.141E-17 7.80399 23
CuCrzZr* Brazed 773 2.489E—-14 4.46268 51
CuCrZr Brazed 923 8.059E-17 7.07106 27
CuCr Brazed 773 7.363E-13 417238 30
CuCr Brazed 923 6.047E—-11 4.05855 1

* Indicates that the stress has been extrapolated beyond the existing data and is only used for the purpose of comparison.

(a).

alloys prevent or reduce grain boundary sliding, grain 1 ' —
growth, and grain boundary diffusion, the similarities . 1073 K 023K 113K
in macroscopic creep properties are likely caused by 104 El
the Cu matrix dominating the creep properties [82]. -

At this time there is little data available on the creep e 10°1 T
of AM GRCop with the exception of the work con- z
ducted by Gradl et al. [88] in 2017, which compared ?_’:f 1074 1
creep rates of L-PBF, wrought, plate, brazed plate, ©
and sheet GRCop-84. Limited data is presented but a Sl 1
thorough discussion of the observed trends is provided
instead. Compared to the other fabrication methods, o'l — (fR(“’l”“
the creep results of the L-PBF samples were more con- 10 50 100 200
sistent, more repeatable, and better fit a linear trend Stress (MPa)
[88]. Gradl et al. state that ‘... the properties of L- ®)- ' I
PBF GRCop-84 are equal to or exceed the properties
of conventionally processed GRCop-84 with the excep- sf 103K 023K 713K
tion of the LCF lives’ [88]. Under the same level of 10 El
stress, the creep rate of L-PBF GRCop-84 is roughly .

10 I

two orders of magnitude lower than that of wrought
alloys. For example, the minimum creep rate at
40 MPa and 923 K is 3x 10~ s~" for the L-PBF alloy 10'4 \ +
and 3x 1077 s' for sheet GRCop-84 (when inter-
preted from its trend line) [88]. The L-PBF GRCop- 10°d ]
84’s creep exponent was comparable to the other fabri-

cation methods which agrees with the previous Monk- §
man-Grant relationships, and its dominant mechanism 10 50 100 200
should be the same, although the exact value was not
presented for a comparison [88]. Finally, while the
creep rate is lower, the improved consistency is con-

Creep Life (h)

= GRCop-84

Stress (MPa)

Figure 14. (a) Creep rates and (b) creep lives of wrought
GRCop-84 and GRCop-42 alloys; the GRCop-84 data is from

sidered a major benefit to predicting the performance
of the AM alloy [88]. The basic understanding of the
origins of L-PBF GRCop-84’s higher creep rate is a

warm rolled plate, rather than as-extruded, for higher consist-
ency, and the GRCop-42 data is assumed to be as-extruded;
redrawn with permission from [1].



subject for future studies and can be potentially related
to the characteristics of AM microstructure and defect
structure such as (1) strong build texture and its
relationships to build/creep directions, (2) AM defects
such as gas porosity and lack-of-fusion defects, (3)
grain morphology and grain boundary properties,
and (4) the characteristics of precipitates.

Thermal expansion

Thermal expansion is a primary factor when evaluating
LCTF performance for high-heat-flux applications,
especially in the case of the combustion chamber
liner where the primary failure mode is driven by
LCTF. Ellis stated that thermal expansion in the com-
bustion chamber liner contributes the majority of the
stress and strain rather than mechanical sources [2].
The thermal expansions of NARloy-Z, AMZIRC, Glid-
Cop Al-15, GRCop-84, and GRCop-42 are compared
in Figure 15 and Table 8 as a function of temperature.
These alloys have similar thermal expansion character-
istics which makes visual comparison and interpret-
ation of the data difficult, so these are also presented
as quadratic equation forms of thermal expansion as
a function of temperature in Table 8. Of these alloys,
both GRCop alloys’ thermal expansion is consistently
lower at temperatures exceeding 700 K which should
aid in lowering thermal strain and producing longer
LCTF lives. The GRCop alloys’ thermal expansions
are comparable up to 900 K, though GRCop-84’s ther-
mal expansion is slightly lower above 900 K which
should be the result of its higher loading content.

Low-cycle fatigue behaviour

Similar to creep, there are currently only a few available
studies on LCF of GRCop alloys and effectively none
for LCTF. Mechanical fatigue is not the same as
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thermal fatigue, but mechanical fatique is more readily
tested by LCF and the trends of LCF and LCTF are
typically similar. Ellis and Michal’s 1996 publication
provides LCF results for only GRCop-84. This LCF
experiment was strain controlled with a triangular
waveform at a constant strain rate of 0.12 min~" [26].
Unlike its creep data, GRCop-84’s LCF results were
more reproducible and consistent [26]. This is one of
few publications to present LCF hysteresis loops, and
two representative hysteresis loops from this study
are shown in Figure 16. The loops’ shapes and slopes
were noted to remain relatively constant and margin-
ally increase in stress during cycling indicating mini-
mal work hardening under the tested conditions [26].
Compared to NARloy-Z, Ellis and Michal found that
GRCop-84’s LCF performance was either as-good or
better depending on the degree of strain [26]. The rela-
tively high volume fraction of hard Cr,Nb particles are
believed to be the cause of this increase, by either pre-
venting or minimising the development of persistent
slip bands, NARloy-Z’s particles are too low in volume
fraction to have a similar effect [2,26].

Gradl et al. also presented LCF results on wrought
GRCop-84 and GRCop-42 at room temperature, 673,
and 873 K with a fully reversed triangular waveform
under strain control [82]. The GRCop alloys were
tested according to the total strain range with plastic
strain and shown in Figure 17 [82]. Gradl et al
observed limited statistical difference or temperature
dependence between the GRCop-42’s strain data, so
it was combined into a single trendline [82]. Gradl
et al. observed that both alloys did not fail below
0.7% total strain and have nearly equivalent perform-
ance from a practical engineering perspective [82].
GRCop-84’s strain data was similarly temperature
independent with the exception of the 873 K data.
The plastic strain, Figure 17(b), shows significant scat-
ter for both GRCop-42 and GRCop-84 data points.
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Figure 15. Thermal expansion calculated from quadratic equations included in Table 8; adapted with permission from [2].
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Table 8. Quadratic thermal expansion equations of high heat flux alloys where thermal expansion,
a (mm/mm), is a function of temperature, T, in units of K from a(M)=A(T)%+B(T)+C; these values are
accurate only above room temperature and should be considered estimates.

Approximate calculated % thermal expansion,

Alloy A B C 100*(mm/mm) at 700 and 900 K
Pure Copper® 4.718E-9 1.268E—5 —4.210E-3 0.74-1.15
NARloy-Z* 3.883E—9 1.414E-5 —4.498E-3 0.73-1.13
AMZIRC** 4.132E-9 1.384E-5 —4.257E-3 0.75-1.15
GlidCop, Al-15%* 3.989E-9 1.401E-5 —4.223E-3 0.75-1.16
Cu-1Cr-0.1Zr** 4.947E-9 1.289E-5 —3.968E-3 0.75-1.16
GRCop-84" 3.420E-9 1.387E-5 —4.380E-3 0.70-1.09
GRCop-42** 4.718E-9 1.268E—5 —4.210E-3 0.70-1.10

°Based on recommended values of average literature from [1].

*Estimated from graph of thermal expansion [2], assume +5% accuracy.

**Converted from quadratic equation where T (°C) and has £1% reported accuracy [3].

+In the extruded condition with 95% confidence; converted from power law to quadratic equation [4].
++In the extruded condition; estimated from graph assume +5% accuracy [5].

While the strain results were similar between the
alloys, the stress range, Figure 17(c), shows the differ-
ence between the loading fractions. GRCop-84’s stress
is consistently higher than GRCop-42’s, and the differ-
ence between them increases with temperature. As
Gradl et al. indicate, this means that GRCop-42 has a
lower load bearing capacity, consistent with the

GRCop-84’s higher strength [82]. These tests are not a
full representation of the combustion chamber liner
because mimicking the liner environment in standar-
dised test equipment is not feasible. The liner’s LCF is
primarily LCTF where thermal expansion should play
a significant role, though, as Figure 14 shows, the
GRCop-84 and —42’s thermal expansions are largely
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Figure 16. LCF stress-strain hysteresis loops (a) GRCop-84 tested at room temperature and 2% total strain; (b) GRCop-84 tested at
811 K and 0.7% total strain; data collected using strain-controlled fatigue tests with a triangular waveform at a constant strain rate

of 0.12/min; redrawn with permission from [1].
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Figure 17. LCF trends of extruded GRCop-42 (reported as wrought) with data points and GRCop-84 from [1,2] (a) LCF strain ranges;
(b) LCF plastic strains; (c) LCF stress range; RT — 673 K and RT - 873 K indicate that data has been combined from these temperatures
to produce these trend lines (as there was no discernible difference in trend between them); redrawn with permission.

similar up to 873 K. Compared to GRCop alloy’s UTS,
YS, thermal conductivity, and creep response, GlidCop
appears to be a better choice for high-heat-flux appli-
cations like the combustion chamber liner. However,
fatigue is a major failure mode in combustion chamber
liners, and GlidCop Al-15’s fatigue behaviour has been
described as poor, particularly at high temperatures,
compared to GRCop-84 by several sources
[2,77,78,83]. Similar to creep, LCF results are difficult
to compare due to the variety of factors, and a compari-
son of GRCop alloys and GlidCop in the same source
could not be located. Takahashi et al. [97] performed
LCEF tests on GlidCop Al-15 similar to the experiment
presented by Gradl et al. [82]. At a total strain range
of 1% under vacuum and at 473, 543, and 673 K, Glid-
Cop Al-15 failed at approximately 6000, 3000, and
1500 cycles, respectively [97]. Based on the Figure 17
at the same strain, GRCop-84 fails at approximately
6000 cycles between room temperature and 673 K and
5500 cycles at 873 K compared to GRCop-42 which
fails at 4500 cycles between room temperature and
873 K [82]. GRCop alloys demonstrate significantly
longer lives than GlidCop Al-15 which is in agreement
with previous assessments.

Environmental resistance

Outside of creep and LCTF, the combustion chamber
liner’s remaining concerns, stemming from the harsh
environment, are resistance to H embrittlement and
oxidation. High volumes of liquid and high pressure
gaseous hydrogen in the combustion chamber liner is
a major concern. The Nb content of GRCop alloys is
known to be the most susceptible component to
embrittlement by forming a solid solution and hydrides
with hydrogen [98-100]. Ellis et al. [100] performed
thermodynamic calculations with GRCop-84 based
on activity and partial pressures. The primary con-
clusion from this study was that the chemistry of the
Cr,Nb precipitates would control, by reducing, hydro-
gen embrittlement. By adding an excess of Cr, the
activity of Nb is reduced along with the risk of hydro-
gen embrittlement [98,100]. Ellis and Hastings per-
formed tensile, notched tensile, stress, rupture, and
LCF tests on extruded GRCop-84 in high pressure
environments including high pressure H,, high
pressure He, and samples charged in high pressure
H, for 8 h at 922 K [99]. They were unable to find evi-
dence of the formation of hydrides by either optical or
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electron microscopy, changes in fracture morphology,
or statistically significant difference in the mechanical
tests [99]. The susceptiblility may change slightly
between GRCop alloys and fabrication methods and
should be tested, but ultimately, the H embrittlement
is largely dependent on the Nb content that is available.
The slight excess of Cr appears to be sufficient to con-
sume the majority of the Nb in forming the intermet-
talic Cr,Nb leaving GRCop-84 with good stability in
hydrogen environments.

Rocket combustion chamber liners made with
NARIoy-Z were susceptible to blanching during oper-
ation, so extruded GRCop-84’s oxidation behaviour
was investigated by Thomas-Ogbuji and Humphrey
and compared to NARloy-Z and OFHC Cu with ther-
mogravimetric analysis (TGA), scanning electron
microscopy, electron dispersive spectroscopy, and X-
ray diffraction [51,101]. They found that the alloys
had similar oxidation rates at or above 1023 K, but at
intermediate temperatures closer to the operating
temperatures between 773 and 1023 K, GRCop-84
exhibited significantly higher oxidation resistance
[101]. In a later study, Thomas-Ogbuji and Humphrey
determined that GRCop-84’s enhanced resistance is
time dependent and longer exposures result in a greater
difference compared to the other alloys [51]. These
results are likely tied to the formation of stable Cr or
Nb oxides on the surface which require lower tempera-
tures and longer times to form an outer barrier. Tho-
mas-Ogbuji and Humphrey determined likely oxide
candidates from X-ray diffraction data collected on
oxide scale removed from their samples [101], but
changes in the powder chemistry and fabrication
methods are likely to have changed this list of candi-
dates and should be reassessed. The reduced Cr and
Nb content of GRCop-42 may reduce the formation
and efficacy of the oxide layer.

Summary and future prospects

Several microstructural trends are apparent when com-
paring the state-of-the-art high-heat-flux Cu alloys and
Cu metallurgy presented in this review that help under-
stand the essential qualities for optimising high-heat-
flux performance. Thermal conductivity is critical
and should be preserved by reducing impurities in
the FCC Cu matrix. Higher thermal conductivity
results in lower operating temperatures which helps
prevent thermo-mechanical instability. Conventional
alloying limits the fraction of alloying content to pre-
serve thermal conductivity, so their strengthening
instead relies on reducing the size of microstructural
features. Below 773, GRCop alloys’ have lower thermal
conductivity and mechanical strength compared to
other alloys but has a highly stable microstructure
due largely to the high alloying content of Cr,Nb
which is resistant to coarsening and prevents

recrystallisation of the microstructure. In high-heat-
flux applications with operating temperatures above
773 K and significant LCF concerns, GRCop alloys
are among the best available. Cu-rich Cu-Cr-Nb
alloys, like GRCop, have potential for use in the next
generation of aerospace rockets and structural high-
heat-flux applications where reusability and long-
term use are desired. Small capability improvements
achieved by replacing an existing material can translate
to large economic savings and enhanced safety margins
and design freedom. In high-heat-flux applications,
GRCop-84 and GRCop-42 have similar properties
and performance, however GRCop-84 exhibits slightly
higher mechanical strength while GRCop-42 exhibits
slightly higher thermal conductivity. More statistically
relevant data, microstructure information, and cost
metrics will help determine which should be chosen
for any given application though both have merits.
GRCop alloys have potential in future space-
oriented or high-heat-flux applications, e.g. resistance
welding electrodes and holders, permanent metal cast-
ing moulds, vacuum plasma spray nozzles, and fusion
reactor first walls. Fusion reactor first walls carry an
additional irradiation concern with the Nb content of
GRCop alloys because Nb can cause H embrittlement
by absorption of tritium or deuterium [102]. As long
as the Cr excess is sufficient in suppressing the for-
mation of Nb by consuming it in forming Cr,Nb,
this should not be an issue, but the long term effects
and low level waste requirements need to be fully
exhausted before practical use. As candidate combus-
tion chamber liner alloys, AM GRCop has shown
unique potential for liner fabrication when compared
to conventionally wrought material. After HIPing,
fully-dense AM GRCop-84 liners have been produced
faster and with properties equal to or better than
their wrought counterparts. AM of GRCop alloys com-
bined with the intricate geometries of combustion
chamber liners represents a rare case where AM pro-
vides optimal processing. The greatest advantage AM
provides is the ability to manufacture built-in cooling
channels. New cooling channel designs with thinner
walls and more customisable paths, impossible by tra-
ditional machining constraints, will improve the cool-
ing efficiency and design constraints of liners. One
development is the cooling channels can be wrapped
around the liner and split from one channel at the bot-
tom to three at the top rather than being machined
straight down the walls [88]. However, both cooling
channel design developments introduce new wall thin-
ning and stress concentrating concerns. L-PBF’s sur-
face finish is relatively poor as it is limited by
multiple factors including the quality, size, and sinter-
ing of the powder which can serve as crack initiation
regions in fatigue, particularly LCF [103]. The exterior
of parts can be polished to alleviate these concerns, but
internal channels are not easily inspected or smoothed.



These concerns must be addressed in qualification test-
ing, and the improved cooling efficiency provided may
lower the temperature sufficiently to reduce fatigue.
The composition of GRCop alloys is also likely to be
optimised or adjusted in the future for either cost or
performance reasons. Ellis et al. [104] have shown
that relatively low 0.1-0.5 wt-% additions of Zr in
extruded GRCop-84 (to GRCop-84Z) can improve
the mechanical properties through the formation of
CusZr precipitates [8,104]. These CusZr precipitates
are smaller than the Cr,Nb precipitates and add 2
vol.-% more to the existing 14 vol.-% of Cr,Nb precipi-
tates in GRCop-84 and are estimated to improve the
strength by 23-39% [8,104]. The thermal conductivity
is expected to decrease from new potential scattering
centres, but conductivity results have not been pub-
lished [8,104]. It is unknown how additions of Zr
would interact in L-PBF and future testing and charac-
terisation is necessary. The additions of Zr demon-
strated improved creep performance and elongation
compared to extruded material, and HIPed L-PBF
GRCop-84 has demonstrated similar improvements,
so it is unknown if Zr will significantly benefit L-PBF
GRCop.

It is the opinion of the authors that there are poten-
tially three main obstacles to the development of
GRCop alloys for future and current scientists and
researchers. The first is that the current literature of
GRCop alloys is somewhat limited; past experiments
should be reproduced and expanded with updated
GRCop alloys, and AM GRCop needs considerably
more research. Second, the literature lacks a thorough,
empirical assessment of microstructure-property
relationships for AM GRCop alloys. Comparisons of
wrought and AM material may help to better understand
the microstructure-property relationships. A prime
example is understanding why the creep results of AM
GRCop have less scatter than wrought. The last obstacle
is a need for more interest in GRCop alloys by industry
and researchers outside of NASA. Expansion of the litera-
ture and understanding of the alloy will likely bring in
new researchers who may elucidate the principles sup-
porting these observations and add to the literature.
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