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The mechanical properties of six highly conductive copper alloys, GRCop-84, AMZIRC, GlidCop Al-15, Cu-1Cr-0.1Zr,
Cu-0.9Cr, and NARloy-Z were compared. Tests were done on as-received hard drawn material, and after a heat
treatment designed to simulate a brazing operation at 935 °C. In the as-received condition AMZIRC, GlidCop Al-15, Cu-
1Cr-0.1Zr and Cu-0.9Cr had excellent strengths at temperatures below 500 °C. However, the brazing heat treatment
substantially decreased the mechanical properties of AMZIRC, Cu-1Cr-0.1Zr, Cu-0.9Cr, and NARloy-Z. The properties
of GlidCop Al-15 and GRCop-84 were not significantly affected by the heat treatment. Thus there appear to be
advantages to GRCop-84 over AMZIRC, Cu-1Cr-0.1Zr, Cu-0.9Cr, and NARloy-Z if use or processing temperatures
greater than 500 °C are expected. Ductility was lowest in GlidCop Al-15 and Cu-0.9Cr; reduction in area was particularly
low in GlidCop Al-15 above 500 °C, and as- received Cu-0.9Cr was brittle between 500 and 650 °C. Tensile creep tests
were done at 500 and 650 °C; the creep properties of GRCop-84 were superior to those of brazed AMZIRC, Cu-1Cr-
0.1Zr, Cu-0.9Cr, and NARloy-Z. In the brazed condition, GRCop-84 was superior to the other alloys due to its greater
strength and creep resistance (compared to AMZIRC, Cu-1Cr-0.1Zr, Cu-0.9Cr, and NARloy-Z) and ductility (compared
to GlidCop Al-15).
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Introduction

GRCop-84 (Cu-8 at%Cr-4 at% Nb) is a newly-developed copper alloy with an attractive balance of high
temperature strength, creep resistance, low cycle fatigue life, and thermal conductivity. Our goal is to compare
GRCop-84 to similar commercial copper alloys in a consistent manner. Data on alloys such as NARloy-Z,
AMZIRC, GlidCop Al-15 low oxygen grade, Cu-0.9Cr, and Cu-1Cr-0.1Zr can be found in the literature.'"
However, the test conditions are rarely matching for “apples-to-apples” comparisons. Most literature also deals only
with as-received material. The alloys being considered in this work are used in high temperature applications where
high thermal conductivity, high strength, and resistance to creep and low cycle fatigue are required. Such
applications include high performance metal gaskets, rocket engine combustion chambers, nozzle liners, and various
Reusable Launch Vehicle (RLV) technologies.!"! In regeneratively cooled combustion chamber applications, such as
nozzle liners, these alloys are subjected to the combustion gas temperatures on the hot side and are cooled by
cryogenic hydrogen flow on the back side. The tensile, creep, low cycle fatigue, and compressive strength of
GRCop-84 will be compared to those of the existing commercially available alloys shown in Table 1. To compare
the properties these alloys would actually have during use, they were tested in the as-received condition and after a
heat treatment designed to simulate a typical high temperature brazing cycle often needed in the manufacturing
process.”” The selected brazing heat treatment cycle is presented in Table 2.

GRCop-84 is a dispersion and precipitation hardened alloy made using rapid solidification and powder
metallurgical techniques. Consolidation is accomplished by hot isostatic pressing (HIP) or direct extrusion. After
consolidation most processing methods used with high strength copper alloys can be used to form GRCop-84, e.g.,
hot and cold rolling. The solubilities of Cr and Nb are very high in liquid copper but very low in solid Cu.
Chromium and Nb have a high affinity for each other, thus nearly all of the Cr and Nb combine to form the
hardening intermetallic phase Cr,Nb. This leaves a nearly pure Cu matrix. The high purity of the copper matrix
leads to a thermal conductivity for the alloy that is 72 to 82% of that of pure oxygen-free Cu."”!

AMZIRC can be cast as well as produced using powder metallurgy. Peak strengths in AMZIRC are achieved
through cold work combined with precipitation hardening and are lost if the hardened material is exposed to a high
temperature braze cycle or if fully annealed."*! Approximately 80% of the strength gains normally achieved in
AMZIRC are due to cold work, with only modest additional gains achieved upon aging."”! Horn and Lewis found
that cold-worked AMZIRC retains much of its strength up to about 500 °C without becoming brittle. They also
noted that the excellent strength of heavily worked rod was not achieved in their billets and that there was an
inability to obtain uniform hardening in large billets.!”) AMZIRC’s low cycle fatigue properties have been reported
by Conway et al.l’) and by Hannum et al.”®™) and property reviews which have included AMZIRC have been



published.’”! Dalder et al. found the room temperature ultimate tensile strength of AMZIRC to be about 430 MPa
and that AMZIRC’s room temperature strength dropped to 241 MPa after exposure to >500 °C.1" The room
temperature ductility of AMZIRC decreases with cold work, with elongation at failure going from about 50% for
unworked material to 10%" or lower''”! for material worked >30%. AMZIRC has a solution temperature near 910
°C and aging temperatures near 525 °C for unworked material, and 425 °C for cold worked material.

GlidCop Al-15 is dispersion hardened with very fine Al,O; particles. Considerable research has been published
on GlidCop Al-15. Dalder et al."'”! found GlidCop more thermally stable than AMZIRC. Wycliffe®™ found (in 1984)
that the only copper alloys with good strength above 650 °C were oxide dispersion strengthened (ODS) alloys such
as GlidCop. However, Wycliffe also noted that the ductility and low cycle fatigue properties of ODS copper alloys
at elevated temperatures were poor. Stephens and Schmale showed that heat treat cycles which simulate brazing
operations as high as 980 °C result in only a small decline in ultimate tensile strength (~13%) in GlidCop Al-15, and
that ductility improves substantially.””! Stephens et al."'"! showed that fine-grained GlidCop Al-15 that was annealed
for 15 minutes at 980 °C was stronger in room temperature tension than coarse-grained GlidCop Al-15 annealed 100
hr. at 980 °C, but that as the test temperature increased, the advantage fine-grained GlidCop Al-15 had vanished,
until at 800 °C coarse-grained GlidCop Al-15 was stronger than fine-grained GlidCop Al-15. In work due to
Conway et al. the ductility and low-cycle-fatigue properties of GlidCop were found to be low; however, the alloy
tested is noted as GlidCop Al-10, which contains 0.2 wt.% ALO;™ versus 0.32 wt.% Al,O5 for GlidCop Al-15.

Cu-0.9Cr is precipitation strengthened by elemental Cr precipitates and is known for excellent cold workability.
Precipitation hardening for these alloys consists of solution treatments near 990 °C for about 20 minutes, water
quenching, and aging near 460 °C for about 3 hours.!") Near peak strength in Cu-0.9Cr alloys is sometimes achieved
during processing, due either to cold work, or precipitation hardening at process temperatures. In such cases only
moderate gains in strength are possible with aging heat treatments."*! The ductility of these alloys near the expected
use temperatures of 400 to 600 °C has been found to be poor compared to other copper alloys.”® Room temperature
strength in Cu-0.9Cr alloys is good, with UTS values near 500 MPa.**®! Strength declines with increasing
temperature, particularly steeply as 427 °C is exceeded, with UTS values near 65 MPa at 593 °C.1>*

Cu-1Cr-0.1Zr is age hardenable, with Cr and CusZr precipitates.!'” Pratt & Whitney presented work on an alloy,
Cu-1Cr-0.5Zr, which was found it to be very strong, but to have poor low cycle fatigue at 705 °C compared to
NARIoy-Z and a Cu-0.47wt% Zr alloy (which is close to the composition of AMZIRC).!'” The literature data
indicates that at 538 °C, on the basis of total axial strain range versus number of cycles to failure, the fatigue
properties of AMZIRC, and Cu-Zr alloys are better than those of Cu-Cr, NARloy-Z, and GlidCop Al-10.**7
Ultimate and yield strengths at 705 °C for as-received material were approximately 175 and 94 MPa respectively.
Tensile properties for Cu-Cr-Zr alloys are also reported by Zinkle.'" The solution and aging temperatures for Cu-
1Cr-0.1Zr are expected to be similar to AMZIRC and Cu-0.9Cr. The solution and aging temperatures for Cu-0.9Cr
are approximately 990 and 440 °C respectively. The effectiveness of aging also depends on quench rates from
solution temperatures. Relations between quench rates and hardenability in the Cu-1Cr-0.1Zr alloy were also
examined as part of this work but are reported elsewhere.

Although no new tests were done with the alloy known as NARloy-Z, for completeness, data was drawn from
the literature and included in some figures and comparisons to the other alloys. NARloy-Z is a Cu-3Ag-0.5Zr alloy
that is currently used in NASA’s Space Shuttle Main Engines. A chemically equivalent alloy known as NASA-Z has
been used by Aerojet as a liner material in several of Aerojet’s rocket combustion chambers.!"* These copper-silver-
zirconium alloys are typically solution treated, water quenched, and aged for maximum strength, forming zirconium
and silver rich precipitates. Nguyentat, Gibson and Horn have examined relations among quench rates from the
solution temperature.'* Hardness and yield strength declined by a factor of 3 when water quench rates from the
solution temperature were decreased to those achieved through furnace cooling, however ultimate tensile strength
declined only about 13%. Room temperature maximum ultimate tensile strengths for NARloy-Z and NASA-Z are
typically 320 MPa, with yield strengths around170 MPa;**'*!5!%) these have been shown to decline as a result of
exposure to high temperatures, such as due to a brazing heat treatment. The yield strength of NARIloy-Z after a
brazing heat treatment has been found to be approximately 80 MPa at 100 °C."!

Test Procedures

The test plan included tensile, compressive, creep, thermal expansion and low-cycle fatigue properties of all the
alloys. Low-cycle fatigue results will be presented elsewhere. Detailed testing procedures have been presented
previously®™ ! and will be only briefly outlined here.



All alloys were tested in both the as-received condition and after a simulated braze treatment. GRCop-84 was
tested in two as-received conditions: as-extruded, and as-HIPed. AMZIRC, GlidCop Al-15, Cu-1Cr-0.1Zr, and Cu-
0.9Cr alloys were received in the form of hard drawn rods that were 3/8 to 3/4 inch diameter. Table 2 shows the
simulated braze cycle designated “Braze 935” which is meant to be typical of a main combustion chamber
liner/jacket brazing operation.

Tensile and Creep Procedures

Tensile and compression tests were conducted at 25, 200, 500, 650, and 800 °C (77, 392, 932, 1202, and 1472
°F) using strain rate control. Tests at elevated temperatures employed flowing Ar at 2.5 /min. A strain rate of 0.005
mm/mm/min (8.3x10° sec') was used in both tensile and compression tests. Strain was measured via an
extensometer attached to the gage of the tensile samples, but compression tests relied on crosshead displacement.
Specimen dogbones used for AMZIRC, Cu-1Cr-0.1Zn, and Cu-0.9Cr tensile and creep tests had a gauge diameter
and length of 5.84 mm (0.23 in) and 29.06 mm (1.144 in) respectively. Tensile and creep GlidCop Al-15 specimens
used a gauge diameter and length of 9.02 mm (0.355 in) and 40.82 mm (1.607 in) respectively. Compression
specimens were cylinders of 5.0 mm (0.197 in) diameter by 10 mm (0.394 in) long.

Creep tests were done in vacuum at 500, 650, and 800 °C using constant load lever arm vacuum creep units. The
stresses in the creep tests were varied to give lives equivalent to 100 Space Shuttle missions (15 hours). For GRCop-
84 creep stresses were about 100 MPa at 500 °C, 40 MPa at 650 °C, and 20 MPa at 800 °C. Stress levels for the
other alloys typically had to be lower to achieve lives near 15 hours.

Creep testing of all alloys except GRCop-84 started with step loading vacuum creep tests using a converted
Instron tensile test load frame. The load was held constant for five hours, and then raised a set amount every five
hours for a total of 20 steps, or until failure. All creep tests were performed with at least two thermocouples attached
to the ends of the gage area. For these creep tests, strain was measured by monitoring crosshead movement. All
creep rates were defined as the slope of the linear portion of the creep strain-time curve between primary and tertiary
creep.

In an effort to include previous constant load GRCop-84 creep tests, we have statistically modified some older
GRCop-84 data to make it consistent with the methods used in this study. These data were then used to determine
power law creep coefficients for comparison to the other alloys (see Table 4). The details of the statistical processing
are in Ref. 24. These creep rate equations for GRCop-84 were plotted with the constant load creep data in Fig. 16.

Thermal Expansion Procedures

Thermal expansion of the candidate alloys was conducted using an Anter Unitherm 1161AL-V vertical two head
pushrod dilatometer. Resolution of the displacement was 0.001 mm. A sample was loaded along with a Pt standard,
and the chamber sealed. The chamber was evacuated and purged with argon several times to remove the oxygen
from the chamber. During the final purge the pressure was reduced to <39 Pa (300 millitorr) prior to backfilling with
Ar. Ar was selected over He based upon the tendency of Ar to collect at the bottom of the chamber and displace any
residual oxygen in the vicinity of the sample.

The samples were heated to 1000 °C using a heating rate of 3 °C per minute and then cooled to room
temperature while the changes in length for both the copper alloy sample and Pt standard were measured. During
cooling the rate was 3 °C per minute until the temperature reached approximately 175 °C. At that point the samples
underwent free cooling. Ar was flowing through the chamber during the test at a rate of approximately 50 cm’® per
minute. This maintained the chamber at a slight positive pressure. Oxidation of the samples was minimal and did not
affect the results. Each sample was given five cycles. Two samples of each alloy were tested.

During the test the displacement and temperature for both samples were measured simultaneously. Using the
sample temperature and reference data for the thermal expansion of Pt,* the actual displacement from the Pt
sample’s thermal expansion could be calculated for each data point. Subtracting this value from the measured
displacement of the Pt sample allowed the calculation of the contribution of the thermal expansion of the alumina
push rod and sample holder to the observed displacements. The contribution of the holder and push rod was then
subtracted from the measured copper alloy displacement to calculate the actual thermal expansion of the Cu alloy
sample at each data point. To calculate the thermal expansion strain, the displacement was divided by the original
sample length. The data was then plotted and fitted with a second order polynomial equation. The thermal expansion
of each specimen was measured five times, the results of these five cycles were averaged, and then the results of two
specimens were averaged to yield the final empirical relations between thermal expansion and temperature.



Test Results

Microstructures

Figure 1 shows typical as-extruded GRCop-84 microstructure. The as-HIPed and brazed microstructures are
visually indistinguishable from the as-extruded microstructure. GRCop-84 gains most of its added strength over pure
copper from finely dispersed Cr,Nb precipitates such as those shown in Fig. 1. The stability and melting point of
Cr,Nb is so high that it begins to precipitate in the molten GRCop-84 before the onset of primary Cu
solidification.” These stable Cr,Nb precipitates do not significantly coarsen during the brazing heat treatment or
during use at high temperatures.

Figures 2 and 3 show the as-received and post brazed microstructures for AMZIRC. In Fig. 3 it can be see that
the fine, elongated grain structure observed in as-received hard drawn AMZIRC (Fig. 2) has given way to a much
coarser structure of equiaxed grains with some twinning indicative of complete recrystallisation and considerable
grain growth. The observed twinning is common for FCC metals during recrystallization.””) Rather large (~ 5 um)
precipitates are present in both as-received and brazed structures. These precipitates are believed to be high
temperature CusZr intermetallics formed during casting and not solutionized at the brazing temperature or at the
solution temperatures normally used for AMZIRC (980 °C).

The recrystallized grains in the brazed AMZIRC are essentially strain free. This lower dislocation density
contributes to the decline in strength upon brazing as does the larger grain size through a Hall-Petch relationship."*”

Figures 4 and 5 show the as-received and post brazed microstructures of GlidCop Al-15. As was the case for
GRCop-84, the microstructure of GlidCop appears to be unaffected by the simulated braze heat treatment.

Figures 6 and 7 show the microstructures of as-received and post brazed Cu-1Cr-0.1Zr. The as-received Cu-1Cr-
0.1Zr has a fine grain structure, elongated along the drawing direction. The brazed material has recrystallized; but
the grain size appears to have remained small, maybe even decreased compared to the as-received Cu-1Cr-0.1
material. Thus the presence of Cr in the alloy prevented the extensive grain growth observed in AMZIRC after
recrystallisation. What we believe to be Cr and CusZr precipitates can be seen in the high magnification micrographs
(Figs. 6(b), and 7(b)). The CusZr precipitates, which have a melting point near 1030 °C, have an alignment due to
the drawing process; since this alignment persists in the brazed microstructure it is concluded that the CusZr
precipitates are not solutionized at the 935 °C brazing temperature, which is consistent with the ternary Cu-Cr-Zr
phase diagram of Zeng et al.!"

The Cu-0.9Cr structures shown in Figs. 8 and 9 appear nearly identical to those seen in Cu-1Cr-0.1Zr, with the
structure of the Cu-0.9Cr alloy consisting of fine, slightly elongated grains and Cr precipitates in the as-received
microstructures. The braze appears to have caused recrystallization (Fig. 9) but extensive grain growth did not occur,
as it did in the case of AMZIRC. The aligned precipitates in the as-received structure (Fig. 8(b)) appear much more
spherical after brazing (Fig. 9(b)).

Tensile and Compression Tests

Room and elevated temperature tensile and compressive properties for the alloys are presented in Figs. 10
through 18. In Figs. 10 through 13, data points shown for GRCop-84 are from an average of five tests. Data points
for AMZIRC are from the average of two tests except at the temperatures of 400, 500, 600, and 650 °C which were
single tests. The data points for GlidCop Al-15, Cu-1Cr-0.1Zr, and Cu-0.9Cr were from the average of two tests.
The compression data shown in Fig. 14 were averaged from two or three tests. Tables containing these data are
presented in Ref. 20.

The ultimate and yield strengths shown in Figs. 10 and 11 indicate that in the as-received condition the
competing alloys, AMZIRC, GlidCop, Cu-1Cr-0.1Zr, and Cu-0.9Cr are generally stronger than GRCop-84.
However, after the simulated brazing heat treatment, the strength of AMZIRC, Cu-1Cr-0.1Zr and Cu-0.9Cr drop
dramatically to strength levels significantly below GRCop-84. GlidCop Al-15 retains most of its strength after the
brazing heat treatment making it stronger than GRCop-84 in tensile tests at all temperatures and conditions
examined. NARIloy-Z’s ultimate strength is similar to GRCop-84’s, however NARloy-Z’s yield strength is lower,
particularly after brazing. There is an abrupt drop in the strength of as-received AMZIRC near 500 °C which appears
to coincide with the onset of annealing and recrystallization. The strength of Cu-1Cr-0.1Zr and Cu-0.9Cr drop more
gradually as test temperatures are increased compared to AMZIRC. The trends apparent in the tensile strengths of
the alloys are mirrored in compression as shown in Fig. 14.

All failures were ductile except those for Cu-0.9Cr at temperatures between 500 and 650 °C. At these
temperatures the ductility of Cu-0.9Cr was the lowest of all the alloys, with elongation and reduction in area being
approximately 2 and 6.7% respectively. Exposing as-received AMZIRC to temperatures above 500 °C



approximately tripled elongation, resulting in the highest elongations of any of the alloys (Fig. 12). GRCop-84 and
GlidCop Al-15 had approximately the same elongation. In general, it was found that as the testing temperature
increased, uniform elongation increased and localized necking decreased which decreased the reduction in area
measurements (R/A) as shown in Fig. 13. At temperatures above 500 °C reduction in area was higher for GRCop-84
compared to GlidCop Al-15.

Creep Tests

Results of step loading creep tests are shown in Fig. 15. Constant load creep results are shown in Fig. 16. All
creep rates, or strain rates measured during creep tests, were defined as the linear portion of the time — strain data
after load up and primary creep but before tertiary creep.

It can be seen in Fig. 15 that at a given stress at 500 °C the steady-state creep rate of as-received AMZIRC is
about double that of GRCop-84, and the strain rate of brazed AMZIRC is about two orders of magnitude greater
than GRCop-84. Similarly, strain rates of AMZIRC at 650 °C at a stress of 20 MPa are about two orders of
magnitude greater than the strain rates observed for GRCop-84 at 650 °C and 20 MPa. NARIloy-Z and Cu-0.9Cr also
performed much worse than GRCop-84 in creep. In the as-received condition GlidCop-All5 and Cu-1Cr-0.1Zr
performed better than GRCop-84, however, Cu-1Cr-0.1Zr’s creep properties suffered after brazing.

From our experience, a creep rate of about 5x107° sec™ often yields a creep rupture life of about 15 hours
assuming most of the creep life is spent in second stage or steady-state creep. Step loaded and constant load creep
tests indicate that at 500 °C stresses of about 65 and 130 MPa applied to brazed AMZIRC and GRCop-84
respectively are expected to yield approximately, 15 hour lives (Figs. 15 and 16). Thus for equivalent temperatures
and lives, GRCop-84 can sustain about double the creep stress compared to brazed AMZIRC. Note how close
together the GRCop-84 (650 °C) and brazed AMZIRC (500 °C) curves are in Fig. 15. This indicates that at
equivalent stress and strain rate, such as =47 MPa and & = 10 sec ', GRCop-84 can operate at temperatures 150
°C higher than AMZIRC. GlidCop Al-15 performed very well, with creep rates much lower (at a given stress) than
any of the other alloys at 500 °C. As-received Cu-1Cr-0.1Zr also performed very well in creep, however, after
brazing, creep properties declined substantially such that GRCop-84 was found to withstand double the stress at
equivalent strain rates at 650 °C.

Often creep can be described by a rate equation of the form & = Ac”, where & is creep strain rate, 4 is a
constant, ois creep stress, and # is the stress exponent. The power law creep constants for the step loaded creep tests
and those resulting from the constant load creep tests were independently determined and are presented in Tables 3
and 4. The stress exponent n can help to identify creep mechanisms,®™ for example, dispersion strengthened
materials commonly have high stress exponents, of the order of 20 to 100 due to the added resistance to dislocation
glide caused by the particles. Before such an exploration of creep mechanisms, trends in our data, and areas where
more data are needed will be examined. The creep stress exponents n for GRCop-84 at 500, 650 and 800 °C were
fairly consistent, equal to about 9.5 in the step loaded creep tests, and 8 for constant load creep.**! The stress
exponents for GlidCop ranged from 12.4 to 91.2 (see Tables 3 and 4) and the exponents resulting from step loaded
creep (Table 3) were consistently and significantly lower than the exponents resulting from constant load creep
(Table 4). The stress exponents for AMZIRC averaged about 5.3 (with a range of 2.35 to 9.49), n averaged about 5.1
for the Cu-1Cr-0.1Zr creep tests, and the average stress exponent for the Cu-0.9Cr tests was 4.4.

Thermal Expansion

Thermal expansion results are presented in Fig. 17 and Table 5. Figure 17 shows plots of the equations presented
in Table 5. The best fit equation for GRCop-84 with two-way confidence intervals taken from Ref. 29 is:

a(T) = (-0.3287 +2.265x10-4 71285 )+ t(l —%,10}/(1.403 x10-2 ) +(2.038x10-5T) (1)

where T is in Kelvin, #(1-c/2, 10) is the value for the #-distribution with 10 degrees of freedom associated with 1-¢/2
cumulative probability, and o(7) is the thermal expansion of GRCop-84 in percent (ou(7)/100% is plotted in Fig. 17).
The four alloys being compared to GRCop-84 have about the same thermal expansion. This is expected since they
are all near 99% Cu. GRCop-84 however has about 14 vol.% Cr,Nb which retards temperature driven strains, and
results in thermal expansion being between 7 and 15% lower for GRCop-84 than the other alloys at typical liner hot
wall temperatures.



Discussion

Comparison of Properties

Desirable properties for copper alloys being developed for rocket engine components include: low thermal
expansion; high strength; high ductility; ease of processing; low creep rate; high compressive strength; high low-
cycle-fatigue strength; high maximum operating temperature; and a minimum affect caused by component
manufacture such as brazing. The data presented in this paper and the literature were considered in the comparison
of GRCop-84 to the other alloys. A summary of this comparison is presented in Table 6.

High temperature creep in alloys involves the interaction of the stress fields of moving dislocations with those of
stationary dislocations and other boundaries such as second phase particles and grain boundaries. Specific values of
the stress exponent # are associated with particular creep mechanisms. Alloys that that exhibit pure metal (or “class
M?”) behavior are characterized by n = 4 to 8; exponent values in this range can be taken as evidence that the creep
mechanism is dominated by dislocation climb. A majority of the creep data indicates that AMZIRC, Cu-0.9Cr, and
Cu-1Cr-0.1Zr have stress exponents in this range, indicating dislocation climb, or class M, creep.

Due to added interactions between dislocations and fine particles, dispersion strengthened materials usually have
stress exponents of the order of 10 to 100. This enhanced sensitivity to stress is believed to be due to the added
energy required for dislocations to climb out of their glide planes to overcome the particles and the thermally
activated release of those dislocations from the departure side of the particles.*® GlidCop Al-15 had n values
between 12 and 91, which are considered to be characteristic of dispersion strengthened alloys. Though data was
limited, GRCop-84 had stress exponents in the range of 7.3 to 10, implying class M creep behavior (dislocation
climb) with some added stress sensitivity resulting from the relatively large volume fraction of precipitates and grain
boundaries.

Refer to Table 6 for comparisons of thermal conductivity and expansion, tensile and compressive strength,
ductility, creep, and the effects of brazing on the alloys.

Microstructure-Property Relations

Microstructures are shown in Figs. 1 through 9. The large number of Cr,Nb precipitates present in GRCop-84
(Fig. 1) result in good strength, and since the precipitates are stable and do not significantly coarsen, properties
decline moderately with increasing temperature. The same can be said for GlidCop Al-15 (Figs. 4 and 5)
microstructurally, though the precipitate is alumina. The microstructural feature that dominates properties in
GRCop-84 and GlidCop is the stable precipitates. These precipitates enabled GRCop-84 and GlidCop to perform
significantly better than the precipitation strengthened alloys in the brazed condition in both strength and creep.

By contrast, the microstructure of AMZIRC is dominated by the fine elongated grain boundaries and the benefits
of work hardening (Figs. 2 and 3). Though the as-received microstructures of Cu-1Cr-0.1Zr and Cu-0.9Cr had some
grain texturing characteristic of longitudinally drawn material, this elongation of fine grains was by far the most
pronounced in AMZIRC; these fine textured grains, combined with precipitation hardening, result in excellent as-
received strengths at temperatures below 500 °C in AMZIRC. Precipitates in as-received AMZIRC appear coarser
than those present in Cu-1Cr-0.1Zr which likely contributes to the higher strength in Cu-1Cr-0.1Zr. Figure 3 shows
this fine grain structure in AMZIRC is destroyed at brazing temperatures, and Fig. 10 shows the resulting drop in
strength.

The microstructures of as-received and brazed Cu-1Cr-0.1Zr and Cu-0.9Cr look nearly identical.
Recrystallisation appears to have occurred in AMZIRC, Cu-1Cr-0.1Zr, and Cu-0.9Cr during brazing, but,
subsequent grain growth and coarsening occurred in AMZIRC only. Chromium appears to have prevented
significant grain growth during brazing in the Cu-1Cr-0.1Zr and Cu-0.9Cr alloys. The finer post braze
microstructures in Cu-1Cr-0.1Zr and Cu-0.9Cr appear to help little in terms of improved properties. The coarser
brazed AMZIRC has about the same strength and creep properties as Cu-1Cr-0.1Zr and Cu-0.9Cr. The differences
that stand out among brazed Cu-1Cr-0.1Zr, Cu-0.9Cr, and AMZIRC are: AMZIRC has the lowest yield strength
(though ultimate strengths are similar); Cu-0.9Cr has significantly poorer creep properties; and as-received Cu-0.9Cr
had markedly inferior ductility.

Property Implications on Alloy Selection

The heat treatable alloys (AMZIRC, Cu-1Cr-0.1Zr, and Cu-0.9Cr) have excellent as-received properties. The
exceptions observed in this work were that Cu-0.9Cr and NARloy-Z have relatively poor creep properties in the as-
received and brazed conditions compared to all the other alloys. NARIloy-Z had the lowest as-received yield strength



and was weakened substantially after brazing. Thus if use temperatures are below 500 °C, and no high temperature
(>500 °C) processing is required for the alloy, AMZIRC and Cu-1Cr-0.1Zr are advantageous.

The high temperature stability of GlidCop Al-15 and GRCop-84 resulted in superior properties compared to the
other alloys in the brazed condition. Ultimate and yield strengths, compressive yield strength, and creep stress at a
given strain rate were all about two to three times greater in GlidCop and GRCop-84 compared to the other alloys
after the simulated braze heat treatment. Thus if use or processing temperatures in excess of 500 °C are expected,
GlidCop Al-15 and GRCop-84 have solid advantages in strength and creep over AMZIRC, Cu-1Cr-0.1Zr, Cu-0.9Cr,
and NARloy-Z.

It may be possible to regain some of the strength lost during the brazing operation in the heat treatable alloys if
the alloy is quenched rapidly enough from the brazing temperature (which is also acting as the solution
temperature). This might nullify the post braze advantages noted for GlidCop and GRCop-84, but only for use
temperatures below 500 °C, or for shot term use near 500 °C. This issue is discussed in more detail elsewhere.'*"!

Summary and Conclusions

In the as-received condition at <500 °C, AMZIRC, GlidCop Al-15, Cu-1Cr-0.1Zr, and Cu-0.9Cr were all
stronger in tension and compression than GRCop-84. However, after a simulated braze heat treatment at 935 °C, the
strengths of the precipitation strengthened AMZIRC, Cu-1Cr-0.1Zr, Cu-0.9Cr and NARloy-Z drop to levels
significantly below the strength of GRCop-84 at all temperatures. The strength of dispersion strengthened GlidCop
Al-15 was largely unaffected by the heat treatment at 935 °C, thus GlidCop retained strength levels above those of
GRCop-84 at all temperatures.

Ductility was lowest in as-received Cu-0.9Cr. Ductility was also low for GlidCop Al-15 and in HIPed GRCop-
84. The reduction in area was particularly low in GlidCop Al-15 above 500 °C. Cu-1Cr-0.1Zr and AMZIRC had
much greater reductions in area and elongations than the other alloys.

Creep properties were best for as-received Cu-1Cr-0.1Zr and GlidCop Al-15 and worst for Cu-0.9Cr and
NARIloy-Z. After the simulated braze at 935 °C GRCop-84 and GlidCop had markedly better creep properties
compared to the other alloys. At equivalent stress and strain rates, GRCop-84 showed a 150 °C advantage over
AMZIRC in the brazed condition. Alternatively, at equivalent temperature and strain rates, GRCop-84 was twice as
strong as brazed AMZIRC. Our tests indicate GlidCop Al-15 to be more resistant to creep at 500 °C than GRCop-
84, with creep rates two orders of magnitude lower than GRCop-84’s at equivalent stress. This work has found that:

e After brazing, GRCop-84 and GlidCop Al-15 are stronger than AMZIRC, Cu-1Cr-0.1Zr, Cu-0.9Cr, and
NARIloy-Z;

o After brazing, GRCop-84 and GlidCop Al-15 are superior to AMZIRC, Cu-1Cr-0.1Zr, Cu-0.9Cr, and
NARIoy-Z in high temperature creep;

e Due to better ductility and processing characteristics GRCop-84 has advantages over GlidCop Al-15;

e The heat treatment used might be a worst case example for the heat treatable alloys (AMZIRC, Cu-1Cr-
0.1Zr, and Cu-0.9Cr). Although strength gained from cold work will be lost at brazing temperatures, it
might be possible to recuperate some strength by combining solutionizing, quenching and aging cycles with
the brazing operation.
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Table 1 Composition of Cu alloys in weight percent.

Alloy Cr Nb Zr Al 8] Ag
GRCop-84 6.65 5.85
AMZIRC (C15000) 0.15
GlidCop Al-15 (C15715) 0.15 0.17
Cu-0.9Cr (C18200) 0.9
Cu-1Cr-0.1Zr (C18150) 1.0 0.1
NARIloy-Z 0.5 3.0

Table 2 Simulated braze heat treatment.

Stage Action
1 Raise temperature from 25 to 935 °C
2 Hold at 935 °C for 22.5 £ 2.5 min
3 Lower temperature from 935 to 871 °C at 1.7 °C/min
4 Lower temperature from 871 to 538 °C at 2.8 °C/min
5 Free cool to room temperature and remove specimen from furnace

Table 3 Power function constants for step loaded, secondary steady state creep; creep
rate power functions of the form & = Ac” where 4 and n are given in the table, & is
creep rate in units of sec”', and ois step loaded creep stress in units of MPa.

A n
GRCop-84 as-received, 500 °C 4.77E-26 9.49
GRCop-84 as-received, 650 °C 7.17E-24 10.32
GRCop-84 as-received, 8§00 °C 2.63E-18 8.67
AMZIRC as-received, 500 °C 4.15E-20 6.70
AMZIRC Brazed, 500 °C 4.18E-13 3.73
AMZIRC as-received, 650 °C * *
AMZIRC Brazed, 650 °C 2.99E-11 3.65
GlidCop as-received, 500 °C 7.71E-57 22.93
GlidCop Brazed, 500 °C 3.72E-34 12.40
GlidCop as-received, 650 °C 4.58E-39 15.90
GlidCop Brazed, 650 °C 8.48E-38 15.50
Cu-1Cr-0.1Zr as-received, 500 °C 1.47E-19 5.59
Cu-1Cr-0.1Zr Brazed 500 °C 5.94E-17 5.71
Cu-1Cr-0.1Zr as-received 650 °C 1.01E-13 5.03
Cu-1Cr-0.1Zr Brazed 650 °C 1.50E-14 5.52
Cu-0.9Cr as-received 500 °C 7.31E-18 6.04
Cu-0.9Cr Brazed, 500 °C 4.00E-14 5.08
Cu-0.9Cr as-received 650 °C * *
Cu-0.9Cr Brazed 650 °C 1.27E-10 3.83

*Insufficient data to obtain constant



Table 4 Power function constants for constant load, secondary, steady state tensile
creep at elevated temperatures; creep rate power functions of the form & = Ac”
where 4 and n are given in the table, & is creep rate in units of sec ', and o is
constant load creep stress in units of MPa.

A n
GRCop-84, 500 °C 1.042E-22 7.67
GRCop-84 650 °C 3.400E-21 8.52
GRCop84 800 °C 1.078E-16 7.3
Amzirc as-received, 500 °C 8.919E-13 2.35237
Amzirc Brazed, 500 °C 1.633E-23 9.48610
Amzirc as-received, 650 °C 2.638E-10 3.55738
Amzirc Brazed, 650 °C 2.141E-17 7.80399
GlidCop as-received, 500 °C 2.392E-87 36.40497
GlidCop Brazed, 500 °C 1.195E-205 91.21151
GlidCop as-received, 650 °C 3.312E-61 26.74301
GlidCop Brazed, 650 °C 2.762E-56 24.69575
CuCrZr as-received, 500 °C 6.857E-20 5.46637
CuCrZr Brazed 500 °C 2.489E-14 4.46268
CuCrZr as-received 650 °C 4.040E-10 2.13871
CuCrZr Brazed 650 °C 8.059E-17 7.07106
CuCr as-received 500 °C 6.353E-13 3.01887
CuCr Brazed, 500 °C 7.363E-13 4.17238
CuCr as-received 650 °C * *
CuCr Brazed 650 °C 6.047E-11 4.05855

*Did not follow power law creep.

Table 5 Thermal expansion of AMZIRC, GlidCop Al-15, Cu-1Cr-0.1Zr, and Cu-0.9Cr alloys
where the thermal expansion, ¢, in units of in/in, is expressed as a quadratic function of
temperature, 7, in units of °C, such that o 7) = A(T)* + B(T) + C. Based on the variations of &
expressed among different specimens, & values are estimated to be accurate to within £ 1%.

Alloy A B C
AMZIRC 4.132E-09 1.610E-05 —1.701E-04
GlidCop AL-15 3.989E-09 1.619E-05 —1.000E—04
Cu-1Cr-0.1Zr 4.947E-09 1.559E-05 —8.019E-05
Cu-0.9Cr 4.317E-09 1.599E-05 ~1.016E—04
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Table 6 Summary and comparison of alloy properties.

Property Comparison
Thermal The conduct?vity of oxygen fre.e copper is about 400 W/mK, all alloys‘of copper are below this value.
conductivit The conductivity of AMZIRC is best at about 370 W/mK, the conductivity of GlidCop Al-15 and
Y NARIloy-Z is approximately 320 W/mK, and that of GRCop-84 is about 300 W/mK_"*!
Thermal The thermal expansion of GRCop-84 is the lowest at 0.008 in/in at 480 °C; the expansion of GlidCop,
expansion AMZIRC, Cu-1Cr-0.1Zr, and Cu-0.9Cr at this temperature are all about the same at 0.0087 in/in.
Since GlidCop and GRCop-84 are not significantly influenced by high temperature brazing, these two
alloys are clearly stronger than the heat treatable alloys (AMZIRC, Cu-1Cr-0.1Zr, Cu-0.9Cr, NARloy-Z)
Strength after brazing. In the absence of any brazing heat treatment — Cu-1Cr-0.1Zr is strongest, even at test
temperatures up to 650 °C. However, the strength of Cu-1Cr-0.1Zr is expected to degrade with time at
use temperatures in excess of 500 °C due to over aging.
Compressive Compressive strength in these alloys closely follows what was found for tensile strength. GlidCop Al-15
strength and GRCop-84 were the strongest after brazing.
GRCop-84, AMZIRC, and Cu-1Cr-0.1Zr all had good ductility. GRCop-84’s elongation was the most
Ductilit consistent, remaining between about 16 and 25% across the entire temperature range tested (20 to 800
Y °C). GlidCop Al-15 and Cu-0.9Cr had the worst ductility at temperatures greater than 500 °C; the
ductility of Cu-0.9Cr was particularly bad (~2% elongation) at 500 and 650 °C.
GlidCop Al-15 had the best creep properties of all the alloys regardless of brazing condition. The creep
properties of as-received Cu-1Cr-0.1Zr were as good as GlidCop’s, however, the creep rates of Cu-1Cr-
0.1Zr, AMZIRC, and Cu-0.9Cr dropped dramatically after the brazing heat treatment. The creep
Cree properties of NARloy-Z were relatively poor. Thus after brazing, GRCop-84 and GlidCop Al-15 had
P better creep properties than the other alloys. In the brazed condition, at a strain rate of 10°® sec ™! the step
loaded creep stress for GlidCop Al-15 was about 160 MPa; at these same conditions the creep stress was
about 110 MPa for GRCop-84, and about 60 MPa for the other three alloys, including as-received
NARIoy-z.
Effects of GRCop-84 and GlidCop Al-.15 were not significantly affegted by the simulatgd braze. AMZIRC, Cu-1Cr-
Brazing 0.1Zr, and Cu-0.9Cr lost their strength due to the braze, with strengths dropping by about 80% or more

ield strength loss was about 50% due to the braze in NARloy-Z).
Yy g y
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Figure Captions
Fig.1  Typical as-extruded GRCop-84 microstructures.

Fig.2  AMZIRC longitudinal microstructures in the as-received condition; longitudinal/drawing direction is horizontal; dark
spots are likely CusZr.

Fig.3 AMZIRC longitudinal microstructures after the simulated brazing heat treatment at 935 °C; longitudinal/ drawing
direction is horizontal.

Fig. 4  GlidCop Al-15 longitudinal micrograph of the as-received condition; longitudinal/drawing direction is horizontal.

Fig.5  GlidCop Al-15 longitudinal microstructures after the simulated brazing heat treatment at 935 °C; longitudinal/drawing
direction is horizontal.

Fig. 6  Cu-1Cr-0.1Zr micrograph of the as-received condition.

Fig.7  Cu-1Cr-0.1Zr longitudinal microstructures after the simulated brazing heat treatment at 935 °C; longitudinal/drawing
direction is horizontal.

Fig.8  Cu-0.9Cr micrographs of the as-received condition.
Fig.9  Cu-0.9Cr micrograph of the brazed condition.

Fig. 10 Ultimate tensile stress for as-received and brazed GRCop-84, AMZIRC, GlidCop Al-15, Cu-1Cr-0.1Zr, and Cu-0.9Cr
alloys. GRCop-84 values are the average of HIPed and extruded material, data points represent averages of multiple tests, five
tests at each temperature for GRCop-84, most others are the average of two tests. Average values for NARloy-Z taken from the
literature are shown as a dashed line.*'#!>2!)

Fig. 11  Yield Strength, in units of MPa, at 0.2% off-set strain for as-received and brazed GRCop-84, AMZIRC, GlidCop Al-
15, Cu-1Cr-0.1Zr, and Cu-0.9Cr alloys. GRCop-84 values are the average of HIPed and extruded material, data points represent
averages of multiple tests, five tests at each temperature for GRCop-84, most others are the average of two tests. Average values
for NARloy-Z taken from the literature are shown as dashed lines.[>'*!>2!]

Fig. 12 Elongation in tensile of as-received and braze heat treated GRCop-84, AMZIRC, GlidCop Al-15, Cu-1Cr-0.1Zr, and
Cu-0.9Cr alloys. Data points represent averages of multiple tests, five tests at each temperature for GRCop-84, most others are
the average of two tests.

Fig. 13 Reduction in cross-sectional area for as-received and brazed GRCop-84, AMZIRC, GlidCop Al-15, Cu-1Cr-0.1Zr, Cu-
0.9Cr alloys. GRCop-84 values are the average of HIPed and extruded material, data points represent averages of multiple tests,
five tests at each temperature for GRCop-84, most others are the average of two tests.

Fig. 14 Compressive Yield Strength, defined as the compressive stress at 0.2% off-set strain, for GRCop-84, AMZIRC,
GlidCop Al-15, Cu-1Cr-0.1Zr, and Cu-0.9Cr alloys at various test temperatures; data points are from averages of multiple tests,
two or three tests at each temperature for each alloy.

Fig. 15 Step loaded creep rate data in the linear region of the log — log plot of strain rate and applied stress, with superimposed
power function; power function constants are given in Table 9. All data at 500 °C are in black and use smaller symbols, data at
650 and 800 °C are gray or colored and use larger symbols.

Fig. 16 Constant load creep and resulting secondary creep strain rates with superimposed power law functions, power function
constants shown in Table 11; data at 500 °C are black, larger like symbols are at the higher temperature. The GRCop-84 lines
shown are from the power law creep rate equations presented in Table 11, from analysis of previous creep tests presented in Ref.
24. NARloy-Z data shown by dashed lines, and at 800 °C by a shaded line near the ordinate at 3x10 %/sec, were taken from Ref.
23.

Fig. 17 Thermal Expansion results, lines are plots of equation (1) and the quadratics from Table 5.
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