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ABSTRACT

This paper reviews expressions to quantify thermal creep and fatigue lifetime for four
copper alloys, Cu-Ag-P, Cu-Cr-Zr, Cu-Ni-Be and Cu-AlO3. These property models are
needed to simulate the mechanical behavior of structures with copper components that are
subjected to high heat flux and fatigue loading conditions, such as molds for the continuous
casting of steel and the first wall in a fusion reactor. Then, measurements of four-point bending
fatigue tests were conducted on two-layered specimens of copper alloy and stainless steel, and
thermal ratchetting behavior was observed at 250 °C. The test specimens were modeled with a
two-dimensional elastic-plastic-creep finite-element model using ABAQUS. To match the

measurements, a primary thermal creep law was developed for Cu-0.28% Al,O3 for stress

levels up to 500 MPa, and strain rates from 10°-107s™. Specifically,
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L. INTRODUCTION

Copper alloys, with their combination of high thermal conductivity and relatively high
mechanical strength and toughness over a wide range of temperatures, are likely the best
materials for complex structural applications subjected to conditions of extreme heat flux under
load. Such applications range from molds for the continuous casting of steelll-4] to the first

wall of a fusion reactor[3-8].

Continuous casting molds must withstand contact with molten steel and remove
sufficient heat to continuously solidify a solid shell. To produce high-quality steel slabs, billets,
and strip, a copper mold must maintain tight dimensional tolerances and consistent surface
temperatures while being subjected to constant thermal cycling (due to both short and long
liquid level changes). To be economical, it must survive many months with minimum wear
while over 50,000 tonnes of steel is pulled through it. Most important of all, it must be 100%
safe from complete fracture, because contact between the molten steel and cooling water
(separated by only a thin layer of copper) could be catastrophic.[2] New alloys are difficult to
introduce owing to the difficulty of safely demonstrating their ability to satisfy these

requirements.

The first wall of the proposed fusion reactor, ITER (International Thermonuclear
Experimental Reactor) must be designed to face both thermal and nuclear radiation from
million-degree plasma. This thin wall must maintain dimensional stability and withstand
stresses induced by mechanical loads and temperature gradients as well as the irradiation creep
and swelling induced by the high neutron fluencel6-8]. Achieving and proving reliable
performance of the first-wall material is a key technical challenge that may determine the
feasibility of commercial fusion reactors. Despite the widespread use of stainless steel in
current nuclear reactors, copper alloys are the leading candidate materials for the ITER first

wall.

The accurate prediction of the mechanical behavior and lifetime of the entire structure is
crucial to applications such as these. To do this requires accurate models that include a robust
characterization of material properties such as the thermal conductivity, thermal expansion
coefficient, and mechanical constitutive relations. The latter includes elastic, plastic, and creep
behavior, and fracture toughness, crack growth, and failure prediction under a variety of loading
conditions, such as fatigue cycling. Furthermore, these constants must be represented in terms
of fundamental constants that are still valid in complex geometries very different from the test

specimens.



This paper focuses on the material properties of commercially available copper alloys,
optimized for both high strength and high thermal conductivity. They include precipitation-
hardened (PH) and oxide-dispersion-strengthened (ODS) alloys. Their chemical compositions,

trade names, and manufacturers are listed in Table 1.

Table I — Copper Alloys for High-strength, High Heat Flux Applications

Alloy (manufacturer) Alloy type Composition (wt %)

C107000°1 Cu-Ag-P Cu - 0.1%Ag - 0.008%P

CCZ (Kabelmetal) [10] Cu-Cr-Zr (PH) Cu- 0.65%Cr-0.10%Zr

C17510 (Brush Wellman) [] Cu-Ni-Be (PH) Cu-1.4t02.2%Ni- 0.2 to 0.6%Be
GlidCop AL-x (SCM Metals) [11]1  Cu-AlxO3 Cu - x/100 %Al (1.02 x / 54 %A1,03)
E.g. GlidCop AL-15 (C15715) (ODS) Cu - 0.15%Al as oxide particles

(0.28 %Al1,03)

Continuous casting molds are usually made of Cu-Ag-P, Cu-Cr-Zr, or sometimes Cu-Ni-
Be alloys. Oxide-dispersion-strengthened alloys are leading candidates for the first wall of
ITER, owing to their superior resistance to irradiation creep, relative to the PH alloys. In both

of these applications, heat flux is on the order of 1 MW m-2, maximum operating temperature is
300 - 400°C, and stress can reach 400 MPa.

The first objective of this paper is to review previous work on the property models of
these four copper alloys, focusing on thermal creep and fatigue lifetime prediction. Then,
fatigue experiments at the University of Illinois are reported on, with particular emphasis on a
combined modeling approach to develop and evaluate a model for thermal creep of Cu —

0.28%Al1,03. The ultimate objective is to build a database of property models for these and

other alloy systems that can be implemented into accurate models of the complete structures.

IT COPPER ALLOY PROPERTIES

Several reviews on the properties of copper alloys have been published.[5> 9 10, 12] The
PH alloys gain their strength from precipitation hardening, where intermetallic particles form
during cooling. They can be cast and subsequently heat-treated, which is advantageous for
structural components with complex geometry. The ODS alloys are strengthened by a fine
dispersion of hard oxide particles. They cannot be cast, since the oxide particles would not

remain uniformly dispersed in the liquid phase. Products of ODS alloys are only available in
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wrought form (sometimes produced by powder metallurgy technologies), and joined by brazing

or diffusion bonding.

Zinkle reviewed the thermal and mechanical properties of copper alloys employed in
high heat flux structural components for various thermomechanical treatments.[5] The ODS
alloys Cu-Al»O3, PH alloys Cu-Cr-Zr and Cu-Ni-Be, were found to have the best combination
of high thermal conductivity (> 350 W m-! K-1) and high strength (0.2% yield strength > 400
MPa) at room temperature, as shown in Figure 1(a). The PH alloys may soften due to precipitate
coarsening (overaging) and recrystallization after extended exposure to temperatures above 400
°C. The ODS alloys are resistant to both softening and irradiation creep, owing to their stable

oxide particles.

Blanchet[!12] investigated the thermal and mechanical properties of a variety of copper
alloys, including brass, tin copper, and aluminum copper alloys. The thermal conductivity at
room temperature and the yield strength at 300 °C, are presented in Figure 1(b) for the low-

alloy coppers, which have the best properties.

A. Constitutive Relations

A major obstacle to performing an accurate thermal stress analysis is finding material
constitutive equations that relate stress, strain, temperature, time, and strain rate, for arbitrary
loading and temperature histories over the entire range of operating conditions experienced by
the material. Finite element modeling approaches include unified elasto-visco-plastic, elastic-
plastic, and elastic-plastic-creep models.[13] The choice of model dictates the nature of property

reporting.

Unified constitutive models characterize the instantaneous inelastic strain-rate response
of a material point under arbitrary loading in terms of evolving state variables, which include
temperature, stress, and structure. They can accurately simulate the coupling between plasticity
and thermal creep even up to the solidification temperature.[14] For example, an increase in the
slope of the stress-strain curve during a tensile test produced by work hardening or a decrease
due to recovery can be reproduced in a model by corresponding increases or decreases to a
structure parameter that represents dislocation density. The unified models require many
additional tests, such as stress relaxation and variable loading tests to determine the parameters

in the model and can be computationally expensive.



Elastic-plastic models can be applied only when time-dependent plasticity and creep
effects are small, or when the total strain rate is known, so that the appropriate stress-strain
curves can be chosen a priori. Mechanical properties are extracted from standard tensile tests
conducted at constant total strain rate and are defined in terms of an elastic modulus, yield

stress, and plastic modulus, all of which may vary with temperature.

When the mechanical properties depend only slightly on strain rate, an elastic-plastic-
creep model is appropriate. This model splits the inelastic strain into a rate-independent plastic
part and a rate-dependent creep part which are assumed not to interact. In addition to the
parameters defined in the elastic-plastic analysis, a creep strain function is needed. For high
flux structures, the plastic loading is usually small, so this approach is reasonable. For the
present work, temperature is intermediate and measurements of copper alloys consist mainly of

standard tensile tests and creep tests, which are appropriate for this model.

B Yield Strength

Yield strength decreases steadily with increasing test temperature. Yield strengths of
ODS alloys are shown in Figure 2.[15-20] Most of these data were obtained on GlidCop AL-15
and Al-20, which have lower strengths than the Al-25 and Al-60 alloys. The room temperature
yield strength varies between 300 and 600 MPa, mainly due to different amounts of cold work
(31% to 80 CW) prior to testing.

Figure 3 shows the yield strengths of Cu-Cr-Zr alloys measured at 20 - 750 °C.
Gravemann et all21] and Kabelmetalll0] investigated the properties of Elbrodur (commercial
brand) Cu-Cr-Zr, as shown in Figure 3.[5- 211 The yield strength of cold rolled Cu-Cr-Zrl[22] is
almost twice that of cast and aged material at room temperature, but drops faster with
temperature, reaching similar strengths at 400 °C. This is because the strength increase
generated by prior cold work is lost at higher temperatures due to recrystallization and creep
softening. For the same reason, the yield strengths of the silver bearing copper alloys at room
temperature are similar to the others, but they weaken rapidly when the temperature exceeds
150 °C. Thus, these nearly-pure, copper alloys are not as suitable for the high temperature

applications of concern in this work.

C Thermal Creep

Models to quantify creep behavior range from simple empirical correlations, which use
accumulated strain and time to characterize the material structure, to complex models, which

also incorporate intrinsic material properties, microstructural features, and microstructure



evolution mechanisms such as the motion of vacancies, grain boundaries, and dislocations.
Creep rates are dramatically reduced by the presence of particles, particularly if they are fine and

uniformly distributed, which should also be modeled.

In simulating deformation of a complex structure, it is difficult and costly to accurately
predict the microstructural features and their evolution. Thus, this work adopts the common

empirical relation [14] of strain rate, € , applied stress, 6, temperature, T, and time, t:
: Q. nm
E=Aexp(——)o''t [1]
P RT)

where n and m are the stress and time hardening exponents respectively, Q (kJ mol") is the
activation energy, R, (8.314 J mol'K™), is the universal gas constant, and A is a constant with

units of MPa"s ™"

This primary creep law simplifies to a steady state law when m is 0. The steady state
creep rate is the minimum rate measured during the second stage of a creep test.[23] It must be
used with great caution when performing engineering calculations because both primary and

tertiary creep rates are much larger and potentially more dangerous.

A quantitative comparison of conventional steady creep test data is presented in Figure 4,
as a function of stress, temperature and alloy. Selected primary creep data is presented in Figure
5[1. 3], A curve through each set of data points was fit using Eq. [1], and the derived model
parameters are presented in Table II, along with the corresponding experimental conditions. For
a given material, the creep rate depends strongly on the applied temperature and stress level,[11;
14,23-30] In constructing the curve fits, Q and n values were adopted if they were reported, but

all of the A values had to be calculated in this work.

For pure copper, Q for bulk lattice diffusion (i.e., vacancy diffusion) is 197 kJ mol-! and
n is 4.8.125] Low alloy copper, such as Cu-Ag-PIl: 3], exhibits similar thermal creep behavior to
pure copper, so its Q and n values are also 197 kJ mol-! and 4.8. The activation energy of
relatively pure copper is reported to depend on elastic modulus E, stress exponent n, and

temperature T, according to: [23, 23]

dln¢ nRT?[dE
- ne ome | ee 2
Q R{B(I/T)L_COMJF E [dT} ]

Because E generally decreases with increasing temperature, the second term in this

equation suggests that Q decreases with increasing temperature.



Table II - Creep Strain Experimental Data for Copper Alloys

Particle Applied Coefficient  Activation  Stress Time
Materials size Test T Stress A* Energy Q Exponent Exponent
(um) °C MPa (MPaNs™-1y  kJ-mol 'K n m*
Pure copper(25; 29] 400 15-105 38.8 197 4.8 0
700
Cu-0.001%Ag- 250 600 25-35 0.006 180 4.8% -0.66
0.005%Fe- 350 20-100 180 6.6
0.015%0I23] 400 170
450 155
500 150 4.2
550 135
600
650 4.2
700
Cu-0.001%Ag[26] 210 500  35-65 800. 186 3.8 -0.385
Cu-0.1%Ag- 400-650 193 151-213  1.16x10° 197 5 0.5
0.008%PI1, 9] Anneal
Cu-0.65%Cr- 216  183-282  7.56x10" 197 3 -0.92
0.1%Zrl1. 2, 93 2.82x107% 197 14 0
Cu-.65%Cr-.1%Z14] 538 - 7.51x10" 197 1.7 0
Cu-.45%Cr- 300 110-213  1.80x107 197+ 5.3% 0
0.19%7Zr(8]
Cu-2%Cr-0.3%Zt[27] 500-700 400 98 3.25x107% 134 15 0
Anneal 400 218 1.31x10™ 112 41 0
400-500 100-220 91-190%  15-41 0
Cu-2%Cr-03%Zr[28] 0.7 400-500 80-155 - 210-260  11-29 0
Cu-Cr-Zr30] 300 210-300  4.64x10° 197+ 7.4% 0
Cu-1.4t02.2%Ni-  400-600 229  180-372  1.07x10’ 197 2.5% -0.75
0.2 t0 0.6%Bell: 91  Aging
Cu-Al,O3 (GlidCop 1000 350  70-130  1.28x10™"° 197+ 12.64 0
AL-25) [11] Anneal
Cu-ALO3 (GlidCop ~ 0.60 472 100-130  2.3x10™% 257.6 30 0
AL-15) [25] 0.65 725 30-50  9.5x10"° 248.9 10.6 0
Cu-Aly03 (GlidCop 400 130-200 7.6x10™" 197% 9.8 0
AL-15) [18]
Cu-Al,0324] 650,850 55-241 - 512 15-22 0
Cu-Al,0324] 650  130-210 - - 23-26 0
Cu-Al,0324] 550,650  17-27 - 368 30-49 0

*These values were found by fitting the referenced experimental data to Eq. [1].

**First row 1s a primary creep law (with a threshold stress of 159 MPa, which must be subtracted
from o before using the equation). Second row is a steady creep law, (valid at times greater than the
critical time when primary and secondary creep strains are equal).
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Dispersion strengthened copper alloys Cu-AlyO3,[11. 18,24, 25] at high stresses and low
temperature have n values of 4-8, and Q around 197 kJ mol-!. However, at low stresses, n
increases to as high as 20-100, and Q reaches 3 times as high as that for bulk lattice diffusion.
Also, at high temperature, a threshold stress for ODS copper alloy creep was reported.[28] Creep

strain is negligible when the applied stress is below this threshold stress.

For Cu-Cr-Zr alloys, Q is reported to range from 100 to 197 kJ mol-1, if the annealing
temperature is below 600 °C.[28] For a high annealing temperature of 700 °C, Q varies widely
(from 66 to 327 kJ mol-1), depending on the stress and strain levels. The stress exponent n for
Cu-Cr-Zrl28] increases from about 4 to 29, as the test temperature rises from room temperature to
500 °C, for stresses of 80 - 155 MPa. Beryllium copper alloys, such as Cu-Ni-Be,[!: 3] have the
highest thermal creep resistance among the copper alloys studied in this work. As shown in

Figures 4 and 5, its stress exponent is only 2.5.

D Cyclic Deformation

Loading due to thermal-cycling in a constrained region of a structure can be represented
by constant strain-amplitude mechanical loading at a fixed temperature.[31 321 Plastic strain can
be held constant during each cycle, by controlling the instantaneously measured response. For a
fully-reversed, strain-controlled fatigue test, the stress amplitude decreases with time for a cyclic
softening material. This behavior is common at elevated temperature, as creep strain due to
dislocation climb and grain boundary movement occurs during each cycle. Eventually a stable
hysteresis loop is achieved. The results of many such tests can be plotted together in a cyclic
stress-strain curve, such as for the two alloys in Figure 6. Each data point is taken from a single
fully-reversed strain-controlled fatigue test at ambient temperature. At high temperatures, the
materials under analysis are cyclic softening, so the stress values in a constructed cyclic stress-

strain plot are lower than those found in the static stress-strain curve (given in the first cycle).

In simulating the hardening or softening phenomena observed in cyclic tests, a complete
constitutive model of cyclic plasticity should specifically account for: (1) the Bauschinger effect,
where the yield stress decreases after a load reversal, (2) cyclic creep ratchetting, where plastic
strain accumulates in each cycle of a stress-controlled fatigue test with nonzero mean stress, and
(3) stress relaxation, where the stress in a strain-controlled test with a nonzero mean stress will
tend toward zero with the progression of cyclic deformation. Two popular modeling approaches

are “isotropic hardening”, where the yield stress increases with the absolute accumulated strain,



and “kinematic hardening,” where the yield stress evolves and is able to reproduce Bauschinger
effects and stable hysteresis loops.[33: 341 This work investigates the idea that these simple time-
independent elastic-plastic models, when combined with an appropriate creep law, can

approximately reproduce many of the important phenomena encountered in cyclic loading.

E Fatigue Life

Fatigue failure may occur in structures subjected to cyclic stresses, at stress levels
considerably below the yield strength. Fatigue lifetime is lower at higher temperatures,
especially when stress levels are high enough to generate significant inelastic strain in each
cycle and cause low cycle fatigue. Fatigue lifetime prediction models have been based on
inelastic strain, total strain, stress and other approaches. Common empirical correlations to
predict fatigue lifetime include the Basquin Law,[35] the Coffin-Manson relation,[3¢] the
Coffin-Halford formula,[37] and Neuber’s rule.[33] In this work, the inelastic strain is much
higher than the elastic strain, so a simplified Coffin-Manson approach,[36: 38] appears most
appropriate:

Ag |

5 =¢,2N, [3]
where Ag/2 is either the total strain amplitude or the inelastic strain amplitude, &' is the
empirical fatigue ductility coefficient, 2N¢ is the number of reversals to failure, and c is the

empirical fatigue ductility exponent. For an ODS copper alloy, the value of ¢ is approximately -
0.6, and &' is 0.56[29], based on the inelastic strain amplitude.

Previous work has investigated low-cycle fatigue of copper,[31] [39] copper/stainless
steel or copper/beryllium welds,[40; 41] oxygen free high conductivity copper (OFHC), [42. 43]
Cu- AlpO3l8. 31, 32, 40] Cy-Cr-Zr[8] and Cu-Ni-Be alloys.[3: 401 Measurements of fatigue
lifetime for these copper alloys are shown in Figures 7(a) and 7(b). Results from recent
isothermal bending experiments are given in Figure 8.[40] These results quantify the significant
effect that increasing temperature has on lowering the fatigue lifetime. Fatigue life prediction is
further complicated when the loading is thermo-mechanical in origin, so the structure is not
isothermal. For example, the failure of continuous casting molds in service occurred after fewer
cycles than predicted with an isothermal fatigue life model.[4] The importance of these high
temperature effects in limiting fatigue lifetimes,[29; 31, 41] the difficulty of predicting lifetimes,

and the paucity of quantitative data provide a great incentive for more work in this area.



I Fatigue Experiments

Fatigue experiments were conducted on bimetallic copper/stainless-steel plates.
Specifically, four-point compressive load and constraint conditions were applied on the bending
test specimens shown in Figure 9. The 101.6 x 12.7 x 12 mm’ specimens were made of a 6-mm
thick wrought copper alloy plate, GlidCop AL-15 (Cu with 0.28 % Al,O3 particles) explosively
bonded to a 6-mm thick wrought 316L stainless steel plate. These tests were designed to
approximate the geometry, fabrication methods, and loading conditions proposed for the first
wall of the ITER fusion reactor. Sinusoidal loading conditions (load control) were applied with
a minimum to maximum stress ratio (i.e., R-ratio) of 0.1. Vertical y-displacement at the load
position (point B) was recorded continuously. A summary of test conditions and results is given
in Table III.

Table I1I - Fatigue Test Measurements

Test max. Lifetime  Estimated Indentation
Specimen  temperature Load  Frequency  cyclesto  Max tensile at four
(°O) (kN) (Hz) failure stress points(mm)
(MPa) Cu SS
A-1 ambient -1.7 * 336401 355 * *
A-2 ambient * * >1500000 213 * *
A-3 ambient -16 * * 450 * *
A-4 ambient -8.5 5 949240 284 0.05 0.05
A-5 ambient -8.5 5 808470 250 0.04 0.02
A-6 ambient -13.5 2.5 112916 500 0.10 0.10
A-7 ambient -6.5 5 2766221 225 0.03 0.02
A-11 250 -7.25 2.5 >3000000 250 0.08 0.02
A-12 250 -9.5 5 >6388821 325 0.08 0.05
A-13 250 -11.5 5 2074350 400 * *
A-14 250 -13 2.5 34876 450 0.13 0.10
A-15 250 -13 2.5 49265 450 0.12 0.10

* not available

At low load, the loading and unloading curves follow the same load-displacement path
during each cycle, indicating elastic behavior. Experiments performed at higher load produce
large plastic strains in the first cycle, as evidenced by differences between the loading and
unloading curves. Subsequent cycles follow the same path, indicating that the initial plastic
strain hardening increases the yield stress sufficiently for subsequent stresses to be entirely
elastic. Experiments at higher temperature experience inelastic strain in each cycle, indicating

thermally-induced creep and the phenomenon of thermal ratchetting.
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Examination of the final shapes of the test specimens found them distorted in two
different ways. First, the bars appeared “sagged”, with more deformation at the center of the
specimens tested at higher load and / or temperature. This deformation provides evidence for
the accumulation of residual plastic strains, which occur during each loading cycle. Secondly,
each of the four points where a load or constraint was applied had a slight indentation. About
40% of the depth of each indentation was produced in the first loading cycle. Again, the depth
increased with load and temperature. Indentations at the constraint positions in the copper were
slightly deeper than that at the load positions in the stainless steel, presumably because the
copper is softer. Fatigue failure generally occurred at a crack perpendicular to the surface that
was initiated after a large number of cycles at the bottom copper surface. Occasional cracks
turned to propagate along the interface. The crack typically grew either to or through the
interface (at low loads). These results suggest that the interface bond may be stronger than the

copper alloy, which deforms due to thermal creep.

10 Model of Fatigue Experiments

A Finite-Element Model Description

The fatigue experiments discussed in the previous section were simulated using a two-
dimensional finite-element stress model, solved with ABAQUS.[33] Since the temperature
range under study is below 400 °C, and property data was not available, unified models were
not employed. Instead, the simpler conventional elastic, elastic-plastic, elastic-creep, and
elastic-plastic-creep models were investigated. The simulation domain, load and constraint
conditions for the test bar specimens are given in Figure 9. The model employs a 32 x 26 mesh
of standard 4-node, two-dimensional plane-strain finite elements (CPE4 in ABAQUSI[33]). A
mesh refinement study revealed that further refinement increased stress predictions by less than
2%. Both the isotropic and kinematic hardening models give the same results, since stresses in
these bending tests never exceed the yield in reverse loading. Most of the assumed mechanical
properties are given in Table IV, and are based on the reviewed literature for copper and
stainless steel.[44] In addition, a Poisson ratio v of 0.343 and plastic modulus of 11 GPa was

assumed for copper. Values of 0.283 and 8 GPa were assumed for stainless steel.
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Table IV - Material properties

Temperature Thermal Thermal Elastic Yield
°O) Conductivity Expansion Modulus Stress(0.2%)
k (Wm-1K-1) o (°C1) E (GPa) YS (MPa)
GlidCop AL-15
20 344 16.6 x 10-6 130 410
250 317 17.8 x 106 130 393
Stainless Steel
20 16.0 16.0 x 10-6 200 207
250 18.15 17.2x 106 140 200

B Comparison with Analytical Solution and Elastic Experiments

The first simulation was conducted with a small maximum load of only 3.088 kN, to
produce only elastic behavior. First, results from this elastic simulation were verified with an
analytical solution (see Appendix). Axial (x-stress) at the bottom center of the specimen
(copper) is 221 MPa tension, while the top (stainless steel) is about 229 MPa compression. The
neutral axis (where stress is zero) is very close to the interface of the copper and stainless steel,
owing to the similarity of the two elastic moduli (130 and 140 GPa). The maximum vertical (y)
displacement at the load position (point B in Figure 9) and maximum strain position (point C)
are 0.13 mm and 0.15 mm respectively. The compliance at point B is then 0.13 mm / 3.088 kN

=4.2 x 108 m N-1, which is the same as the analytical solution.

Next, the slopes of the elastic experimental load-displacement curves were measured.
The load-extension curve in the test bar followed almost the same path during every cycle. The
tiny observed changes might be attributed to small amounts of cyclic softening or hardening of
the stainless steel. More importantly, the average slope of those curves matched the model

predictions, indicating that the choice of elastic modulus and Poisson ratio were reasonable.

C Comparison with Fatigue Experiments

Next, an elastic-plastic calculation was performed using the properties in Table IV for
the conditions of test A-14 in Table III. The x-stress profile predicted by ABAQUS through the
center of the specimen at maximum load is given in Figure 10. The top layer of the stainless
steel is in compression, while the bottom layer of copper is in tension, except for a small region
near the interface of the two materials. The neutral axis is displaced from the copper / stainless-
steel interface almost 1.0 mm into the copper. This is because the steel has more plastic strain,

owing to its lower yield strength, so supports less load. The bottom 2 mm of the copper and the
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top 4 mm of the stainless steel deform plastically. This naturally lowers the maximum stress
levels. In the central region, the elastic solution matches the finite element model results. The
slopes in the two material zones are nearly the same, and the stress across the interface is almost

continuous, owing to the similarity of the two elastic moduli.

Finally, elastic-plastic-creep simulations were conducted with the material properties
presented in Table IV and compared with the measurements. The x-stress and equivalent
plastic strain contours calculated at maximum load in a typical specimen (A-14) are presented in
Figure 11. As expected, high axial (x-direction) tension was found at the bottom of the copper
alloy layer (448 MPa maximum) and high compression at the top of the stainless steel layer.

Inelastic strains are greatest at the top and bottom surfaces.

The load was plotted as a function of relative displacement at the load position
(including the local indentation effect) to compare the simulation results with the experimental
record of fatigue test A-14, as shown in Figures 12 and 13(a). The slopes of the load-
displacement loops are related to the elastic modulus of the materials. Except for the first loop,
all slopes of the load-displacement loops from the ABAQUS model match the fatigue test
results. The slight underprediction of the measured displacement for the first half load cycle is
likely due to the underprediction of the indentation and the take-up of play in the testing

equipment.

The successive increases of the maximum displacement of test A-14 are attributed to
thermal ratchetting, because inelastic thermal creep is significant in this copper alloy at the
elevated test temperature of 250 °C. Although the 2.5 Hz frequency of this test is very fast,
creep is still believed to be the dominant phenomenon. The importance of creep would be
expected to be even more important, if the fatigue cycling frequency were lower. Plasticity is
significant only during the first cycle, and is followed by a rapid "shakedown" period. The
accumulated displacement in each cycle decreases rapidly with increasing cycles. This might

be due to the decrease in creep rate in the primary creep regime.

The trends of both the predictions and fatigue test results are the same. The maximum
deflection, at the center of the specimen, is 1.07 mm. This is close to the 1.0 mm measured in
specimen A-14. Plastic strain is predicted to be large in the first half loading cycle (0.2 mm of
the 0.81 mm total displacement at the load position), and then drops rapidly to reach zero in
subsequent cycles. Although the test was conducted in load control, the maximum load in the
first cycle did not reach the prescribed value of -13 kN. This accounts for the difference

between the simulation and the measured stress after the first half cycle. The actual indentation
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in the first cycle of test A-14 is estimated to be about 0.06 mm, considering that a significant
fraction of the final accumulated indentation of 0.13 mm is expected in the first cycle. The
calculated depth of the indentation after the first half-cycle is 0.04 mm, which compares
reasonably with the measurement, considering the course size of the finite-element mesh near
the indentation. The thermal creep law used in the simulation underpredicts the accumulated
displacement at long times (large cycles) for the test at 450 MPa (A-14), while it slightly
overpredicts for the test at 400 MPa (A-13). This can be seen by examining Figure 13, where
each large symbol on the predicted curve corresponds with a series of smaller symbols which
define the measured response at a particular selected cycle. The discrepancies correspond with
the mismatch between the new thermal creep law and the estimated creep rates, which are

compared in Figure 14 and discussed in the next section.

A% Thermal Creep Law For Glidcop AL-15 Alloy

No creep law was available from the literature for the GlidCop AL-15 alloy, so
constants for the creep law were chosen such that the simulations described in the previous
section were able to reasonably match the fatigue test measurements. This was achieved via the

following steps:

(1). First, the load-position data recorded for the high-temperature tests A-11 to A-14
were converted to displacement-time curves, knowing the number of load cycles and their
frequency. Relative displacement was measured at the load position (point B) at the point of
maximum load in each cycle. The average displacement was crudely estimated by dividing the
total increase in displacement between two recorded cycles by the number of cycles between

them.

(2). Next, the displacement/time curves were converted to creep-rate / time curves
(Figure 14). To determine the relation between the displacement and the creep rate, the
transient elastic-creep finite-element model described in the previous section was applied to
simulate a single load cycle under conditions of both constant loading and sinusoidal loading.
For typical test conditions, the result was that the creep strain accumulated over a complete
sinusoidal cycle is the same as that for the constant maximum load applied over about half of
the cycle period. The exact relation is independent of load, but varies with frequency. Using
the appropriate relation for each test, an input creep rate was found to match each corresponding
increase in the displacement at B, so the creep-rate / time curves could be constructed. For the
tests with different periods, additional linear conversion was needed to make the total creep

time the same.
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(3). Finally, the creep rates were paired with the average time of the two recorded
cycles. Creep rate curves for other Cu alloys are supplied on the same graph for comparison.
These curves from Thomasl!: 2] are time-, stress-, and temperature-dependent primary creep

laws for copper alloys, as given in Table II and shown in Figure 5. The stress exponent was

found from the slope of In(€¢ ) ~ In(c) curves of the four 250 °C tests at long time. The

accuracy of this calibration is illustrated in Figure 14. The new creep function for copper - 0.28
% Al;O3 alloy or Cu-AL-15 is:
_ 197000

&(s™)=1.43x10" exp| -————
) p( 8.31T(K)

)[G(MPa)]z'S[t(s)]O'g [4]

This simple power law creep correlation in Eq. [4] roughly predicts the measured creep
rate over this range of load (7.25 to 13 kN), stress (250 to 450 MPa), and time (0.1-10*
seconds), at least at 250 °C. Figure 14 compares the constant log slope of the power law curve
with the gradually steepening curve from the experiments. In all cases, the creep rates tend to
very small values at large test cycles (long times). The small steady values expected for
secondary creep were not reached in only 10* seconds. Creep rates predicted with the new

creep law compare reasonably with those of previous creep laws, as shown in Figure 14.

VI Discussion

Four point bending fatigue tests were performed on layered copper-stainless steel
specimens, and thermal ratchetting was observed for the tests at 250 °C. The tests were then
simulated using an elastic-plastic-creep finite-element stress model. A primary thermal creep
law for the Cu-0.28% Al»O3 copper alloy was found by fitting the four point bending fatigue
tests. The ratchetting displacements and local depressions predicted using this equation in an

elastic-plastic-creep model approximately matched those from the fatigue test results.

No attempt was made to extract a failure correlation from the present data because the
failure mechanisms are believed to be more complex than a simple correlation could reasonably
be extrapolated from. Cracks sometimes ran to the interface and then turned to run along the
interface. At other times, the cracks ran to the neutral axis of the specimen, before arresting or
turning. The relationship between the location of the neutral axis of the specimen to the

interface between layers appears to be critical in understanding failure of a layered specimen.

This combined experimental-modeling approach is a powerful method to tackle complex
problems. Much more work is needed on the specific problem of finding mechanical properties

to enable the prediction of thermal fatigue life of copper alloy components. Finite element
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simulations of the test specimens, such as those conducted in the present work, should be
routinely conducted to help analyze the results of fatigue and other complex experiments in the

future.

VII CONCLUSIONS

This paper reviews quantitatively, the thermal creep laws and fatigue lifetime
correlations of the copper alloys Cu-Ag-P, Cu-Cr-Zr, Cu-Ni-Be, and Cu-Al»0O3. This work then
demonstrates how experiments and modeling should be performed together to develop property

data for the analysis of complex structures:

(1) Design and perform experiments where the sample geometry, material and load
conditions match as close as possible to the critical portions of the real structure of interest. In
this work, four-point bend fatigue specimens consisting of layers of copper and stainless steel

are loaded sinusoidally to match typical conditions expected in high heat flux structures.

(2) Simulate the experiments with a realistic computational model and modify the
input parameters and models until the predictions match the test results. In this work, an elastic-

plastic-creep finite-element model is applied and a new power-law expression is developed to
describe primary creep of Cu-0.28% Al,Os3.

3) Apply the computational model to the real complex structure of interest and use
predictions such as the mechanical behavior and fatigue life to optimize the design and ensure
safety. The present model is applied to simulate the mold of a continuous casting machine, and
the first wall of ITER, in work described elsewhere.[2, 4]

APPENDIX ANALYTICAL SOLUTION FOR BENDING IN ELASTIC REGION

The stress distribution calculated through the thickness of the bending test specimen
matches the following analytical solution in the linear elastic region. Based on the geometry
defined in Figure 9, and assuming maximum load, P,,,, = 3.088 kN, E_ =130 GPa, E =140 GPa,

the maximum stresses in the stainless steel, G, and copper, G, are:

sS?

Mh, P L' E_ h,

GSS = = a1 - '229 [Al]
quss 4 (EI)eff

oeu=M2 - Pl B By _ o) [A2]
qucu 4 (EI)eff
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Where (EI)eff = (ISS ESS + Icu Ecu):2.466X105 GPa mm_4, ISS = H13b/12 + Hl (hl - 05 H1)2b
=864 (mm%), Iy = Ho3b/12 + Hy (hy - 0.5 Hp)2 b =966 (mm?)

o= 0.5E_ H; +E_H,H, +0.5E_H;

=5.89 mm; hp = H; + Hp - hy =6.11 mm A3
1 EssHl+EcuH2 ? : 2 : [ ]

P 2 p 5
maxa/ (43,2 - 3L'a) = 013mm ; Smax — maxa/

= —mx=" = (43> —3L"7)=0.15mm  [A4]
6(ED) 24(ED)

A

In the elastic region, vertical displacement J is directly proportional to the load, so their

ratio, the theoretical compliance of the specimen, is a constant:

5, | _ |(4a—3L")a?|
P | 12(ED,, |

max

=421 x108mN-! [AS]
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Figure 9 - Experimental specimen and four-point load conditions for bending fatigue tests
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Figure 10 - Stress distribution along centerline of bending fatigue test specimen A-14 at maximum
load predicted by elastic-plastic finite-element model and elastic analytical solution (250 °C)
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Figure 11 - Elastic-plastic-creep model predictions of x-stress and plastic strain distributions at
maximum load (Specimen A-14) (1:20)
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Figure 13(a) — Elastic-plastic-creep model prediction of raw fatigue-test measurements at long
cycles (Specimen A-14 at 250 °C)
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Figure 13(b) — Elastic-plastic-creep model prediction of raw fatigue-test measurements at long
cycles (Specimen A-13 at 250 °C)
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Figure 14(a) - Copper alloy creep laws compared with A-14 test data
(Maximum load = 13 kN, T=250 °C)
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