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Abstract

Stress strain curves of oxygen free copper alloyed with phosphorus Cu-OFP have been determined in
compression and tension. The compression tests were performed at room temperature for strain rates
between 10~ and 107 1/s. The tests in tension covered the temperature range 20 to 175°C for strain
rates between 1077 and 5x107 1/s. The results in compression and tension were close for similar
strain rates.

A model for stress strain curves has been formulated using basic dislocation mechanisms. The model
has been set up in such a way that fitting of parameters to the curves is avoided. By using a funda-
mental creep model as a basis a direct relation to creep data has been established. The maximum
engineering flow stress in tension is related to the creep stress giving the same strain rate.

The model reproduces the measured flow curves as function of temperature and strain rate in the inves-
tigated interval. The model is suitable to use in finite-element computations of structures in Cu-OFP.
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1 Introduction

The Swedish spent nuclear fuel is today stored in Clab, a central interim storage facility. The fuel will
be stored there for 30 to 40 years and is then going to be moved to a final repository. The waste pack-
age concept is referred to as KBS-3. The method involves the nuclear fuel waste being encapsulated
in an insert made of iron with a surrounding copper canister. The iron insert provides the mechanical
strength and the copper canister gives corrosion protection /1/. The material in the canister will be
oxygen free copper alloyed with phosphorus, Cu-OFP. Between the copper canister and the insert
there will be a gap of 1-2 mm to ensure that the inserts with holes for the fuel elements can safely be
placed in the copper canisters /2/. The waste packages will be placed 500 m down in the bedrock sur-
rounded by a buffer of bentonite clay. The clay reduces the transport of radionuclides into the rock in
case of canister failure. The canister, the clay and the rock represent a multi barrier protective system.

The canisters will initially be exposed to a temperature close to 100°C and an external pressure around
15 MPa from the surrounding bentonite and the groundwater. The external pressure and increased
temperature will give rise to slow plastic deformation that gradually closes the gap between the
canister and the insert. The maximum strain in the copper shells will be about 10% /3/, /4/.

In addition to corrosion performance the copper must show good ductility properties. To study the
ductility behaviour, both traditional creep tests and tensile tests can be used. Slow strain rate tensile
tests have been made before for cold worked copper /5/, but not for annealed Cu-OFP.

To describe the deformation in the copper canisters for nuclear waste, accurate data for creep and
plastic deformation must be available. In this report tensile and compression tests of annealed
oxygen free copper alloyed with phosphorus are analysed. Constitutive models for creep deformation
have been dealt with elsewhere /6/. The aim of this study is to present tensile and compression tests
of phosphorus alloyed pure copper. A model is also derived for stress strain flow curves to be used in
elasto-plastic stress analysis.



2 Material and testing

The copper in the canisters will be in a soft condition, processed at high temperature without sub-
sequent cold deformation. Only this soft condition is studied. The test material is copper with 45 to
60 ppm phosphorus. The composition is given in Table 2-1. Phosphorus gives copper higher creep
ductility.

The first material is taken from an extruded tube with a diameter of 1,000 mm and a thickness of
50 mm. The tube has the designation 64-2-1 (T27). The tube was extruded at Wyman & Gordon
from an ingot produced at Outokumpu, Pori. The second material is from a lid with the designation
TX104. The lid was forged at Scana, Bjérneborg from an ingot produced at Norddeutsche Affineri
AG. The analyses in Table 2-1 were made by the ingot producers.

The specimen geometries and test parameters are given in Table 2-2. Three test series are included.
In the first set, tensile tests were performed at 20, 75, 125 and 175°C for strain rates from 1x1077

to 1x10* 1/s. In the second and third sets tension and compression tests were carried out at room
temperature at strain rates in the interval 5x107° to 5x107 1/s. The test series were performed at

two laboratories, the first one at KTH and the second and third one at Bodycote. The tensile and
compressive testing followed standard procedures (SS-EN 10002-1) and (DIN 50106), respectively
except for chosen strain rates. In series 2 and 3, the strain rate was increased by a factor of five when
1% strain was reached but not in series 1. It is the final strain rate that is given in Table 2-2. The test
series were performed in the following machines: Svenska Testprodukter 50 kN (series 1) and MTS
DY36, UN-1370 (series 2 and 3).

Table 2-1. Composition of tested material, ppm.

Cu % Ag As Bi Cd Co Cr Fe H Mn Ni

Tube, Top 99.992 13.9 0.98 0.21 <0.003 <0.006 0.19 1.2 0.24 <0.01 0.3

Tube, Bottom  99.993 136 1.05 021 <0.003 <0.006 0.2 1 0.37 <0.01 0.3

Lid 99.992 13 1 <1 <1 <1 <1 2 - <05 2
(o] P Pb S Sb Se Si Sn Te Zn

Tube, Top 1 60 022 58 049 0.46 <0.2 0.051 0.24 <0.01

Tube, Bottom 2.5 50 0.3 59 0.59 0.52 <0.2 0.081 0.24 <0.01

Lid 2 45-60 <1 5 1 <1 - <05 <1 <1

Table 2-2. Specimen geometries and test conditions.

Test Material Specimen type Dimensions of Test standard Test temper- Strain rates, 1/s
series gauge length atures, °C
1 Lid Tensile | ®10x50 mm - 20, 75, 125, 107,107, 1075, 107*
175
Tube Tensile Il ® 10x56 mm SS-EN 10002-1* 20 5x107°, 5x1074, 5x10723
Tube Compression & 10x25 mm DIN 50106* 20 5x1075, 5x1074, 5x107°

*The strain rate was a factor of 5 lower below 1% strain.



3 Proof strength

The stress strain flow curves have been recorded with extensometer. From the flow curves the proof
strength has been determined. The proof strength has been evaluated with a 0.2% offset in strain.
The values found are listed in Table 3-1.

The temperature dependence of the proof strength is illustrated in Figure 3-1. The proof strength
exhibits a slow decrease with increasing temperature. There is an increase in the proof strength with
increasing strain rate but the effect is somewhat hidden due to experimental scatter.

The proof strengths in test series 1 and 2 are apparently different, see Table 3-1. At 20°C, the data
in series 2 give almost 20 MPa lower values than series 1. The reason for this difference lies in the
manufacturing process. The tube is extruded and the lid is forged. It is known from previous tensile
tests of lid material that it is very difficult to avoid a small amount of cold working during forging.

In American standards there are two oxygen free copper grades with phosphorus C10300 (10 to 50
ppm P) and C10800 (50 to 120 ppm P). In annealed condition the same proof strength value of 69
MPa is given for the two grades (grain size 50 um) /7/.

Table 3-1. Proof strength values derived from the recorded stress strain curves.

Loading Test series Temperature, °C  Strain rate, 1/s  Proof strength, MPa
tension 1 20 107 72.6
tension 1 20 107° 73.4
tension 1 20 1078 (64)
tension 1 20 1077 70.7
tension 1 75 107 67.8
tension 1 75 107 70.7
tension 1 75 10°° 66.7
tension 1 75 1077 67.9
tension 1 125 107 63.2
tension 1 125 107° 69.4
tension 1 125 107° 61.9
tension 1 125 1077 63.6
tension 1 175 107 65.6
tension 1 175 107° 64.3
tension 1 175 1078 56.1
tension 1 175 1077 59.0
tension 2 20 5x107° 54.1*
tension 2 20 5x10% 54.8*
tension 2 20 5x107° 56.2
compression 3 20 5x10~° 64.8*
compression 3 20 5x10~4 62.7¢
compression 3 20 5x1073 61.0*

*Average of 2 tests.
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Figure 3-1. Proof strength versus temperature for test series 1. Values for four strain rates are shown from
IX107 to 1 X107 1/s. The lines are model values given by eq. (7).
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4 Model for flow curves

Empirical models for stress strain curves are readily available and can represent the curves with good
accuracy by fitting parameters to experimental data. This type of approach has the limitations that it
is difficult 1) to make it predictive and i1) to extrapolate the results to new situations. To avoid these
complications, a basic model for copper is derived.

If someone is going to use the model only for specific cases, examples of parameter values are given
in section 4.3.

4.1 Model

A classical model for the development of the dislocation density p below the creep regime takes into
account work hardening and dynamic recovery. The work hardening can be described by an expres-
sion originally suggested by Orowan.

dp _m
de bL

¢ is the strain, b is Burgers vector and L is the “spurt” distance which the dislocation moves when

it is released during deformation. m is the Taylor factor. When dislocations are getting close they
annihilate or lock each other. This is referred to as dynamic recovery. This gives the following reduc-
tion in the dislocation density /8/

dp _
de

where © is a dimensionless parameter. By combining (1a) and (1b) we get a model originally
proposed by Bergstrom, see e.g. /9/.

Work hardening (1a)

—0p Dynamic recovery (1b)

DM oo @)
de bL

The strength is related to the dislocation density

G=0,+ moch\/E 3)

oy is the proof strength where the plastic deformation starts, m the Taylor factor, a a constant, and
G the shear modulus. If the deformation is glide controlled we expect that the temperature and strain
rate dependence of the yield strength above room temperature can be expressed as
GT) ¢ .y
6y (T) = 0y (Tg) 20 (L1 @
G(Tp) €9

where 7Y is room temperature. € is the strain rate and € o= 10* 1/s is its reference value. The strain
rate dependence of the proof strength is assumed to be represented by the same exponent n as for the
maximum flow stress, see below. Experimental values for G(7) are used /13/.

G=4.75x10"~17T, G in MPa, Tin K (5)

When the deformation is climb controlled a fundamental model for the strain rate as a function of
stress given in /6/ is used

2b 3 o0 —Q[l—( ° )2}
p DsobTL( o )ekBTe RT O max / fo ©)

€ =
OFP m  kgT | amGb

The interpretation of the parameters in eq. (6) and their values can be found in Table 4-1. For a given
strain rate the required stress ¢ can be found from (6). For a strain rate of 1x10~ the stresses 209,
199, 184, and 169 MPa are obtained at 20, 75, 125 and 175°C. This a relative decrease from 20°C of
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Table 4-1. Values and interpretation of constants in eq. (6).

Parameter description Parameter Value Reference
Coefficient for self diffusion Dy 1.31x10° m?/s 11/
Activation energy for self diffusion O 198,000 J/mol 1/
Burgers vector b 2.56x10"1%m

Influence of phosphorus fr 3,000 for T < 398 K 12/
Taylor factor m 3.06

Boltzmann’s constant kg 1.381x1072% J/grad

Constant in eq. (3) o 0.19

Max back stress Cimax 257 MPa

Dislocation line tension 7 7.94x1071® MN

1,0.96, 0.89, and 0.81. These stresses are referred as o¢limb. If the yield strength is climb controlled
it would experience a relative decrease with increasing temperature in the same way as 6¢limb-

In the square brackets in eq. (6), the first term is the climb contribution and the second one the glide
contribution. It is assumed that the relative contributions from the two mechanisms are controlled by
the terms in the square brackets. In summary, the temperature dependence can be expressed as.

Cclimb 2 G(T) Oclimb 2 | Oclimb () |, &€ \(1/n)
0y (T) =0y (T} (=) +(I=( ) () (7)
Y yro G max G(TO) G max cSclimb(TO) €0

The first term in the curly brackets in eq. (7) is the glide contribution and the second term the climb
contribution. The Norton exponent n can be determined from eq. (6). The resulting values are n = 116,
85, 64, and 48 for 6 = o¢limb at 20, 75, 125 and 175°C, respectively. The temperature dependence of
the proof strength is illustrated in Figure 3-1.

With egs. (2) and (3) stress strain curves can be described. In the traditional descriptions L and o are
empirical parameters that are fitted to experimental stress strain curves. L is often related to the grain
size, to the subgrain size or to the dislocation density. The latter case can expressed as

=P @®)

¢p and v are constants. A common choice is v = 0.5. This is often referred to as the Kocks-Mecking
model, who have written many papers about the model, see e.g. /10/. v= 0.5 is a natural choice since
this means that L is proportional to the distance between the dislocations. With v = 0.5, eqgs. (2) and
(3) often give a good representation of stress strain curves for fcc alloys.

The model in egs. (2), (3), (7) and (8) has a good physical basis, since all the parameters are well-
defined physical quantities. What remains is to derive values for ¢p and o to avoid having them as
fitting parameters.

To find a representation for  a derivation given by Roters et al. can be used /8/. They gave the
following expression

m 1
(D:gdint(z__) )
Nslip

d; 1s the interaction distance between dislocations where they start to combine. The assumption
made here is that this distance is twice the core radius of the dislocations

di=2.5b (10)

g, 1s the number of slip systems that is 12 for fcc metals. By combining eqgs. (2) and (8) to (10) the
maximum dislocation density p;,4¢ can be obtained

14



1

Pmax = ) (11)
(ZCpb(Z -1/ Aglip )
inserting (11) into eq. (3) gives the maximum flow stress.
moG
Omax = (12)

Gy+
2¢5(2-1/ng;p)

From (6) the flow stress can be obtained as a function of strain rate (by iteration). This corresponds
to the maximum flow stress G, in eq. (12). Thus, from eq. (12) the remaining parameter c, can be
determined.

moG

= (13)
22-1/ Alip )(O max flow — Gy)

s

Where 6. fiow 1 Obtained from eq. (12) as

en
O max flow = Omax I+ €u g) / fred (14)

Eq. (12) takes into account that the stress value derived from (10) is an engineering stress. Sgng

is the uniform elongation. f..; = 1.10 is a factor that is introduced to take into account that the creep
rate is higher in a tensile test than in a creep test at a given stress level. The reason for this will be
presented in the discussion. Eq. (2) with L given by (8) can be integrated directly. The result is

1/2 1/2 —-we /2

p = Pmax (I-e ) (15)
where the maximum dislocation density py 1S

m .2
Pmax = (—) (16)

cobcp
inserting (15) and (16) into eq. (3) gives.
2
m-oG _

=0, (1-e"98/2) (17)

(DCp

With the help of the condition for plastic instability in a tensile test (Considere’s criterion)

dc

RASI (18)
de
the uniform elongation can be obtained from eq. (17). The resulting criterion is.
2
2 m-aG(l+w/2)
g, =— log( 5>—) (19)
O o,oc, +m oG
Y=
The corresponding engineering strain is
e = ofu _| (20)

which is the quantity that should be entered in eq. (14).

4.2 Comparison to experiments

In Figures 4-1 and 4-2 the model in eq. (17) is compared to experimental data from tensile tests.

In these Figures engineering strains and stresses are used. The reason for using engineering units
in addition to true ones is to illustrate that there is a tendency to the formation of a plateau around
the maximum in the experimental data. It is this plateau level that is natural to compare to the creep
stress giving the same stationary strain rate as in the tensile tests. The stress level taken from the
creep model in eq. (6) is marked with a cross. The strain is taken for the position where the waist
formation starts, which is given by eq. (20).

15
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As can been seen, the agreement between the model and the experiments is in general good. The
model flow curve does not take into account the plastic instability at the maximum stress of the

experimental curves. Comparison to the experimental data beyond this point is consequently
meaningless.

The strain according Considére’s criterion is marked with a cross. It gives an acceptable estimate
of the uniform elongation since it is close to the maximum in the experimental curves.

The corresponding Figures in true units are illustrated in Figures 4-3 and 4-4. In true units the flow
curves have a simple exponential dependence of the strain. Curves from test series 2 are shown

in Figure 4-5. For this series the stress was only recorded to 15% strain. There is some variation

in the experimental curves. Some lie slightly above and some below the model curves. The close
agreement between the model and the experiments in most cases is clearly seen. The exponential
dependence of the stress with increasing strain in the model, cf. eq. (17), gives a good representation

of the data. This applies to the whole investigated temperature range 20 to 175°C and strain rates
from 1077 to 0.005 1/s.

The experimental results in Figures 4-1 to 4-5 are from tensile tests. In Figure 4-6 data from com-

pression tests in series 3 are compared to the model. In fact, the compression and the tensile flow
curves are quite close and the model can represent the compression results as well.
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Figure 4-3. Comparison between model, eq. (17), and experiments at 20 and 75°C at the strain rates 10~
and 107. Tension. True strain and stress.
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4.3 Parameter values

This section gives parameter values for specific cases to enable the use of the model, eq. (17) without
solving the equations that are the basis of the model. The following values are the same for all cases.

m=3.06,0=0.19, ® = 14.66

m and o are fundamental values used in the plastic deformation of metals. o is given by eq. (9). The
remaining parameters can be found in Table 4-2. The proof strength o,, the shear modulus G and the
spurt factor c, are obtained from eqs. (7), (5) and eq. (13), respectively. The chosen proof strength
values at room temperature and a strain rate of 1x10*is 74, 62, and 62 MPa for test series 1, 2, and
3, respectively.

Table 4-2. Parameter values in eq. (17).

Temperature, °C Strain rate £, Proof strength Shear modulus Spurt factor,
1/s o,, MPa G, MPa c,
20 0.005 64.1 42,519 22.96
20 0.0005 62.9 42,519 23.41
20 0.00005 61.6 42,519 24.04
20 0.0001 74.0 42,519 25.52
20 1.00E-% 72.5 42,519 25.98
20 1.00E-% 711 42,519 26.59
20 1.00E-%7 69.7 42,519 27.25
75 0.0001 7.7 41,584 26.20
75 1.00E-% 69.8 41,584 26.91
75 1.00E-% 67.9 41,584 27.73
75 1.00E-%7 66.1 41,584 28.65
125 0.0001 68.3 40,734 28.07
125 1.00E-% 65.9 40,734 29.10
125 1.00E-% 63.6 40,734 30.33
125 1.00E-%7 61.3 40,734 31.76
175 0.0001 64.1 39,884 30.46
175 1.00E-% 61.1 39,884 31.95
175 1.00E-% 58.2 39,884 33.85
175 1.00E-%7 55.5 39,884 36.21

19



5 Discussion

There is some variation between individual tests. This can be observed both for the proof strength
and the remainder of the flow curves. It is well-known that mechanical testing of pure copper is
sensitive to how specimens are machined, how they are set up in the test machine, etc. The variation
in the test results is consequently no surprise.

A model for flow curves has been formulated. It is based on fundamental dislocation mechanisms.
Two main assumptions are made. The first involves the efficient distance where dislocations interact
during the recovery process. The distance is assumed to be twice the core radius of the dislocations.
The second main assumption is that the level of the plateau in the engineering stress strain curves is
related to the creep stress that gives the same strain rate. The dislocation barriers that are built up in
the two types of tests can be expected to be somewhat different. In a strain controlled tests it is likely
that the dislocation barriers are broken down more efficiently than in a stress controlled creep test.

In the model it is assumed that the “stationary” stress level in the strain controlled test is 10% lower
than the corresponding creep stress.

It is an important result that the creep and the tensile tests are closely related. It implies that the
results can supplement each other. In addition, it helps identifying the deformation mechanisms
involved. The creep model that has been used in the present paper is described in /6/. The creep
model is based on a combination of climb and glide of dislocations. Thus, it is likely that the
compression and tensile tests are controlled by the same mechanisms.

The model is used to represent stress strain flow curves in a fairly wide range. Temperatures from
20 to 175°C and strain rates from 107 to 0.005 1/s are covered. It is apparent that the fit to data is
equally good in all of this range. This confirms that the model can take into account the differences
in temperatures and strain rates. Since the difference between compression and tension in the experi-
ments is small, the model is applicable to both these types of loading.
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Conclusions

Tensile and compression tests of oxygen free copper alloyed with phosphorus have been performed.
To analyse the data a fundamental model for stress strain curves has been set up. The model is
intended for finite-element calculations of structures in the material.

» Three test series gave proof strengths at room temperature and at a strain rate of 10~ 1/s of 74,
55 and 63 MPa, respectively. The first two series were performed in tension, the third one in
compression. The reason for the higher yield strength in the first test series is that forged material
was used, which has typically a small amount of cold work.

* The presented model for stress strain curves can describe the temperature, strain rate and strain
dependences in the tests quite well. The range analysed is 20 to 175°C and 107 to 0.005 1/s.

» Stress strain curves in compression were determined at room temperature and were found to be
close to the values in tension, indicating that the same model can be applied in both loading cases.

» The model for the stress strain curve is based on an expression for the secondary creep rate.
The creep stress that gives the same strain rate as in the tensile tests is used to determine the
maximum engineering flow stress. In this way a direct relation between the creep and the
constant strain rate tests has been established.
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