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The influence of prior plastic deformation on the creep process is studied
for copper and an aluminium alloy. Variations of basic creep parameters
due to differences in temperature of realized tests are also taken into
account. Moreover, the paper reports the prestraining effects depending
on the type of prior deformation. It is shown for both materials that,
depending on the deformation history, the basic creep parameters may
attain values which are more beneficial from the engineering point of view
than those for the non-prestrained material determined. It is also shown
that, in some cases, prior plastic deformation may lead to detrimental
effects expressed, for example, by reduction of the lifetime.
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1. Introduction

Since manufacturing and exploitation processes of most engineering struc-
tures or some their elements subjects them to deformation, it is important
to know the influence of this deformation on such different material proper-
ties at high temperatures as minimum creep rate, ductility, lifetime, rupture
and crack propagation. It has been found that plastic deformation prior to
creep testing at both room and elevated temperatures has either beneficial or
detrimental effects on the material properties (see References). Although the
problem was previously studied experimentally for several materials, only li-
mited amount of available data reflects the influence of plastic predeformation
on the creep process up to rupture (Dyson and Rodgers, 1974; Dyson et al.,
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1976; Kowalewski, 1995, 1996, 2003; Kowalewski et al., 2003; Marlin et al.,
1980; Pandey et al., 1984; Trampczynski, 1982). It is well known that the pro-
blem is particularly important during fabrication or assembly processes, where
a number of materials used in critical elements of engineering structures may
receive such cold work, which, as a consequence, may change significantly the-
ir lifetime. Up to now, the amount of experimental data is still insufficient
to estimate exactly whether the increase or decrease of creep strengthening
occurs up to a certain amount of prior deformation only, or whether this creep
property is in some way proportional to the amount of predeformation. Thus,
in order to achieve better understanding of this problem, further systematic
investigations are required.

The main goal of this paper is to identify the influence of prior plastic defor-
mation of pure copper and an aluminium alloy on the basic creep parameters
under uniaxial tension.

2. Experimental procedure

Two engineering materials were subjected to creep investigations, i.c. M1E
pure copper, and PA6 aluminium alloy (notation according to Polish Stan-
dards). Before creep testing, both materials were subjected to some standard
tests in order to check their initial mechanical properties and microstructure.

2.1. Materials and their preliminary investigations

In order to find an appropriate stress level for creep tests, standard ten-
sion tests were carried out for both materials at three different temperatures,
i.e. room temperature and elevated temperatures corresponding to those in
the creep tests applied. In the case of aluminium alloy, they were 423 K and
473 K, whereas for copper - 523 K and 573 K, respectively. The material cha-
racteristics from these tests are presented in Fig.1 for copper, and in Fig.2
for aluminium alloy. The basic mechanical parameters determined from the
standard tension tests for copper and aluminium alloy are listed in Tables 1
and 2, respectively. On the basis of data from tensile tests, stress levels for
creep investigations of both materials were selected. All of them were lower
than the appropriate conventional yield points. Hence, copper was subjected
to creep at 70 MPa in 523 K and at 45 MPa in 573 K. Creep tests of the PAG
aluminium alloy were conducted at 300 MPa in 423 K and at 200 MPa in 473 K.
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Table 1. Parameters of tensile tests for copper

] Temperature | T=293K | T=523K | T = 573K |
Young’s modulus E [MPa) 107000 92000 88000
Conventional yield limit

107 76 50
Ry 2 [MPa)
Ultimate strength 990 120 98

Ryn [MPa)

243
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Table 2. Parameters of tensile tests for the aluminium alloy

[ Temperature | T=293K [ T=423K [ T = 473K |
Young’s modulus E [MPa] 71589 69452 68500
Conventional yield limit

350 324 316
Ry.2 [MPa]
Ultimate strength -
Ry, [MPa] 516.5 454 389

The initial microstructures of both materials are shown in Fig. 3 for copper,
and in Fig.4 — for aluminium alloy. Their chemical compositions were also
assessed, and the results are presented in Tables 3 and 4.

Fig. 3. Microscopic structure of M1E copper (magnification 200x)

Table 3. Chemical composition of M1E

[ Notation I Cu ‘ Others i
‘ MI1E ‘ 99.9 ‘ Rest |

Table 4. Chemical composition of PA6

j Notation | Si f Fe ‘ Cu | Mn ‘ Mg [
| EN AW-2017A [ PA6 | 042 | 021 | 45 [082]0.73 ]
| Notation | Ni | Zn | Ti [ Aluminium |

| EN AW-2017A [ PA6 [ <0.02 [ <0.05 | <005  Rest |
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Fig. 4. Microscopic structure of PA6 aluminium alloy (magnification 100x)

2.2. Details of creep investigations

Thin-walled tubular specimens were used in all creep tests. As mentioned
above, for both materials the experimental programme comprised creep tests
under uniaxial tension carried out at two different temperatures (523 K and
573 K in the case of pure copper, 423 K and 473 K for aluminium alloy). Creep
tests were performed using a computer controlled creep testing machine for
materials in an as-received state and for the same materials plastically pre-
strained at the room temperature. In the case of copper, the prestrain values
of 2.5%, 5.0%, 7.5% and 10.0% were selected in tests at 523 K, whereas tests
at 573K were carried out for testpieces prestrained up to 5.0% and 10.0%.
The aluminium alloy specimens were prestrained up to 1.0%, 2.0%, 6.0% and
8.0% for both creep test temperatures taken into account.

Investigations of the effect of plastic predeformation on the subsequent
creep process were carried out according to the following procedure. First of
all, each thin-walled tubular specimen was proportionally deformed up to a
selected value of plastic prestrain by uniaxial tension at the room temperature
using an Instron testing machine, and then unloaded. Subsequently, each spe-
cimen was mounted at the standard creep testing machine, heated uniformly
at a chosen test temperature for 24 h prior to creep testing, and then subjected
to a constant stress level depending on the creep testing temperature. Both
creep stress levels selected for the tested materials were below the yield point of
each material at the considered temperatures. A diagram of the experimental
procedure is schematically presented in Fig. 5.

In the case of aluminium alloy, the tensile creep tests were also carried out
for specimens prestrained due to pure torsion. The amounts of prior plastic
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Fig. 5. Scheme of the experimental programme (copper tested under 70 MPa at
523K — &g = 0%, &1 = 2.5%, €2 = 5.0%, €3 = 7.5%, €4 = 10.0%; copper tested under
45MPa at 573K — ¢ = 0%, €2 = 5.0%, 4 = 10.0%; aluminium alloy tested under
300 MPa at 423K, and under 200 MPa at 473K — gy = 0%, €1 = 1.0%, £ = 2.0%,
Ey = 60%} Eq4 = 80%\)

deformation induced by pure torsion were the same as those at uniaxial tension
achieved, i.e. the equivalent plastic prestrain defined as

eP) = [e2 4 gsf (2.1)

where €., € are the axial and shear strains, respectively, was equal to 1%,
2%, 6% and 8%. Such a selection enabled evaluation of the influence of plastic
prestrain orientation on basic creep parameters.

3. Experimental results

3.1. Study of the prestraining effects depending on the temperature

The experimental results for copper and aluminium alloy prestrained du-
ring tensile tests at room temperature are presented in Fig.6 and Fig.7, re-
spectively. As it is clearly seen, the creep process under a constant stress is
generally affected by prior plastic strain at the room temperature. The iden-
tification of this problem will be given on the basis of variation of creep para-
meters expressed in a dimensionless form. The creep parameters determined
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from creep tests of non-prestrained materials will be selected as the reference
values, Table 5 and Table 6.
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Fig. 6. Creep curves of copper at: (a) o = 7T0MPa, 7' = 523 K; (b) o = 45MPa,
T =573K; 1 - material in the as-received state; 2, 3, 4, 5 — material prestrained up
to 2.5%, 5.0%, 7.5%, 10.0%, respectively
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Fig. 7. Creep curves of the PAG aluminium alloy at: (a) o = 300MPa, T' = 423 K;

(b) o = 200MPa, T = 473K; 1

material in the as-received state; 2, 3, 4,
5 - material prestrained up to 1.0%, 2.0%, 6.0%, 8.0%, respectively

Table 5. Creep parameters determined from tensile creep tests on copper
prestrained due to uniaxial tension

| o0=70MPa, T =523K

| 0 =45MPa, T =573K |

e (%) 0 [25[50[75[100] 0 5 10
€-10°[1/h] | 184 | 48 | 30 [ 65| 3.0 | 28.0 3.0 6.2
tr [h] 45 | 5 | 23] 3 25 2 2

trr [h] 170 | 100 | 90 | 25 | 15 75 45 35
tr [h] 254 [ 234|200 | 97 | 121 | 160 227 212
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Table 6. Creep parameters determined from tensile creep tests on the PA6
aluminium alloy prestrained due to uniaxial tension

[ | 0 =300MPa, T =423K | o =200MPa, T =473K |
e (%] 0 [1.0]20[60[80] 0 [1.0]207]6.0780
€-107°[1/h) | 1.4 | 13| 12]07]09]55 |30 23] 18129
tr [h] 70 |60 |50 [50 (40 1 | 2 [ 2 | 4 | 3
trr [h) 160 [ 180 [200 [ 260 [250 | 6 | 9 [12.5] 17 | 12
tr [h) 330 | 384 [ 399 | 705 | 601 | 17.3 | 24.8 | 35.3 | 46.6 | 34.6

Notation in Tables: ¢ — prior plastic deformation, € — minimum creep
rate at uniaxial tension, ¢; — duration of primary creep, t;; — time to third
creep period, tp - time to rupture.

Cold work preceding the creep, either for copper or aluminium alloy, indu-
ced a hardening effect expressed by significant decrease of the minimum creep
rate, Fig. 8. A similar effect was earlier observed by Trampczynski (1982, 1985),
Waniewski (1984), and Kowalewski (1991a,b) who also tested copper, but at
different conditions than those applied here. Taking into account the recovery
creep theory based on Orowan’s equation in the following form

do = (g—‘;) de + (%) dt (3.1)

this is an expectable effect. According to this theory, the balance between the
recovery rate (0o /0t) and the rate of strain hardening (9o /d¢) is responsible
for the constant value of the strain rate observed in the second period of the
creep process.

g 1.0

s L @] & 0 o
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Fig. 8. Variation of the dimensionless minimum creep rate due to prior plastic
deformation for: (a) copper, (b) PA6 aluminium alloy. (Minimum creep rates
achieved during creep of nonprestrained materials are used as the reference values)

Plastic predeformation of a material generates dislocations the density of
which depends on the prestrain amount. A greater number of dislocations
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increases probability of some slide directions to be blocked during creep, and
in consequence, it leads to decrease of the creep strain rate. Thercfore, the
plastically prestrained material should creep at a lower rate during the second
period of the process than the nonprestrained one. Taking into account the
results of tests carried out at 523 K for copper, Fig. 8a, it is easy to note that
the strain hardening effect observed exhibits gradual increase with the plastic
predeformation increase only up to the prior plastic deformation close to 5%.
Over this value, the hardening effect expressed by decrease of the secondary
creep rate was also remarkable, but its amount was not proportional to the
magnitude of prestraining. In the tests carried out for copper at 573 K, a similar
tendency can be observed. Conformation of the phenomena observed for pure
copper was achieved during creep examinations of the PA6 aluminium alloy,
Fig. 8b. Again, the reduction of the minimum creep rate was associated with
the increase of prior plastic deformation, and moreover, such an effect exhibits
a proportional character solely up to a certain limit value of prestraining. In
the case of aluminium alloy, the value of this limit was slightly higher than
that for copper determined. It was equal approximately to 6%. (It is stated
only approximately, since this value comes from experiments carried out in this
research. More exact values could be known if more tests would be carried out
with the amount of prior plastic deformation close to the value of 6%.) Further
increase of plastic deformation led to the increase of the minimum creep rate.
On the basis of the results achieved for copper and aluminium alloy, it may
be concluded that the tensile plastic prestrains decrease the secondary creep
rate, but the magnitude of this decrease is not proportional to the amount of
tensile plastic prestrain. Such behaviour cannot be predicted by the recovery
creep theory.
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Fig. 9. Variation of the dimensionless time to rupture due to prior plastic
deformation for: (a) copper, (b) PA6 aluminium alloy. (Times to rupture achieved
during creep of nonprestrained materials are used as the reference values)
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The results for copper tested at 523 K also show that the time to rupture,
Fig. 9a, and ductility, Fig. 6, were reduced due to plastic prestraining. As it
is shown, such behaviour has a character of a proportional relation up to the
prior deformation equal to 5%. Further variation of these parameters connected
with further increasing of the prior plastic deformation has a rather accidental
character (sce the creep curves 4 and 5 in Fig.6). The decrease of time to
rupture is relatively not significant for tests with the prestraining magnitude
up to 5%, whereas for prior deformations greater than 5% the change of this
parameter is essential, Fig. 9a.

Contrary to the creep tests of prestrained copper carried out at 523 K, the
lifetimes obtained during tests at 573 K were longer than the lifetime achieved
for the material in the as-received state at the same temperature equal to
573 K. One of the possible reasons for such a difference is presumably connected
with the influence of grain size variation on the creep process. The process of
grain size growing during creep of copper at 573 K was much more advanced
than that at 523 K observed, since the higher creep testing temperature was
significantly closer to the recrystallization temperature of copper. It has been
found from previous creep investigations that in comparison to fine-grained
copper the coarse-grained one exhibits lower values of the minimum creep
rate and longer lifetimes at the same stress level (Kowalewski, 1992). Hence, it
may be supposed that this is one of the key reasons for the opposite behaviour
concerning time-to-rupture variation obtained in both temperatures, namely,
the reduction of the creep lifetime at lower temperatures, and extension of the
lifetime at higher ones.

Such type of behaviour was not observed for the aluminium alloy, Fig. 9b.
In this case, the same tendency of lifetime variation was demonstrated for
both temperatures under the question. For relatively small values of prior pla-
stic deformation (up to 6%), the material exhibited lifetime extension, and
moreover, the mutual relation between the lifetime and the amount of prior
plastic deformation was almost proportional. For higher values of plastic pre-
straining, the lifetime extension can be also observed in comparison to the
lifetime achieved for the nonprestrained material, however, in these cases the
mutual relation between the lifetime and the amount of prior plastic defor-
mation was not proportional. It means that for higher magnitudes of plastic
prestrainning (> 6%), the creep lifetime becomes smaller, and for a sufficiently
high magnitude it may reach a lower value than that obtained for the material
tested in the as-received state.

Prior plastic deformation also can change duration of typical creep stages
of both materials tested, Fig. 10 and Fig. 11. The duration of the primary cre-
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Fig. 10. Variation of the dimensionless time of primary creep due to prior plastic
deformation for: (a) copper, (b) PA6 aluminium alloy. (Times of primary creep
achieved during creep of nonprestrained materials are used as the reference values)
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Fig. 11. Variation of the dimensionless time to tertiary creep due to prior plastic
deformation for: (a) copper, (b) PAG aluminium alloy. (Times to tertiary creep
achieved during creep of nonprestrained materials arc used as the reference values)

ep period for copper was reduced, in practice, independently of the amount
of prior plastic deformation, Fig. 10a. For the aluminium alloy however, this
parameter depends on the amount of prior plastic deformation. Depending on
temperature, the time of primary creep can be extended (higher temperature)
or shortened (lower creep temperature), Fig. 10b. In the case of pure copper,
the sum of primary and secondary creep periods was decreased with the incre-
ase of the plastic prestrain magnitude, Fig. 11a. The opposite behaviour was
observed during creep of prestrained aluminium alloy specimens, Fig. 11b.

The ductility during creep was also strongly affected by the prior plastic
deformation at room temperature. For both materials, the same tendency of
this parameter variation was demonstrated for all temperatures considered,
i.e. essential reduction of the total creep strain at rupture.
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3.2. Study of the prestraining effects depending on the type of prior
deformation

As it has been already shown, deformation history may change the basic
creep parameters. From a practical point of view it is also important to know
whether, and up to which degree the orientation of plastic deformation plays
a role in modifications of the creep parameters. In order to achieve an answer
to this question, additional tensile creep tests were carried out for the PA6
aluminium subjected to prior plastic deformation realised by means of pure
torsion. In comparison to tests carried out on the material prestrained due to
tension, the same magnitudes of prestraining were applied. The creep curves
representing these conditions are shown in Fig. 12. As it is clearly seen, also
prior deformation due to pure torsion significantly changes the creep process
of the aluminium alloy. Evolution of variation of the basic creep parameters
expressed in a dimensionless form are demonstrated in Fig. 13. The creep pa-
rameters determined from the creep test of the non-prestrained material were
selected as the reference values, Tables 6 and 7.
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Fig. 12. Creep curves of the PA6 aluminium alloy at ¢ = 300 MPa, T' = 423 K;
1 - material in the as-received state; 2, 3, 4, 5 - material prestrained due to pure
torsion up to 1.0%, 2.0%, 6.0%, 8.0%, respectively

Table 7. Creep parameters determined from tensile creep tests on the PA6
aluminium alloy prestrained due to pure torsion

\ | 0 =300MPa, T =423K |

e %] 0 | 1.0 |20 6.0 80
€-10°[1/h] [ 14 ] 09 | 0.7 | 1.6 | 1.7
tr [h] 70 | 90 | 100 | 40 | 40
trr [h] 160 | 210 | 250 | 140 | 130
tr [h] 330 | 463 | 512 | 334 | 303
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Fig. 13. Variation of creep parameters of the PA6 aluminium alloy due to prior
plastic deformation: (a) dimensionless minimum creep rate, (b) dimensionless time
to rupture, (c¢) dimensionless time of primary creep, (d) dimensionless time to
tertiary creep. (Tensile creep tests were carried out for stress equal to 300 MPa and
temperature — 423 K)

Observing variations of the minimum creep rate (Fig.13a), time to rup-
ture (Fig. 13b), time of primary creep (Fig.13c), and time to tertiary creep
(Fig. 13d) versus the magnitude of plastic predeformation it can be concluded
that the values of these parameters depend on the way along which prior pla-
stic deformation is realized. Moreover, it is easy to notice that the maximum
hardening effect observed for the aluminium alloy due to prestraining by pure
torsion takes place for the test with prior deformation equal to 2%. In the case
of creep tests after prestraining due to uniaxial tension, such a maximum was
significantly greater (6%).

4, Conclusions

e Prior plastic deformation significantly changes values of typical creep
parameters. Depending of the magnitude of prestrainning, some of these
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parameters can be improved, other however become weaker than those
for the nonprestrained material achieved.

e The tensile creep resistance measured as the value of a steady creep
rate was generally enhanced by plastic prestrain, which was expressed
by significant decrease of the steady creep rate. It was observed for both
materials tested. The effect has a proportional character up to a certain
limit value of plastic deformation only.

e In comparison to nonprestrained copper, small increase of the time to
rupture with increase of plastic predeformation has been observed for
prestrained specimens tested at a higher temperature (573 K). In the
case of a lower temperature (523 K), the lifetime decreased significan-
tly with the increase of plastic predeformation. The creep data for the
aluminium alloy exhibit the same tendency of lifetime variation due to
prestraining in both temperatures under the question, namely, extension
of the lifetime proportional to the magnitude of plastic prestrain. It has
to be noted, however, that tensile plastic prestrain magnitudes greater
than 6% led to the opposite effect, i.e. lifetime reduction.

e The amount of creep deformation for both temperatures considered was
markedly reduced by prior tensile plastic strain, yielding very low le-
vels. Elongation of the testpieces was proportionally decreased when the
magnitude of plastic prestrain was increased.

e A type of prior plastic deformation played an important role in the sub-
sequent, creep of the PAG aluminium alloy. More beneficial creep parame-
ters were achieved in the case of plastic prestraining realised by means
of uniaxial tension.

e It has been found that good agreement between experimental data and
predictions of the recovery creep theory can be achieved only for a suffi-
ciently low level of predeformation, lower than 5% in the case of copper
and lower than 6% for the aluminium alloy.
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Analiza pelzania miedzi M1E i stopu aluminium PA6 po wstepnej
deformacji plastycznej

Streszczenic

W pracy przedstawiono badania dotyczace wplywu wstepnej deformacji plastycz-
nej na proces pelzania miedzi i stopu aluminium. W dos$wiadczeniach uwzgledniono
wplyw zmian temperatury na podstawowe parametry pelzania. Omawianc sg row-
niez efekty zalezne od rodzaju wstepnej deformacji. Dla obu badanych materialow
pokazano, ze zaleznie od historii deformacji podstawowe parametry pelzania moga
ulegaé poprawie w stosunku do parametréw otrzymanych dla takich samych mate-
rialéw testowanych w stanic dostawy. Przedstawiono réwniez warunki, przy kiérych
wspomniane parametry ulegaja istotnemu pogorszeniu (np. obnizenie zywotnosci).

Manuscript received February 12, 2004; accepted for print November 30, 2004



