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ABSTRACT

A work-hardening correction has been added to a previously devised
method for characterising the Tong-term deformation properties of metals and
alloys by derivation from short-term relaxation data. The usefulness of this
correction has been assessed by creep and stress relaxation measurements on
titanium, copper and 70/30 brass. Within defined strain limits, good
agreement is obtained between derived and directly measured creep parameters.
The importance of the relaxation-system spring constant in determining the
extent of the agreement is discussed.
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1. INTRODUCTION

The ambient temperature, creep properties of very strong materials, like
high strength steels, are reported in the Titerature. Most room temperature
applications of such materials assume that plastic deformation does not occur
up to 80 per cent ultimate tensile strength (UTS). Gas centrifuges for
uranium enrichment are a critical application for which such information is
mandatory. Since the direct measurement of creep properties can be time
consuming, the AAEC has established a short-term method for characterising the
long-term deformation properties of any steel or alloy by derivation from
short-term stress relaxation data. Reports on the application of this method
Lo maraging steels have been published [Pollock and Barton 1976, 1979]. The
procedure is based on the method for correlating creep and stress relaxation
data, outlined by Feltham [1961] which was uncorrected for work-hardening.
Subsequently, Krausz and Craig [1966] examined Feltham's approach and
highlighted the importance of relaxation machine stiffness in determining the
agreement between the relaxation derived and the directly measured creep
properties.

Pollock and Barton [1979] attempted to account for work-hardening during
relaxation in their maraging steel work; however, the errors invoked in
calculating the correction were large owing to the very high work-hardening
rates of maraging steels. Although the agreement between derived and directly
measured parameters was useful for design purposes, it was decided to examine
the approach on more easily deformed materials. Also, the role of relaxation
machine stiffness could be investigated.

The method has been applied to experimental creep and stress relaxation
data measured with high purity titanium, commercial copper and 70/30 brass.

2. EXPERIMENTAL PROCEDURES

Round-shouldered tensile samples having gauge dimensions 20 mm tong x 4 mm
wide were stamped from thin sheets and used to determine the stress/strain
relationships and stress relaxation characteristics. Round-shouldered tensile
samples having gauge dimensions 100 mm x 2 mm wide.were machined from the same
sheets and used to determine creep properties.



2.1 Stress Relaxation and Creep Measurements

Stress relaxation measurements were carried out at 35 # 0.25°C and a
constant loading strain rate of 8 x 10'5 5-1’ according to procedures
described by Pollock and Barton [1979]. Continuous loading stress/strain data
were measured under the same conditions. Following Krausz and Craig [1966],
springs were used to investigate the effect of the Toading-train spring
constant on the agreement between derived and measured creep data. In all
cases, the relaxation-system spring constant was measured from the initial
elastic-Toading record of the sample and, in many cases, checked by measuring

on reloading after a series of relaxations.

Creep data were measured directly using high sensitivity, differential
displacement rigs and procedures [Pollock and Barton 1979].

3. DERIVATION OF CONSTANT LOAD CREEP DATA FROM STRESS RELAXATION DATA

Feltham [1961] outlined a method for extracting creep parameters from
stress relaxation data. The approach may be applied when

(a} the total strains during relaxation and creep are small, and

(b) there is a linear relationship between the Togarithm of time and
relaxed stress, or creep strain.

Condition (a) is generally satisfied with strong materials but, depending
on the applied stress, it may not always be satisfied with softer materials.
The experimental data provide a check on the satisfaction of condition (b).

The deformation occurring during stress relaxation and creep may be

characterised by parameters calculated from the experimental data. From the
relaxation data

Sp = - do/d log, t (1)
may be measured, where ¢ is the applied stress at time t. From the creep data

S, = de/d log t (2)



may be measured, where € is the creep strain at time t. Feltham [1961]
demonstrated that these parameters were proportionally related as follows

S = S. x 48 (3)

where § is the work-hardening coefficient, defined as do/de_  at the load of
interest measured from an uninterrupted stress/plastic strain curve.

Feltham [1961] ignored work-hardening when verifying Equation (3)
experimentaliy, using well-annealed brass over a small stress range. The
stress drop during a relaxation experiment is caused by continuing plastic
deformation of the sample which replaces some of the elastic deformation of
the Toading train, since the total deformation (elastic plus plastic) of the
system remains constant. If significant work-hardening occurs, the stress
drop recorded will be less than that calculated from Equations (1) and (3).

Following Sargeant [1965] a correction factor for work-hardening during
relaxation may be introduced [Pollock and Barton 1979]; Equation (3} then
takes the corrected form

S

R><(1+T')= Sc X (4)

where ) is the re]axation-system spring constant defined as
A= da/dt:e (5)

where dse is the elastic strain accompanying an increase in stress, de , and
8' is the work~hardenipg rate before relaxation from the load of interest.
Both the factor (1 + 'ﬂi) and the work hardening rate, & , may be easily

obtained from the experimental chart record as shown in Appendix A. Equation
(4) then takes the form

M me . € %
S, x =S, Xy X — X —
R Mo C " M-W S a, (G)
where
M= elastic-1oading slope measured from the chart record during

uninterrupted loading (N mm"l),



MP o= elastic Tloading slope measured from the chart record during
loading before relaxation testing (N mm‘l),

W= work hardening slope measured at the load of interest during
uninterrupted Toading (N mm'l),

W' = work hardening slope measured before relaxation from the load of
interest (N mm'l),

initial gauge length (mm) and mass section (mmz), respectively,
and

Lo
[«
)}
=
(=%
o
N

C and S = fixed chart and cross-head speeds, respectively (mm m'l).

Normally, M = M' and W

W', therefore Equation (6) reduces to

_ %
SR = SC X W X é X ao (7)

When different machine elastic constants are used to determine

uninterrupted stress/strain and incremental relaxation data, M # M' and W #

W's Nevertheless, for these conditions ﬁ?& = ﬁig%; and Equation (6) may be

used in the form

. 2
- o, 70
SR(NI) = SC ¥ W ox é X ao (8)

In cases where the Tloading history determines the work-hardening at a
given load, the assumptions on which the analysis rests begin to falter, and
the amplifications leading to Equations (7) and (8) are not applicable.
However, under these circumstances Equation (6) may be applied. This was the
case with 70/30 brass which exhibits strain-ageing characteristics.

4. RESULTS
4.1 Titanium
Titanium samples were stamped or machined from 0.71 mm thick sheets of 6N

pure material and annealed in vacuum at 850°C for 60 minutes. The tensile
stress/strain curve for this starting material is shown in Figure 1.



Stress relaxation and creep data were measured by incrementally loading a
number of samples. Relaxed load and creep strain are plotted against the
logarithm of time in Figures 2 and 3 respectively. The scales chosen for
these figures are convenient for condensed presentation and show the variation
in behaviour with stress. The relaxation data in Figure 2 were measured with
a spring constant of 1.3 x 104 N mm"z. Other relaxation measurements were

made with a softer spring constant of 1.3 x 103 N s

Directly measured creep parameters, SC’ calculated from the slopes of
creep strain versus the logarithm of time, are shown as a function of stress
in Figures 4 and 5. After correcting the relaxation data for the small amount
of machine relaxation occurring at loads up to 600 N, relaxation parameters,
Sp» were measured from the slopes of the relaxed load versus the logarithm of
time. Derived creep parameters were then calculated using Equations (3) and
(7) or (8). Creep parameters, derived from the relaxation data measured with
the high spring constant are included in Figure 4. Using Equation (7), which
contains the correction for work-hardening during relaxation, excellent
agreement is obtained with the directly measured data. Using Equation (3),
which is uncorrected for work-hardening, significantly Tower creep rates are
derived at all stress Tevels, in agreement with the expectation that a smaller
relaxation stress drop will be recorded when work-hardening occurs.

Creep parameters derived from the relaxation data measured with the
smaller spring constant are plotted against stress in Figure 5. Using
Equation (8), reasonable agreement is obtained at stresses above 140 N mm'z.
At lower stresses, the agreement is poor and, as will be discussed later
(Section 5), related to problems of accuracy when measuring the work-hardening
slope, W'.

4.2 70/30 Brass

70/30 brass samples were stamped or machined from 0.64 mm thick sheets of
rolled material and annealed at 760°C for 30 minutes in sealed tubes, taking
the usual precautions to prevent de-zincification. The tensile stress/strain
curve is shown in Figure 1. Discontinuous yielding, evidence of strain-ageing
[Hall 19701, was observed at stresses above 65 N mm"2. This strain-ageing was
also noted during the incremental loading of stress relaxation samples. On
reloading after recording a relaxation, upper and Tower yield points were
observed, the upper yield point load being higher than the previous stress
relaxation load.



Examples of the relaxation and creep data are plotted against the
logarithm of time in Figures 6 and 7, respectively. Deviations from linearity
due to strain ageing occurred for times greater than 200 seconds. The SC
parameters calculated directly from creep data are shown versus stress 1in
Figure 8. Derived creep parameters, calculated using relaxation data measured
with a spring constant of 8 x 103 N mm'2 and Equations (3), (6) and (7), are
also shown in Figure 8. FEquation (6) was used since strain-ageing effects
during loading ensured that the work-hardening conditions immediately before
relaxation were not identical with those at the same load during an
uninterrupted stress/strain test. Equation (6) provided reasonable agreement
with the directly measured data over the short stress vrange up to
approximately 65 N mm'z. Each equation produced derived creep parameters
which displayed an anomalous change to lower creep as stress increased from
about 65 to 70 N mm_z. Above 70 N mm'z, the expected increase in creep with
increased stress was obtained. The directly measured creep parameters reveal
that this anomaly is a change in the rate of increase of creep parameter with
stress to a lower rate above 60 N 2.

Using the softer spring constant of 1.3 x 103 N mm'z, the work-hardening
slope W' could not be measured accurately enough at lower stresses to provide
any measure of agreement with directly measured creep parameters. At higher
stresses, a wide disparity was obtained between derived and directly measured
data.

4.3 Commercial Copper

Commercial copper samples were stamped or machined from 1.0 mm thick
sheets and annealed at 800°C for 10 minutes. The tensile stress/strain curve
is shown 1in Figure 1. Relaxed Tload versus the Tlogarithm of time data,
measured with spring constants of 9 x 102 N =2 and 9 x 103 N mm'z, are shown
in Figures 9 and 10 respectively.

As was expected, the data measured with the lower spring constant produce
smaller values of Sp. Creep parameters calculated directly from the creep
data (Figure 11), are shown versus stress in Figure 12. Also included in
Figure 12 are creep parameters derived from the relaxation data measured with
the spring constant of 9 x 102 mm"z, using Equations (3) and (8).

Equation (8), which is corrected for work-hardening, produces derived SC
values which are in good agreement with those measured directly. In Figure



13, creep parameters derived from stress relaxation data measured with the
stiffer spring constant of 9 x 103 N mm'2 are compared with the directly
determined creep data. Neither Equation (3), uncorrected for work-hardening,
nor Equation (7), which contains the work-hardening correction, provide
derived creep parameters that compare favourably with directly measured data.
This variation in derived creep parameters with spring constant is the same as
that reported by Krausz and Craig [1966].

5. DISCUSSION

The experimental results measured with titanium and copper demonstrate
that the work-hardening correction incorporated in Equations (6) and (7) or
(8) produces a significant improvement in the agreement between directly
measured creep data and those derived from stress relaxation results. With
titanium, the agreement is excellent when derived from relaxation data
measured with the stiffer spring constant (Figure 4), compared with that
measured with the softer spring constant (Figure 5). With copper, the
situation is reversed. The softer system (Figure 12) produces a better
agreement with directly measured data. The role of the spring constant in
determining the error in the measurement of the work-hardening slope can be
shown to control the results for titanium. The case for copper is Tess clear.
Because of strain-ageing effects, the results for 70/30 brass are completely
different and will be discussed separately.

The spring constant, A, of the system used for the measurement of stress
relaxation or uninterrrupted stress/strain data, determines the accuracy with
which the work-hardening slope, W, and the relaxation parameter, SR can be
determined. Equation (7) indicates that these are the two variables upon
which the analysis rests. The load drop was always sufficient for an accurate
determination of SR. However, W proved to be much more sensitive to variation
in spring constant. The extent of this sensitivity may be understood by
reference to Figure 14 where W values for titanium are plotted as a function
of stress for two spring constants. An accurate measurement of W, as a
function of stress, was impossible at stresses below 140 N ™2 with the
softer spring constant. The derived creep data (Figure 5) highlight the error
arising from this inaccurately measured W. Agreement with the directly
measured creep data was only approached at stresses above 140 N mm'z.



These results for titanium show that with materials exhibiting high
work-hardening rates, a stiff spring constant is required to ensure an
accurate determination of the work-hardening slope. As the work-hardening
rate decreases, the need for a stiff spring constant lessens; hence the
improvement in correlation at stresses above 140 N mm'2 with the softer spring
constant system.

Similar plots of W versus stress for copper are produced in Figure 15.
Although the stiffer machine produces a more useful variation in W at stresses
up to 100 N mm'z, the variation measured with the softer machine was
sufficient for accurate determinations. Indeed, as the derived data show
(Figures 12 and 13), a better correlation with the directly measured creep
parameters is obtained with the softer spring constant. These results agree
with those reported by Krausz and Craig [1966], who derived the basic
Togarithmic relationship between time and relaxed load by solving Mott's
[1953] equation for thermally activated flow.

Their solution took the form

S - Er_T@__(1+.Q)
Rec og, T ) (8)
From Equation (1), Sp = do/d Ioge t
therefore,
= 8

This 1is the same expression as that obtained for the corrected relaxation
parameter on the right hand side of Equation (4). However, Krausz and Craig
[1966] did not discuss the role of work-hardening during relaxation,
preferring to interpret Equation (9) as an expression of the role of the
spring constant A. Thus, using well annealed, electrolytic, tough pitch
copper, they carried out a series of relaxation tests with different spring
constants producing a family of curves (Figure 16) which show that SR is

proportional to stress and increases with spring constant A. Agreeing with
Feltham [1961] that creep strain at constant Tload 1is proportional to the
logarithm of time (Equation (2)), they derived SR values from directly
measured SC values using Equation (3). These values are also included in
Figure 16 and show that there is reasonable agreement between the derived SR

values and the SR values directly measured with the softer machine
KC



constants.

Using the directly measured creep data reported here, Sp values were
calculated using Equation (3). These values are also included in Figure 16
and, given the expected differences in sample purity, they agree well with
those of Krausz and Craig [1966]. Figure 16 implies that there is a spring
constant effect for copper and that good agreement with directly measured
creep data will be-obtained only with stress relaxation data measured with
machines having spring constants <5 x 103 N mm'z. The reason for this effect
is not clear. Krausz and Craig [1966] do not discuss it, stating only that
structural changes, the most likely explanation, were not responsible.

The results for 70/30 brass indicate that the application of Equation (4)
is limited to deformation processes which can be reasonably described as
resulting from thermally activated dislocation motion. This is not the case
at stress levels above 65 N mm‘2 with 70/30 brass, where strain-ageing effects
are significant. Below 65 N mm'z, strain-ageing effects are small and
Equation (6) was successfully used to derive creep values from stress
relaxation data measured with the stiffer spring system. Equation (6)
accounts for the occurrence of different work-hardening rates at the same
load, reached by an incremental loading path in stress relaxation, and by an
uninterrupted Toading path for the determination of g4 . Under these
circumstances a good agreement has been produced between the derived and
directly measured parameters (Figure 8).

6. CONCLUSIONS
(a) Creep and stress relaxation data may be related as follows:

sp (1+4) = sp 0 . @)

where (1 +-%-) is a term which corrects the stress relaxation parameter, SR,
for work-hardening.

(b) For the relationship to apply, the deformation process must be
simply described as thermally activated dislocation motion and must allow the

calculation of Sy and S, from linear plots of the logarithm of time versus
relaxed stress and creep strain respectively.
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{c} The relaxation-system spring constant plays an important role in
determining the accuracy with which the work-hardening correction may be
calculated. With high work-hardening materials, a high spring constant is
required. This was the case for titanium.

(d) The data measured with copper agreed with those previously reported
by Krausz and Craig [1966]. An improved agreement between derived and
directly measured creep parameters was found with softer relaxation ‘spring
systems, but these have yet to be satisfactorily explained.
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6N titanium

A=1.3x10"% N mmi 2

STRESS (N mm 1)

50k —i — 1.3%10°Nmm *scdle . _

1 1 1 1 1 i 1

1
O 2 4 6 8 10 12 14 16 18 1.3x10* Nmm~2'scale
WORK HARDENING W (Nmm™)

FIGURE 14. TITANIUM. WORK HARDENING SLOPE, W, VERSUS STRESS

T | Y T T 1 |
Commercial copper -

100

@
O
-

A=9x 102N mm 2 A=9x10°Nmm2

Lo
=

STRESS (N mm 2)
I

n
o
!

WORK HARDENING W (Nmm ')

FIGURE 15. COPPER. WORK HARDENING SLOPE, W, VERSUS STRESS
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APPENDIX A
DERIVATION OF & AND 1 +

e

fLOAD(N)

————— L
AL

s A
CHART DISTANCE {mm)

FIGURE Al. SCHEMATIC OF EXPERIMENTAL CHART RECORD

(See Section 3 for definition of symbols)

Al. Derivation of @

de
¢ = _do
deP
At load L,
_ AL
dd’ = a—
0
and
S 1
de, = (X ~Y) x =x—
P C lo



This expresses

28

=
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w

g as it appears on the right hand side of Equation (6).

A2. Derivation of (1 +-%l

l =

d
e

=3

A

over the load range AL,

tdo

and

de =

AL
a0

—_

X -é X fL

C 0

2
%# X ~9 x-il
S ao
A

¢ 0
Mx — x —
S %

Substituting for 6 and i,

(1+

>

(1+8)-

This expresses

- 2
ol
1+ S [4]
. 2
M x —g-x 39-
S 0
W
1+ W
M
M-W

(1 +-%) as it appears on the left hand side of Equation (6).



