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Introduction

OThe small punch (SP) creep test method has been used in
determining creep properties for welds, and the remaining creep
life of, for example, steam pipelines, boilers and headers.

OThe responses of a SP creep tests are related to the
punch/specimen dimensions and the elastic-plastic and creep
behaviour of the test material, under contact and Ilarge
deformation conditions, at elevated temperature.

OThe main challenge is to infer the uniaxial creep properties from
the experimental SP creep test data.

QThis presentation starts with a description of the reference
stress method and the main restrictions for it to be directly
applied to the SP test method.

OBased on approximate analyses and observed, typical
experimental data, reasons for the apparent correlation between
the minimum creep deformation rate from a SP test and the
minimum creep strain rate from a uniaxial creep test are provided
and a systematic approach for interpreting data from a SP test is
addressed.
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Basis of Reference Stress Method

UThe reference stress method allows the creep deformation of a component at a particular load
to be related to the strains obtained from a single unaixail creep test at a “reference stress”.

UFor some components it is possible to obtain analytical solutions which relate the displacement
rate to the load, material properties and geometry, e.g., for a component made from a Norton
material,

A= £(P,B,n,dim) £&.=Bo"

Ulnspection of the solutions for components, for which analytical solutions can be obtained, e.g.
the cantilever beam (Appendix 1), shows that they are of the form:

A= f(n)f,(dim)B(oom)"

UThe basis of the reference stress method is that a constant, a, can be chosen such that f,(n)/a"
Is practically independent of n; this particular value of a is designated . Hence, the above
equation can be written as:

A= DB(ﬂanom)n = DS(Uref)
where no,,,, is the so-called reference stress, o, The quantity D (the reference multiplier) is a

constant (= f,(n).f,(dim)/7"), which has a unit of length if A is a displacement.

MacKenzie A. C. (1968). On the use of a single uniaxial test to estimate deformation rates in some structures undergoing creep. Int. J.
Mech. Sci. (10), 441-453.
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Basis of Reference Stress Method...

UThe requirement is to obtain the value of a which renders D to be practically independent of n
(when n = a). Various methods may be used to determine the n-values.

UlIf an analytical solution does not exist for the particular component of interest, a series of FE
solutions with different n-values can be used to determine the reference stress, o, and reference
multiplier, D.

ref?

UAlternatively, approximate reference stresses and multipliers can be obtained from limit load
and linear elastic solutions for the component:

2 Vi
=—0

=5 % PGB
L ref

o)

QTherefore, if the reference parameters (o, and D) are known, and the deformation can be
measured, the equivalent uniaxial creep strain rate at o, for the component and load can be
determined:

é(oref):%

ref

where D is in effect an “equivalent gauge length”.

Sim R. G. (1971). Evaluation of reference stress for structures subjected to creep. Int. J. Mech. Sci. 12, 47-50.
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Typical SP Creep Test Behaviour

The SP test is highly complex and involves the interactions between a number of nonlinear processes.

Contact: the contact area between the specimen and the
punch increases as the "constant load" creep test
progresses (friction may be important).

Non-linear material behaviour: in general the elastic-
plastic and the creep strains are non-linearly related to
the stress state.

Large deformation: the specimen starts as a flat plate
and ends up being approximately conical in shape with a
part-spherical shaped end.

Large strains: for most materials tested using the SP
creep test method, the corresponding failure strains from
uniaxial tests are in excess of ~ 25%. There is often
evidence of localised "necking" at or near the edge of
contact between the specimen and the punch, at which
position the strains are significantly greater than the
general strain level in the specimen as a whole.

R \ 2

pK#

Initial and deformed (assumed
constant thickness) shape of the
SP test specimen. Three
important dimensions:

R, a, and t,.
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Typical SP Creep Test Behaviour...

Reducing deformation rate;
Approximately constant deformation rate;
Increasing deformation rate;

Deformation  occurring during reducing
deformation rate;

Deformation occurring during "constant
deformation rate; and

Deformation occurring during increasing
deformation rate.

The highly non-linear deformation behaviours experienced during a SP creep test cause the
interpretation of the results to be difficult.

A A Fracture
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t
Schematic representation of
displacement versus time curve
from SP creep test, showing
different deformation regions
(where A, is the instantaneous
elastic and plastic deformation).
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Approximate Theoretical Model

Several approximate, “empirical” relationships exist which relate the SP deformation to a
“mean” uniaxial strain and SP load to a "mean” uniaxial stress.

ULi and co-workers have used the Chakrabarty model to derive equations relating the
equivalent strain, g, at the edge of contact between the specimen and the punch to the overall
displacement, A, and the membrane stress, o, for an applied force, P, to the displacement. For
a specimen with a, = 2mm, R, = 1.25mm and t, = 0.5mm, the relationships are:

e, =0.17959 +0.09357° +0.0044A° -
P 172476 4 - 0.05638 42 - 0.17688 4° (8)
O-m

UAnNn approximate analysis, which allows the "general” strain levels to be estimated, has been
obtained by Hyde and co-workers. The "general" strain level and the membrane stress are:

gm:m[ L __Rs +Rs(’l-eﬂ (10

sing aptané? ap, 2
1+
P tan” ©
" 2TRt, cos’ O (12)

Chakrabarty J. (1970). A theory of stretch forming over hemispherical punch heads. Int. J. Mech. Sci. 12, 315-325.

Li Y. Z. and Sturm R. (2008) Determination of creep properties from small punch test. Proc. ASME Pressure Vessels and Piping Division Conference.
July 27-31, 2008, Chicago, Illinois, USA.

Hyde T. H,, Miroslav S., Sun W. and Hyde C. J. (2010). On the interpretation of results from small punch creep test. J. of Strain Analysis 45 (3), 141-
164.
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Approximate Theoretical Model...
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Variation of g, with A/a, Variation of P/g,, with A/a,

for a, = 2mm and R, = 1.25mm. for a, = 2mm and Ry = 1.25mm.
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Relationship between Min Deformation
Rate and Secondary Creep Rate

\ Fracture

OThe strain levels mid-way between 1 and 2 in a A
SP test are typically in the region of 15 to 30%, 3
according to the approximate analytical solutions. 2

N

[EnY
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D

OThe secondary creep strain rate would usually
occur at a strain level of 2 to 3%, for many —“
materials. 3

B>
A
v
A
v
A
\ 2

OHence, the min deformation rate portion (1 to 2)
seems to be associated with tertiary creep. v

OThe region between 0 and 1 is predominantly
primary and secondary creep.

OThe min deformation rate portion (1 to 2) is a
balance between the increasing deformation rate I |\ * . Al
(tertiary creep and steady thinning) effects and :
the coning “stiffening” effect.

OThe region between 2 and 3 is the acceleration
in deformation rate associated with the final
necking and/or the high damage accumulated in
local regions.




The University of

Nottingham

Small Punch and Other Miniature Testing Techniques, 315t Aug. to 2" Sept.

15t Int. Conf. on Determination of Mechanical Properties of Materials by .
2010, Ostrava, Czech Rep. r

Relationship between Min Deformation
Rate and Secondary Creep Rate...

UExperimental data indicates that when min creep strain
rate versus o from uniaxial creep data is compared with the
min deformation rate versus P from SP creep data on log-
log scales, the gradients are approximately the same for
some materials, which are equal to the n-values.

w
o

N
(63}
T

N
o

UAnN indication as to why the n value obtained from SP
tests appears to be correct approximately can be obtained
from a large deformation ductile analysis of a uniaxial
specimen for which small strains are governed by the g
Norton law. The large strain analysis results in: 5 [

Strain (%)
&

[EEN
o

£=(@1+&)"Bo," 0 B
. 0 0.2 0.4 0.6 0.8 1
UHence a plot of creep strain rate versus o, on log-log y

scales will have a gradient of n, where o, is the nominal _ o _
stress based on the original dimensions; A typical uniaxial creep strain
curve of a P91 steel tested

logé) =nlogd+¢£') +logB) +nlod ;) at 650° C.

where the intercept of the log-log plot would be
[nlog @+ &') +log(B)]
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Finite Element Modelling

UA series of FE analyses have been performed in order to verify and assess the proposed
method for using the deformation rate from SP test to obtain constants in Norton’s law.

UTypical FE predictions were obtained from large deformation, large strain, contact analyses
for materials using Norton’s law with n-values of 6.05, 8.46 and 11.36.

1.6

== == n=11.36
n=8.4617

o 1.2 * = = n=6.05
| ! J

08 | M
Al h I ’
. /
Y

0 0.3 0.6 0.9
t/ts

Alap

Parameter definitions of Initial
and deformed shape of the SP
test specimen.

A versus t/t; for Norton law creep
behaviour with n=6.05, 8.4617, 11.36.
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Finite Element Modelling...

1.8

0 0.6 1.2 1.8 2.4 3
A (mm)

€, versus A at inside (i), middle (m)
and outside (o) of the disc thickness
at Position B; n = 6.05.

24 1

Variation of P/om with A (middle, m);

Position A
Position B
Equ. 8

- -@ -Equ.12
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n = 6.05.
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Finite Element Modelling...
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Min deformation rate versus Min deformation rate versus Variation of gradient of log
P (log-log scale) based on P (log-log scale) for min deformation rate
Norton’s law (n = 6.05, B = different displacements (n versus log (P) with A.
1.88 x 10°18; n = 8.4617, B = 11.36, B = 5.38 x 107%9).

=1.09 x102% n = 11.36,
B = 5.38 x 10°29).
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Determination of Reference
Parameters n and 3

UThe minimum displacement rates for a particular
material occurs at about the same value of A,
irrespective of load level.

A=DB(NGnom)" =Pa,B(NTnom)"
FE solutions have been obtained for various n-values.

UBYy plotting log B versus n for various values of a, the
value of a which produces a horizontal line enables the
a-value related to the reference stress, i.e. the n-value,
to be identified, while the intercept on the vertical axis,
which is log (B), allows the reference multiplier (D =
a,p) to be determined.

|Og (A min /Bap((lGnom )n

- _ Variations of log|A ., /a,B(00 ,om)"
OThe o, value can be arbitrarily chosen; in the with n for Variolsm(',”_v(a‘fues_ nom )]

present case, for convenience, it is taken to be:
P

27|t

anom -
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A~

Reference Parameters n and 3

(for Rg = 1.25mm, a, = 2mm and t, = 0.5mm)

QApplying the same technique to obtain the n and
values for other values of A allows the variation of n 6 |
and B with A to be obtained. ’ ——"
—I—n
UThe effective gauge length, D = fa,, reduces with = 4 !
increasing A. Also, there is a minimum value of n, i.e. =
Nmin = 3-08, which occurs when the deformation rate is I
a minimum. 2 |
. P _ 2/apt,
QUsing 0,,= N0, = I
rEf nom O'ref ,7 0 L L L L | L L L L | L L L L | L L L L
_ _ _ 0 0.5 1 1.5 2
dThen for a, = 2mm, R, = 1.25mm and t, = 0.5mm, A (mm)

the maximum value of P/g,, which occurs at Ala, =
0.7, is 2.04 mm2. This is close to the maximum P/o,, = . .
1.89 mm? and A/a_ = 0.8 predicted on the basis of the Variation of n and f with 2
' P ' for a, = 2mm, Ry = 1.25mm and
Chakrabarty membrane model. t, = 0.5mm.
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Variation of P/o,, with A/a; and o,..¢/P with t/t
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0 — 0
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A/ap t/tf
Variation of P/om with A/a, (a, = 2mm, Variation of o,./P with t/t;

R, = 1.25mm and t, = 0.5mm). for different n-values.
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Conclusions

UReference parameters, n and (3, which relate the test conditions (load and
specimen dimensions) and test results (deformation versus time) to corresponding
uniaxial creep strain versus time data have been established for a typical geometry
(@, = 2.0mm, R, = 1.25mm and t, = 0.5mm).

UFor the majority of a SP test duration, the reference stress is related to the applied
load, P, via the relationship o, = 0.512P, for creep ductile materials, where P has
units of N and o, has units of MPa.

QThe minimum displacement rate in a SP test relates to the strain rate at some
position within the tertiary creep region, i.e. not directly to the minimum strain rate in a
uniaxial creep test.

L However, the strain rate related to the minimum
displacement rate can be determined by using the

equation with D = f3a, using the known -values, i.e. é(o-ref):B

UThe minimum creep strain rate obtained from a uniaxial creep test is approximately
related to the creep strain rate at a strain of €’ in the _ _ "
tertiary region, for a ductile material, via the relationship: 8(8 = 8') = {3t (1+ 8')
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