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Small Punch Tests on Steels for Steam Power Plant (I])
-- Modeling —

Eric Fleury* and Jeong Seoo Ha*
(Received Qctober 17, 1997)

Analytical formulations using uniaxial tensile stress-strain constitutive behavior have been

proposed to model the elastic bending, plastic bending and membrane stretching regimes of
small punch load-deflection curves. The equations have been applied on austenitic 12Cr-1Mo
steel in the temperature range 25°-600°C and have been verified on ferritic ICr-0.5Mo steel at
T==253°C. Using these formulations, the room temperature uniaxial tensile stress-strain behavior

of the ferritic 2.25Cr-1Mo steel has been determined from the small punch load-deflection

response.
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1. Introduction

In the late 70s-early 80s, studies have focused
on the characterization of the mechanical prop-
erties of metals from miniature samples. Because
engineers are often limited by the size of testing
components, development of special mechanical
testing techniques from miniature-size specimens
were required to assess material characteristics.
Since its development, small punch test (SP) has
been investigated mainly to identify ductitity loss
in steels due to temper or irradiation embrittle-
ment (Huang ef al, 1982, Baik et al, 1986. Mao
et al, 1987, Foulds et al., 1994).

Using elastic-plastic finite element, Manahan et
al. (1981) were the first authors to proposed a
modeling of the load versus deflection curve in
small punch experiments. Huang et al. (1982)
obtained a good agreement between bending
ductilities and tensile ductilities for several
irradiated alloys. Following these results. further
studies were investigated showing good agree-
ment cf the mechanical properties (yield stress,
strain hardening, and ultimate tensile strength) as
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determined by small punch test and uniaxial
tensile test (Lucas et al., 1990, Ha et al., 1998).

Consequently, the small punch test is poten
tially capable to provide informations of the stress-
strain behavior using a specimen removed from
real components. This offers great resources as to
assess the mechanical properties of unknown
materials, or matertals with unknown heat-treat-
mert, and to evaluate the degradation of the
mechanical properties of in-service materials.

As previously described by Baik et al. (1986),
the small punch load-deflection response can be
partitioned into four regimes corresponding to
elastic bending deformation associated with local
surface micro-vyielding, plastic bending deforma-
tion, membrane stretching, and plastic instability.

Simulation of the load-deflection curve, using
analytical expressions, was proposed by Onat et
al. (1956} and applied by Mao er al (1987). This
approach assumed a perfect rigid plastic behavior
to describe the punch
response at room temperature. If in the plastic

small load-deflection
bending regime, a good agreement was obtained
with experiment, the formulation failed te give an
accurate description of the small punch test
behavior in the membrane stretching regime.

In this present work, an analysis developed by
Wang (1970) of the membrane stretching has



828 Eric Fleury and Jeong Soo Ha

(¥r3
k>

oA TTTTTIN i1

y iilrijy

7 | [ ,/

LSS \b ¥ ¢/ yd /

| A=

T I 7 7

5 p v . /,
Fig. 1 Schematic representation of the applied load

on a SP specimen.

been employed to examine the behavior of small
punch test in the temperature range 25° to 600°C.
The formulation has also been used to evaluate
the uniaxial stress-strain behavior on a ferritic
steel.

2. Analysis of the Small Punch Test
Load-Deflection Response.

2.1 Elastic regime

In the first portion of the load-deflection
response, two distinct modes of deformation take
place simultaneously: a) penetration of the ball
within the specimen surface (indeed local micro-
yielding). b) elastic bending deformation.

a) The penetration of the indenter into a flat
plate can be calculated from the dimension of the
contact area. In the case of a sphere, the major
and minor axis of the contact can be determined
from the equation as given in handbook (Pilkey,
1994) -

a=b=0721 (Fd,y)"* ()
where @ and b are the radius of the contact
area, F—=the applied load, ¢ =the diameter of
the indenter, and with:

:7(71 - Vlz) . (1:;%2?

7 £ E.
where E), F» v, and s, are the Young’s Modulus
and Poisson ratio of the indenter and of the small

(2)

punch sample, respectively. Values of these char-
acteristics are reported in Table I.

b) The elastic bending deformation can be
treated as the problem of a plate subjected to a
deflection under a static loading. The solution of
this type of problem has been solved analytically,

Table 1 Evolution of Poisson’s ratio, Young’s
Modulus and yield stress with the tempera-
ture on WCo and 12Cr-1Mo steel.

25°C [300"C1 600°C
WCo v 0.3 0.3 0.3
(ball) E (GPa) 240 235 200
v 033 | 033 | 0.33
12Cr-1Mo E (GPa) 200 170 105
oy (MPa) 435 375 250
® 60
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Fig. 2 Comparison between calculated and experi-
mental SP elastic slope on austenitic 12Cr
-IMo steel.

and the equation relating the applied force, P, and
the deflection, w. can be found in handbook

(Pilkey, 1994) :

P 64Dwl1—(1—uh]”
[540(d/2)" (L2 TCA 26+ d) T d']

(3)

where C1, C2 and « are constants depending

on the geometry, d is the ball diameter and D is
the moment of inertia. This formulation takes
into account of the geometry, of the evolution of
the contact area between indenter and sample
during deflection, and of the load distribution
applied on the sample through the ball. This
distributed load has been taken as:

p=P (=" (4)

and is expressed in Eq. (3) by the factor 1.504.
For the simulation of small punch experiments
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performed above room temperature, dilatations of
the specimen, ball. and die were also taking into
account. Results of the calculation are reported in
Fig. 2 and compared with experimental values of
the compliance. A satisfactory correlation
between experiments and analytical theory of the
small punch load-deflection slope has been found
in the whole temperature range from 25°¢ to 600°

C.

2.2 Plastic bending regime

In the above analysis. the material behavior
was assumed to be purely elastic. When the stress
exceeds the yield stress. the mechanical behavior
of metallic material diverges from linearity and
the total deformation becomes the sum of an
elastic and a plastic (inelastic) deformation. If the
mechanical behavior of the material is known, we
can calculate the load when the specimen is sub-
jected to bending, using a plastic bending analy-
sis. This implies that we should calculate the
stress and strain within the sample. We will
assume that stresses and strains are uniforme
within the specimen cross-section. According to
this assumption, and proceeding by small incre-
ment of the deflection, the stress is calculated by
dividing the load, obtained from the elastic calcu-
lation, by the surface under the indenter. Having
determined the stress, the stress-strain relation-
ship as defined by uniaxial tensile test, can be
applied. For stresses lower than the yield stress,
the total strain is equal to the elastic strain and
thus we obtain a relation between deflection and
total strain, If the yield stress has been reached,
the total strain is the sum of the elastic strain plus
the plastic strain. Assuming that the jig, puncher,
ball and testing machine are perfectly rigid, the
deflection recorded is due exclusively to the defor-
mation of the specimen. and considering the
conservation of the volume, the deflection rate 1s
proportional to the total strain rate. Theretore, we
can determine the plastic strain and then calculate
the real stress. The real load. as considered
according to plastic bending, is calculated by
multiplying the stress by the surface under the
indenter. Using a spherical indenter, the radius of
the contact area is obtained by the relation:

At yPe= | (3)
where y (=7) 1s the contact radius between
the indenter and the specimen when the indenter
is at a vertical position, v, equal to the deflection.
From the value of the load, Fe. determined
from the ubove calculation using an elastic analy-
sis, the stress under the indenter is equal to:
1.504
(= a/g_)’/]“[/t‘ (6)
where the constant 1.504 is expressing the dis-
tributed load on the sample, as in the elastic
calculation, 4zrh,/3 is the specimen section on
beneath the contact area, calculated from the
mitial thickness, h,, and the radius of the contact
area, 5, related to the deflection by Eq. (5).
Knowing the total strain we can apply the
stress-strain relationship to calculate the elastic
and plastic strains within the sample. For the
analytical description of the mechanical behavior,
we used the constitutive equation proposed by
Drucker-Prager (Drucker, 1988):
. a r
eo=n(-2 1) %

Oy

where gy is the yield stress, and D and p are two
constants dependent on the temperature. Both
constants. D and p. were determined from uniax-
ial tensile test (UT) data published by Vigneron
et al. (1988) and Ha (1994).

The evolution of Young's Modulus and yield
stress in the temperature range 25° to 600°C is

LT 12Cr-1Mo steel
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Fig. 3 Simulation of the UT mechanical behavior of

12Cr- Mo steel.
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Fig. 4 Simulation of the SP plastic bending on austenitic 12Cr-1Mo steel at 25°, 300° and 600°C.

in Table 1
mechanical behavior is presented in Fig. 3. The

reported and the corresponding
small punch test load-deflection responses an
calculated at 25°, 300° and 600°C, and results
have been compared to experimental curves in
Fig. 4.In the first two regimes, corresponding to
elastic bending and plastic bending, the simula-
tion gives a satisfactory agreement.

The calculated curves diverge from the small
punch experimental behavior in the so-called
membrane stretching regime because of a different
nature of deformation. In the plastic bending,
reflecting a biaxial strain state, the load increases
as a consequence of the work hardening and of
the increase in the contact area between ball-
punch and specimen surface. On the other hand,
the membrane stretching regime is resulting from
the predominance of the radial strain, and there-
fore a different analysts should be made in order
to describe this evolution of the strain state within
the specimen during the small punch test.

2.3 Membrane stretching regime

The problem of a sheet stretched by a hemis-
pherical punch while the sheet is clamped at the
periphery is similar to the so-called ‘cup test’
commonly used in the sheet metal industry to
assess the pressing quality of sheet metals.

A formulation has been proposed by Wang
(1970) who analyzed the punch stretching test of
sheet metal as a biaxial problem, and used a stress—
strain incremental equation based on an Hill’s
plasticity theory.

Let’s consider a circular sheet of radius ro and

Fig. 5 Stretching of a sheet by a hemispherical
punch.

of uniform thickness ho (Fig. 5). The sheet is
clamped firmly along its periphery and then stret-
ched by a hemispherical punch of radius rp,
pushing at the center of the sheet. Suppose that at
a certain stage in the stretching, a material ele-
ment with initial radial distance, r, was displaced
by a radial displacement, U, and an axial dis-
placement, W. Then the radial and circumferen-
tial strains er and &f become:

cdl ] o
go=In <£1’> )

where p=y# 4 [J denotes the current radial dis-

tance. The sirain within the thickness, ¢h, is given
by:

where h and ho are, respectively, the current and
initial thickness of the sheet.

The derivation of this problem is quite com-
plex, so we will refer to the mathematical formula-
tions obtained by Wang and Shammamy (1969).
They obtained the two following expressions for
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the radial and circumferential strains.

e;-“*l--f'?[(l +2R) eos - Ksin g (11)

co—esin ¢ (12)
where ¢ is related to the principal stresses ¢,

and ¢, by the equation:

1+R ¢ R

qarye] (Y

¢ =arctan {ﬁl 21?)”7}/),
where R denotes the strain ratio as defined by
Hill, i e. R=dey/des

Knowing the punch displacement, we can deter-
mine o= -+ {J and therefore the circumferential
strain, g, then total strain, g, and finally the
radial strain, g,, from the Eq. (11) and Eq. (12).
By applying the stress-strain relationshtp, g==f
(g), we can therefore calculate the punch load if
we know the contact radius between the ball and
the specimen. The punch load P can be calculated
by integratihy over the entive contact region in the
direction parallel to the axis of symmetry:

o

pv,.‘,...v%iﬂ,l,o () By L7 (14)

where o(#s). h(7s) and ¢(rs) are calculated at
the ball-sample contact boundary radius, 5, and
i is the coefficient of triction ball/specimen.
The expression used for the calculation of the
evolution of the thickness during test was:

1 h 3
En= “'I(&r +eq) =In (\/10 ) (13)

Calculations were performed by small in-
cremental increase of the deflection. The evolu-
tion of the radial and circumferential strains, as
calcutated at T=25°C. has been reported in Fig.
6.The stress and strain siate within the small
punch sample is thus quite complex, with a larger
increase of the medidn sirain in comparison to the
circumferential  strain.  Measurements  in the
median and circumfersntial strains were perfor-
med during punch stretching by Hecker (1977)
using grids photoprinted on the surface of metal-
lic sheets. Strains calcvlated with the Wang's
formulation are found o follow similar evolution
than the strains measured experimentally, with a
larger circumferential strain for small punch test.

This calculation is also taking info account of
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Fig. 6

&

Evolution of the calculated strams er and &4
in small punch test and comparison with
experimental performed  in

prnch stretching (Hecker, 1977)

measurements

Table 2 Values of the coefficient of friction.

Temperature 25°C | 300°C | 600°C

coef. of friction 0.99 1.06 .84

the friction between the ball and the specimen.
Values used for this calculation are reported in
Table 2.
friction exists between the ball and the surface of

It has been assumed that only slight

specimen at T==25"C, and that this friction is
increasing with the temperature. The formation of
an oxide layer at the specimen surface, during the
exposition at high temperature, is justifying this
assumption.

The small punch test load-displacement simu-
lation is based on the knowledge of the stress
strain mechanical behavior, generally deter-
mined from uniaxial tensile test. For this purpose,
the Drucker-Prager constitutive forrulation has
been used, as presented in the paragraph velated
to the plasticity bending regime.

Results of the simulation are presented in Fig.

7 in the range of temperature 257 to 600°C.
Assuming that the uniaxial stress-strain behavior
is known, the Wang’s formulation gives an accu-
rate description of the mombrane streiching
regime in the whole range of temperature studied.

However, the divergence observed between sim-
ulation and experimental curve is interpreted as
the iafluence on the mechanical behavior of the
necking formation, and of the crack initiation and
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Fig. 8 Comparison between calculated and experi-

mental SP elastic slope on ferritic 1Cr-0.5Mo
ex-service steel.

propagation leading to the failure of the small
punch specimen.

3. Application of the Equations to
Ferritic Steels

The validity of the equations has been
examined by small punch tests performed on ex-
service 1Cr-0.5Mo steel, as described in Part-I
(Ha et al., 1998). Figure. 8 shows that the elastic
calculation of the compliance gives a good predic-
tion of the small punch elastic compliance within
the whole temperature range.

For the simulation of the two following
regimes, constants of the Drucker-Prager stress
strain constitutive equation have been determined
from uniaxial tensile test data, performed by Baek
et al. (1997) at 25°C with a strain rate of 10!
(Fig. 9).

The simulated

load-deflection curves in the

5P 120r- 1Mo T=300C

[} 1 1
deflection (mm)

Eric Fleury and Jeong Soo Ha

SP 12Cr-1ho T=600C

— simu'ation

[ 1 15 ?
deflection {mm)

Simulation of the SP membrane stretching regime on 12Cr-1Mo at 25°, 300° and 600°C.
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Fig. 9 Simulation of the UT mechanical behavior of
ex-service [Cr-0.5Mo steel at T=25°C, and
comparison with the austenitic 12Cr-1Mo
steel.
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Fig. 10 Simulation of the SP behavior in the plastic

bending and membrane stretching regimes
of ex-service 1Cr-0.5Mo steel at 25°C, and
comparison with 12Cr-1Mo.

plastic bending and membrane stretching regimes
are compared with the experimental data in Fig.
10, showing a good agreement.
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Fig. 11 Experimental SP load-deflection response

on 2.253Cr-1Mo with fitting of the calcu-
lated plastic bending and membrane stret-
ching curves. and comparison with [Cr-0.
SMo steel.

From the results of the small punch load-
deflection curves obtained from materials having
different mechanical behavior, it appears that a
decrease of the yield stress leads to a decrease of
the load in the plastic bending, a decrease of the
strain hardening to a decrease of the slope in the
membrane stretching curve, and a decrease of the
ultimate tensile strength to a decrease of the
maximum load. The proposed formulations de-
scribed accurately the influence of these mechani-
cal characteristics.

Results of these simulations, performed on two
low alloy steels having a relatively large differ-
ence of mechanical behavior. This suggests that
the analytical formulations might be used success-
fully to a wider array of material.

The load-deflection response obtained from
small punch test can also be used to assess the
material stress-strain behavior. In this case. con-
stants of the constitutive equation, used to
describe the stress-strain response, can be deter-
mined by matching the experimental small punch
test response with the simulated plastic bending
and membrane stretching curves.

This procedure has thus been applied to the
ferritic 2.25Cr-1Mo steel (Fig. 11). Both con-
stants, D and p, of the Drucker-Prager con-
stitutive equation were determined by superpos-

UT 2.25Cr-1Mo T=25C

= gimylal pon
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= i ;
o b o b iy

0.5 Gouis Y
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Fig. 12 Simulation of the UT mechanical behavior
of 2.25Cr- 1Mo wrought steel, and compari-
son with cast 2.25Cr-1Mo and 1Cr-0.5Mo

steel.

ing the experimental small punch test curve with
the simulated curves obtained from the equations
proposed to describe the plastic bending and
membrane streiching regimes. The predicted stress-
strain mechanical behavior has been reported in
Fig. 12, and compared with tensile test data
obtained on 2.25Cr-1Mo cast steel by Logsdon et
al. (1986). The constitutive parameters predicted
from small punch test load-displacement lead to a
stress-strain curve slightly above to the uniaxial
tensile stress-strain curve determined experimen-
tally on cast material.

Results obtained for both ferritic steels showed
that their mechanical behaviors are very similar,
with 2.25Cr-1Mo steel having a slightly higher
value of the yield stress in comparison with 1Cr-
0.5Mo steel, but identical strain hardening coeffi-
cients.

Therefore, this procedure produces stress-strain
curve and properties predictions closely resem-
bling standard tensile test curves. v

4. Conclusions

The development of the small punch technique
to assess the mechanical behavior has been de-
scribed.

Compliance curves obtained on disks demon-
strated good agreement between analytical theory
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and experimental observations. Using the Druck-

er-Prager constitutive model and taken into
account of the {riction between indenter and small
punch sample. the piastic bending and membrane
regime could also be predicted satisfactoring in
the temperatute range from 25° to 600°C.

it was therefore suggested that small punch test
load-deflection could be used to cvaluate the
mechanical behavior when the tensile stress-
sirain curve and mechanical properties are un-
known. This offers 1o the small punch test consid-
erable potentialities, as also to evaluate the

remaining mechanical behavior of aged material.
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