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Abstract A mechanical modelling is proposed in order to

describe viscoplastic behaviour without hardening of a

nickel-base super alloy loaded at high temperature (900 �C)

with strain rates varying within a wide range (from 10-1 to

10-4 s-1). A mathematical law is associated to the visco-

plastic model; the parameters of the law are identified from

monotonic biaxial tests of membranes loaded by pressure

of inert gas (disk pressure testing under helium). The

viscoplastic law provides calculated stresses with accuracy

better than 1% at the highest strain rates and 4% at the

lowest strain rates; the identified yield stress is a logarith-

mical function of strain rate as for other metallic alloys

studied in the bibliography. The parameters identified from

biaxial tensile tests of disks have been successfully used to

calculate the stresses during stabilized tension–compres-

sion loops of cylindrical specimens. The proposed

experimental method and behaviour model are interesting

because the disk biaxial testing is much more easily per-

formed at high temperature than the tension–compression

testing of cylindrical specimens.

Introduction

The mechanical properties of Inconel 600 have been

measured within a wide range of temperatures and within a

wide range of loading rates in order to identify the

behaviour of this material subject to extreme thermo-

mechanical loading; in this article, a mathematic model is

proposed for Inconel 600 mechanically loaded at 900 �C

(1173 K) with various strain rates. As the test temperature

is about 70% of absolute melting temperature, the material

behaviour is viscoplastic without hardening by mechanical

deformation such as in a cold-working.

The model and its parameters have been identified by

monotonic bulging testing: a thin disk is deformed by a

continuously increasing pressure of inert gas (helium) until

its final rupture [1]. The bulging tests can be performed at

strain rates within ranges much wider than ranges usually

obtained with a single type of specimen and with a single

mechanical testing machine [2]. The proposed model and

the identified parameters have been used to characterize the

same material during tension–compression cycles after

stress stabilization in order to evaluate their efficiency and

accuracy.

Interest of disk testing and its associated modelling

The usual sample and equipment for tension–compression

cycles are schematised in the Fig. 1; the sample must be

confined in an atmosphere of inert gas to avoid its oxidi-

zation [3]. However, the results obtained with a tensile

specimen at high temperature (900 �C or higher for Inconel

600) may not be used if the sample axis does not coincide

perfectly with the tensile machine axis; because of this

geometrical imperfection, the sample compression initiates

buckling during the first cycles with the result that the

sample is not homogeneously deformed; moreover, the

local plastic strain amplifies the specimen deformation

initiated by buckling.

During disk pressure testing, the material is only loaded

by tension stresses; so, buckling does not occur as during
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the compression phases of the alternately cyclic loading of

the tensile specimen. If modelling from disk pressure

testing is sufficiently efficient and accurate, it can be used

to determine the stresses during the stabilized cycles of

tension–compression at high temperature.

Another interest of disk testing is temperature homo-

geneity: the temperature gradient is low in the deformed

zone of thin disk (1 mm) tested at elevated temperature; for

the relatively long samples of tension–compression heated

by radiation or induction, the thermal gradient is higher

because of the thermal flow through the clamping equip-

ment. Moreover, biaxial testing of disks is much more

easily performed than tension–compression cycles or than

a classical tensile test at high temperature; besides, during

disk testing, material damage may be identified when fine

and short cracks create helium leakages through the

deformed disk; helium leakages are sensitively detected by

a mass spectrometer analysing the atmosphere above the

disk [4].

Material

Inconel 600 is a nickel super-alloy with chromium (14–

17%) and iron (6–10%); the melting temperature of

Inconel 600 is in the range of 1350–1410 �C. This alloy

has good high temperature strength up to 1150 �C and it

resists chemical corrosion at high temperatures. For high-

temperature engineering, the alloy displays good resis-

tance to oxidation and carburisation [5]. As a result of its

versatility, Inconel 600 finds a variety of applications with

severe thermo-mechanical and chemical conditions:

chemical industry, aeronautical and space fields, nuclear

reactors….

Experimental technique

Biaxial testing of disks

During biaxial testing, a thin disk is deformed into a cupola

by a continuously increasing pressure of helium up to final

rupture (Fig. 2). The geometry of the cell and sample has

been determined in order to calculate more easily the strains

and stresses at the cupola pole. During the monotonic test-

ing, several parameters are plotted until disk rupture: the gas

pressure applied to the disk face, the deflection of the disk

pole, the disk temperature, the flow of helium leakage

through the disk resulting from material damage.

The cell and the disk may be heated with an annular

furnace; the temperature is measured by a thermocouple in

contact with the disk upper face. The temperature is quasi

homogeneous in the thin disk confined in the thermally

correctly insulated cell. Before disk loading, heating

duration takes about 1 h; when the material must be tested

at high temperature, lengthy heating duration may create

substantial evolutions to the metallurgical structure of the

material. A mass spectrometer measures gas flow through

the disk; it detects crossing cracks (generally inter-granu-

lar) that have been developed before the final rupture.

These fine and relatively short cracks do not modify the

global mechanical behaviour of the disk [6].

During testing, the disk periphery is not mechanically

loaded with the result that machining defects do not initiate

area reductions such as in tensile specimens especially

when they are tested at high temperature.

Mechanical properties of the disk

An analytical calculation similar to Hill’s method [7] is used

to calculate the plastic strain and stress at the disk pole from

the measured deflection and pressure [1, 4]. The calculation
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Fig. 1 Schematic equipment for tension–compression testing at high

temperature

Deflection W

Helium
Pressure P

THERMOCOUPLE

O-RING

DISK Φ = 58
CYLINDRICAL

CELL

FURNACE

LEAK 
DETECTOR

Thickness 0.1/1 mm

Embedding 
radius r =4

Deflection W

Helium
Pressure P

THERMOCOUPLE

-METAL O-RING

DISK Φ = 58
CYLINDRICAL

CELL

FURNACE

LEAK 
DETECTOR

Thickness 0.1/1 mm

Embedding 
radius r =4

Fig. 2 Cell of disk pressure testing

J Mater Sci (2008) 43:5342–5349 5343

123



of plastic strains and stresses is based on the following

assumptions: the stresses are biaxial because the maximum

axial stress is the gas pressure that is negligible in com-

parison to plane stresses; the material is homogeneous,

isotropic and the volume of a metallic material is constant

during plastic deformation; the thin disk is deformed as a

membrane, i.e. the flexion is neglected at the pole.

The most general mechanical loading corresponds to six

independent parameters, three principal stresses and three

principal strains. For the disk loading, the axial stress is nul-

lified; the Von Mises stress and strain are calculated from the

five remaining parameters in order to compare the results of

disk testing and tensile testing. Obviously, the Von Mises

stress and strain are restrictive because only two parameters

describe the disk behaviour instead of the five initial param-

eters; however, the restrictive Von Mises stress and strain have

provided coherent comparisons of different mechanical

loadings in many applications [8–11]. The Von Mises stress �r
and strain �e are determined from the Eqs. 1 and 2,

�r ¼ Pq
2t

ð1Þ

�e ¼ ln(t0=tÞ ð2Þ

where P is the gas pressure, q the cupola radius at the disk

pole, t the pole thickness of the deformed disk and t0 the

initial thickness of the disk.

If the deformed disk is assumed to be a spherical cupola,

the pole radius q is the sphere radius; this radius is deter-

mined from the deflection W by the geometrical relation (3)

obtained for the outer fibre of the disk (Fig. 3). We have

verified by dimensional measurements that the disk is

deformed into the assumed spherical cupola,

q ¼ ðW2 þ A2Þ=ð2WÞ � r ð3Þ

where W is the deflection at the disk pole, A the internal

radius of the disk embedding and r the die radius at the disk

embedding.

The strains at the disk pole are calculated from the

deflection W by the analytic formula (4) based on the

abovementioned assumptions; this formula has been

validated by measurements of the pole thickness obtained

after deformation of disks made of various materials,

�ei ¼ 2

ZWi

0

1� 2r
A

1

1þW2

A2

� �
sin 2Ar tan W

A

� �� �� �

q
dW ð4Þ

where W is the deflection at the disk pole, A the internal

radius of the disk embedding, r the die radius at the disk

embedding and q the radius of the disk deformed as a

spherical cupola; the radius q is calculated from the deflec-

tion with the formula (3).

Disk testing associated to the previous calculation method

provides coherent mechanical properties, similar to the usual

tensile mechanical properties: the ultimate strength and the

proof strength are identical if they are determined by disk

testing or by tensile testing (Figs. 4 and 5); the mean values

of the uniform elongation are identical for the both testing

methods but the scattering is relatively more important than
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the strength scattering (Fig. 6). The elongation scattering

depends on local deformations initiated by the material

heterogeneities (surface defects as machining defects, met-

allurgical defects as coarse inclusions…); the material

heterogeneities initiate area reductions that are not detected

with the same sensitivity for a thick tensile specimen or for a

thin disk. Besides, the outer disk periphery is not stressed

with the result that the area reduction cannot be initiated on

the edge defects as for the tensile specimen.

The mechanical properties are correctly related to phe-

nomena depending on temperature and loading rate (Fig. 7): at

the highest temperatures, low-alloyed steel strength decreases

because the material is dynamically re-crystallized during a

deformation at high temperature; at intermediate tempera-

tures, the material is hardened by a phenomenon related to the

solute atoms; hardening is more important for disk testing than

for tensile testing because the strain rate, an important factor of

hardening, is not identical for both specimens.

The biaxial tests can be performed at temperatures

between 20 and 900 �C and at strain rates between 10-6 and

100 s-1; for instance, tests can be performed at 900 �C at high

strain rate [2], which is difficult with another experimental

technique. The previous results evidence coherent compar-

isons between disk testing and tensile testing; as for other

applications, the Von Mises stress and strain are sufficient to

obtain coherent comparisons while they restrict the initial set

of six stresses and strains to only two parameters.

Experimental results

Biaxial tests have been performed at 900 �C with disks

made of as-received Inconel 600; disks have been cut from

a 0.6-mm-thick sheet; before mechanical stressing, the

heating duration needs about 1.5 h and a wide range of

pressure rates has been tested (3 9 10-2 to 3 9 101 MPa/s).

The disk rupture needs about 6 min at 3 9 10-2 MPa/s and

about 1 s at 3 9 101 MPa/s. The rupture pressure remains

relatively small at low pressure rate (10.6 MPa at 3 9 10-2

MPa/s), while it is three times higher at high strain rate

(31 MPa at 3 9 101 MPa/s).

Von Mises stresses, Von Mises plastic strains and strain

rates have been calculated with the described method from

the measured pressure and deflection (Fig. 8). Obviously,

the range of strain rates (from 3.31 9 10-4 to 2.37 9

10-1 s-1) is as wide as the range of pressure rates. For a

defined strain, the stress strongly increases when the strain

rate increases; for instance, when the plastic strain is nul-

lified, the stress increases from 100 MPa at 3.31 9 10-4 up

to 300 MPa at 2.37 9 10-1 s-1; the influence of the

material viscosity is very important because the testing

temperature is high relatively to the melting temperature of

Inconel 600.

0

0,2

0,4

0,6

0                     0,2                    0,4                     0,6

Tensile testing - Eu 

D
is

k 
te

st
in

g
- 

 E
u

Fig. 6 Uniform elongation Eu: disk and tensile testing

0

100

200

300

400

500

600

700

0        100       200        300       400       500       600       700

Temperature (°C)

S
tr

en
g

th
 S

u
 (

M
P

a)

Tensile testing
Disk testing

Fig. 7 Influence of temperature on the ultimate strength Su: disk and

tensile testing

0

100

200

300

400

500

0                           0,1                         0,2                          0,3

Von Mises plastic strain

V
o

n
 M

is
es

 s
tr

es
s 

(M
P

a)

2,37E-01
6,05E-02
2,36E-03
3,31E-04

Vitesse de 
déformation (s- 1 ) Strain rate (s-1)

Fig. 8 Measured stresses and strains

J Mater Sci (2008) 43:5342–5349 5345

123



For the lowest strain rates (_e B 2.36 9 10-3 s-1), the

maximum uniform strains are relatively small (e \ 6%)

because cracks are initiated on the coarse precipitates cre-

ated by thermal ageing at 900 �C; the cracks propagate

through the whole disk thickness and prevent further pres-

surisation. For the highest strain rates (_e C 6.05 9 10-2 s-1),

the test duration is too short to obtain the coarse precipitates

by thermal ageing; consequently, the disk can be pressurised

up to relatively high uniform deformations (e [ 15%). At

the two highest strain rates (_e = 6.05 9 10-2 s-1 and

_e = 2.37 9 10-1 s-1), the stress–strain curves reach linear

and parallel asymptotes; we assume that similar parallel

asymptotes could be reached at the lowest strain rates

(_e = 3.31 9 10-4 s-1 and _e = 2.36 9 10-3 s-1) if cracks

had not been propagated through the disk thickness.

In conclusion, we assume that material plastic behaviour

is linear for the highest plastic strains at any rate; the linear

behaviour will be described by asymptotes with a common

slope at any strain rate.

Modelling the monotonic mechanical behaviour

at 900 �C

Mechanical model

The mechanical behaviour of Inconel 600 at 900 �C may be

described by a tripartite model (Fig. 9).

1. The spring of modulus E1 characterises the linear

mechanical behaviour at the highest plastic strains; the

modulus E1 is the common slope of the linear and

parallel asymptotes.

2. The spring of modulus E2 and the damper g2 charac-

terize the material viscoplasticity for the lowest plastic

strains.

3. The third spring of modulus E3, added to the springs E1

and E2, describes the elastic behaviour; as the disk

testing only provides the plastic strain, the modulus E3

has to be measured by another technique. The defor-

mation becomes plastic when the stress reaches the

yield stress ry; the value of the stress ry depends on

the plastic strain rate _ep.

Viscoplastic law describing to the proposed model

According to the proposed model, the viscoplastic tensile

behaviour of Inconel 600 is described by Eq. 5:

r ep; _ep

� �
¼ E1ep þ g2 _ep 1� exp �E2ep

g2 _ep

� �� �
þ ryð_epÞ

ð5Þ

When the plastic strain ep is sufficiently high, the stress

reaches a linear asymptote described by Eq. 6:

r 1; _ep

� �
¼ E1ep þ g2 _ep þ ryð_epÞ

r 1; _ep

� �
¼ a1ep þ b1

ð6Þ

The parameters of the asymptote equation, a1ð_epÞ ¼ E1 and

b1ð_epÞ ¼ g2 _ep þ ryð_epÞ are determined by linear fitting of

the experimental results obtained at the highest strains ep;

these parameters may depend on the strain rate _ep: As the

linear asymptotes are parallel, a single value of the mod-

ulus E1 is expected; this single value is the mean value

calculated from the tests at the both highest strains. At the

lowest strain rates, asymptotes are adjusted by extrapola-

tion at high strain; the asymptotes slope is the prior mean

value of the modulus E1; consequently, the parameter b1,

obtained by nullifying the strain in the asymptote equation,

can also be determined for the low strain rates.

For each test, the linear asymptotes are extrapolated

down to the smallest strains; from this extrapolation, we

can determine the difference D between the measured

stress and the asymptotic stress calculated by Eq. 6; the

difference D corresponds to Eq. 7.

D ep; _ep

� �
¼ g2 _ep exp �E2ep

g2 _ep

� �
ð7Þ

D ep; _ep

� �
¼ b2 exp �a2ep

� �

The coefficients a2ð_epÞ ¼ E2=g2 _ep and b2ð_epÞ ¼ g2 _ep are

determined by exponential fitting of the difference D as a

Stress 
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function of the strain ep; these coefficients depend on the

strain rate _ep:

Finally, all the parameters of the behaviour law (5) are

identified from disk tests performed at different strain rates

_ep: the modulus E1 is the slope a1 obtained for the stress–

strain curves at the both highest strain rates _ep; the damping

g2 is calculated from the coefficient b2 and from the strain

rate for each test; the modulus E2 is calculated from the

coefficient a2, the strain rate _ep and the damping g2; the

yield strength ry is calculated at each strain rate from the

coefficient b1 and the damping g2 while the b1 value is

obtained by Eq. 6 of the asymptotes reached at the highest

strains.

Viscoplastic parameters identified for Inconel 600

at 900 �C

The modulus at highest plastic strains has been determined

with accuracy better than 2% for both the highest strain

rates: E1 = 371 MPa. The modulus and viscosity at lowest

plastic strains have been determined with accuracy better

than 2% for the different strain rates: E2 = 1642 MPa and

g2 = 229 MPa s. The yield stress ry depends on the plastic

strain rate (Fig. 10).

Influence of strain rate on the yield stress

The yield stress ry logarithmically increases as a function

of the plastic strain rate _ep (Fig. 11); identical results have

been obtained with low carbon steels [12–14], molybde-

num [15]. This logarithmic increase of the yield stress ry

induces the exponential law (8) giving the strain rate as a

function of the stress; this law has already been obtained

for crystallized solids loaded by high stresses at high

temperatures [16].

ry ¼ A ln _ep

� �
þ B

) _ep ¼ C exp ry=r0

� � ð8Þ

Accuracy of the proposed model

For each strain and each strain rate, the stresses at the disk

pole have been calculated by using the proposed model and

the previously identified parameters. The calculated stres-

ses are compared to the measured stresses (Fig. 12); the

behaviour modelling and the identified values of the

parameters are correct because the accuracy between the

calculated and the measured stresses is better than 1% for

the highest strain rates; for the lowest strain rates, the

accuracy remains better than 4%.

Application of the model reliability to uniaxial

compression–tension cycles

The abovementioned viscoplastic model has been used to

calculate stress during uniaxial compression–tension cycles

at total extreme strains of ±1% when the cyclic hardening

has been stabilized; the evolution of the imposed strain is

shown in Fig. 13a. The same value of the yield stress ry

has been used for tension loading and compression loading

and the elastic modulus has been determined by tensile

testing at high temperature.

The calculated stresses are similar to the measured

stresses (Fig. 13b) despite the differences between the

tested materials and specimens: the calculated stresses have

been obtained from the prior tripartite model and from the

associated behaviour law; the needed parameters have been
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identified by ISMEP’s laboratory from biaxial testing of

disks loaded by gaseous pressure while the experimental

compression–tension stresses have been measured by

ENSMP with cylindrical specimens machined from bars;

the disks have been cut off from thin plates and the

cylindrical specimens have been machined from extruded

bars made of the same standardized alloy but the plates and

the bars have been separately prepared.

Discussion

Different models are used to simulate the mechanical

behaviour of metals; the basic multiplicative model

(r ep; _ep

� �
¼ r0en

p _em
p ) is derived from Hollomon’s law and

needs only three parameters; the multiplicative model is

not as precise as our model, especially if the ranges of

strains and strain rates are very wide. Other numerical

models are proposed for modelling the metal behaviour,

particularly at high temperature. For instance, the

mechanical behaviour of metals may be simulated by

Lemaitre-Chaboche’s model; the five coefficients of sta-

bilized cycles modelling have been identified at different

temperatures for several materials and particularly for

Inconel [17]. Lemaitre-Chaboche’s model has been suc-

cessfully used in order to simulate the mechanical

behaviour of disks made of copper alloy [18], but this

numerical model does not seem to simulate every phase of

mechanical cycles after stabilization as perfectly as our

proposed model [19]. Our viscoplastic modelling has been

successfully used for determining the behaviour of low-

alloyed copper tested at 65% of its absolute melting tem-

perature and at strain rates within ranges as wide for

Inconel 600.

The logarithmic relation between the yield stress and the

strain rate may be attributed to the following physical

mechanism: the plastic strain is controlled by the creation

of mobile dislocations slipping among the forest of

immobile dislocations [20, 21]. The other parameters of

our analogical model, modulus and damping, are not

related to physical mechanisms; they are identified from

the behaviour of basic mechanical components; this con-

crete approach is interesting because it is didactic to

evidence different phenomena and to evaluate the influence

of factors as temperature. The numerical models, as Holl-

omon’s model or Lemaitre-Chaboche’s model, are used to

describe phenomena revealed by experimental results;

generally, the numerical models are not based on a con-

crete significance with the result that they are not as

didactic as the proposed analogical model.

Conclusion

At 900 �C, Inconel 600 is not hardened by mechanical

deformation; its behaviour is linear for the highest strains.

The proposed viscoplastic model is reliable and versatile;

this model and the parameters have been identified from

disks bulged by continuously increasing pressure and they

provide accurate stresses for compression–tension cycles of

uniaxial specimens loaded up to imposed maximum strain.

However, disk testing is much more easily performed than

compression–tension cycles at high temperature.

The proposed model provides parameters related to

basic mechanical behaviours contrary to numerical models;

this concrete approach is useful to understand the phe-

nomena and their modifications by different factors. The

proposed testing and modelling provide results related to

physical mechanisms described in the bibliography as the

dislocation mobility in materials at high temperature; the

proposed experimental technique is interesting because

physical mechanisms can be checked with particularly

good accuracy at strain rates within ranges much wider

than the rates usually obtained from a single machine and a

single type of sample.
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