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Abstract

Carefully designed indentation creep experiments and detailed finite-element
computations were carried out in order to establish a robust and systematic
method to extract creep properties accurately during indentation creep tests.
Samples made from an Al–5.3mol%Mg solid-solution alloy were tested at
temperatures ranging from 573 to 773K. Finite-element simulations confirmed
that, for a power-law creep material, the indentation creep strain field is indeed
self-similar in a constant-load indentation creep test, except during short transient
periods at the initial loading stage and when there is a deformation mechanism
change. Self-similar indentation creep leads to a constitutive equation from which
the power-law creep exponent n, the activation energy Qc for creep, the back or
internal stress and so on can be evaluated robustly. The creep stress exponent n
was found to change distinctively from 4.8 to 3.2 below a critical stress level, while
this critical stress decreases rapidly with increasing temperature. The activation
energy for creep in the stress range of n¼ 3.2 was evaluated to be 123 kJmol�1,
close to the activation energy for mutual diffusion of this alloy, 130 kJmol�1.
Experimental results suggest that, within the n¼ 3.2 regime, the creep is rate
controlled by viscous glide of dislocations which drag solute atmosphere and
the back or internal stress is proportional to the average applied stress. These
results are in good agreement with those obtained from conventional uniaxial
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creep tests in the dislocation creep regime. It is thus confirmed that indentation
creep tests of Al–5.3mol%Mg solid-solution alloy at temperatures ranging from
573 to 773K can be effectively used to extract material parameters equivalent to
those obtained from conventional uniaxial creep tests in the dislocation creep
regime.

} 1. Introduction

With new materials being invented daily in research and development, they are
often available only in minute quantities or as small volume samples or structures.
It is very important to establish a robust and convenient mechanical testing method
that can accurately extract mechanical properties at both ambient and high tempera-
tures from these small-volume materials. Instrumented indentation has been widely
used to extract elastic and elastoplastic mechanical properties at low temperatures
and to estimate creep properties at high temperatures.

Considerable efforts and significant progresses have been made in extracting
ambient temperature elastic and elastoplastic properties (Tabor 1951, Oliver and
Pharr 1992, Field and Swain 1995, Gerberich et al. 1996, Dao et al. 2001). Many
pioneering studies have been conducted on indentation creep as well. One of the
earliest studies regarding indentation hardness versus loading time was carried out
by Tabor and his co-workers (Mulhearn and Tabor 1960, Atkins et al. 1966). Li et al.
(1991) tried to analyse all deformation mechanisms which may contribute to inden-
tation creep. Sargent and Ashby (1992) demonstrated that the hot-hardness test
provides information concerning the time-dependent flow, or creep, of the material
beneath the self-similar indenter. Prakash (1996) proposed a conceptual model for
analysing self-similar indentation creep data in terms of the back or internal stresses
resulting from the interaction of mobile dislocations with microstructural inhomo-
geneities. Lucas and Oliver (1999) investigated the dependence of hardness on inden-
tation strain rate and temperature and discussed steady-state deformation behaviour
in nanoindentation. Mackerle (2001) summarized a bibliography of recent papers
on computer simulations for indentation problems. Assuming self-similarity under
a constant load, Fujiwara and Otsuka (1999, 2001) derived a set of constitutive
equations for self-similar indentation creep and performed experiments on pure Sn
and Sn-based eutectic alloy. Excluding elasticity effects, Cheng and Cheng (2001)
proposed several scaling relationships using dimensional analysis. Creep studies
using a cylindrical indenter were also carried out (Li 2002), and those experiments
were often called ‘impression tests’.

However, an indentation stress or strain field is a highly non-uniform field that
depends on the prior plastic deformation history, and an indentation creep test often
involves transient periods (including the initial loading period as well as the transi-
tion period when there is a deformation mechanism change at different applied stress
levels). Therefore, a number of important questions remain that require further
investigation:

(i) whether or not the initial transient response, which is apparently not
self-similar, will result in the loss of self-similarity throughout the entire
indentation creep process;

(ii) if the self-similar indentation creep is eventually reached, how long it takes
to reach that stage;

3960 H. Takagi et al.



(iii) whether or not one can accurately extract creep properties during indenta-
tion creep tests.

Considering the complications related to these issues, they can only be properly
resolved via carefully designed experiments together with corresponding detailed
numerical analyses.

In the present study, constant-load indentation creep tests of an Al–5.3mol%Mg
solid-solution alloy are performed at temperatures ranging from 573K to 773K
(from 0:63Tm to 0:85Tm, where Tm is the absolute melting temperature), computa-
tional and experimental verifications are carried out to examine the self-similarity
assumption during constant-load indentation creep tests, and analytical equations
are given for systematically extracting the creep exponent n, the creep activation
energy Qc and the critical stress sc for breakaway of dislocations from their solute
atmosphere. High-temperature deformation mechanisms of Al–Mg solid-solution
alloy are discussed in connection with all our experimental results. Comparison
with available experimental results in the literature is also given.

} 2. Experimental, theoretical and computational considerations

2.1. Experimental procedures
Ingots of Al–5.3mol%Mg alloy were homogenized by keeping in Ar gas for

86.4 ks at 773K (0.85Tm). They were cut into approximately 10mm� 5mm� 5mm
pieces with a metal saw and carefully shaped into parallelepipeds using special jigs
and emery papers. All specimens were subjected to annealing in Ar gas for 3.6 ks
at 773K. After that, they were electropolished and acid cleaned to remove the
surface layer of up to about 40 mm in thickness and immediately placed in the testing
machine in order to minimize atmospheric tarnish. The chemical composition of the
specimens is shown in table 1.

Several specimens were treated in a suitable etchant with a current density
of 400 kAm�2 for 90 s at 273K and observed under a metallurgical microscope.
The etching solution consists of 10ml of perchloric acid, 20ml of ethylene glycol
and 400ml of ethanol. The microstructure images were processed with grain-size
analysis software. No significant changes were observed in grain size before and after
indentation creep tests, and the average grain diameter was around 410 mm. The
grain size did not change even in the region just below the indentation contact
impression. Therefore, the grain size is treated as constant at a given temperature.

Figure 1 (a) schematically shows the instrumented microindenter used in this
study. This indentation tester was built in collaboration with ULVAC-RIKO in
Japan (Fujiwara and Otsuka 1999). The quartz indenter column moves downwards
from its equilibrium position by an electromagnetic force, and the diamond indenter
tip is then pressed perpendicularly into a 10mm� 5mm surface area of the heated
specimen in an Ar gas atmosphere. The indentation depth can be obtained by
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Table 1. Chemical composition of tested materials.

Test material

Analysed composition (mol%)

Mg Si Fe Cu Al

Al–5.3mol%Mg alloy 5.3 0.004 0.004 0.0002 Balance



measuring the displacement of the indenter column with a linear variable-differential
transformer (LVDT). Since the LVDT is placed more than 30 cm away from the
heater, the thermal drift error is carefully controlled to be negligible compared with
the micron-scale indenter displacement. During an indentation creep test, data for
load and indenter displacement are recorded versus indentation time. It is often
seen that indentation creep curves vary a little in shape as well as magnitude at
different sampling points even on the same specimen. Similar dispersions can also
be observed during hardness tests. Nevertheless, after training in operating the
microindenter for 1 week, indentation creep curves are repeatable in three out of
seven trials according to our experience.

Indentation creep tests for Al–5.3mol% Mg alloy were carried out under such
conditions that dynamic recrystallization does not occur. The test conditions applied
are as follows: test temperatures, 573–773K (0.63Tm–0.85Tm); indentation load,
0.39N; total indentation time, 1200 s.

The indenter tip is conical in shape up to a height of 120 mm (the included half-
apex-angle �¼ 68�). The temperature variation during indentation creep test was
within �1K. The applied load could reach the desired value within less than 0.1 s.

2.2. Constitutive equation of indentation creep
When a sharp indenter is pressed into the surface of a heated specimen,

it penetrates with the rate-dependent and temperature-dependent yielding and
creeping of the indented sample. The time-dependent flow, or creep, of the mate-
rial below the indenter is called indentation creep (Li et al. 1991, Sargent and
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Figure 1. (a) Schematic diagrams of the microindenter (maximum load, 4.9N; maximum
temperature, 1073K; displacement resolution, 0.05� 10�6m): 1, solenoid; 2, LVDT; 3,
lines; 4, oil bath; 5, float; 6, thermocouple; 7, quartz tube; 8, indenter tip; 9, quartz
indenter column; 10, heater; 11, specimen. (b) Schematic drawing of the conical
indenter penetrating the test material. (c) Mesh design for the finite-element
calculations.



Ashby 1992, Prakash 1996). Using a self-similar sharp indenter (e.g. cone or
pyramid), it is often assumed that the plastic region just below the indenter extends
while maintaining its geometrical self-similarity as indentation creep proceeds; that
is the contours of plastic strain change only in scale, and not in shape (Hill 1983).
Assuming that the material’s creep behaviour obeys the well-known creep law for
uniaxial steady-state creep (Mukherjee et al. 1969, Cadek 1988) given by

_""c ¼ A1

�

E

� �n b

d

� �q

exp �
Qc

RT

� �
, ð1 aÞ

a constitutive equation was given for the self-similar indentation creep (Fujiwara and
Otsuka 1999):

_uu ¼ A2u
F

Eu2

� �n
b

d

� �q

exp �
Qc

RT

� �
, ð1 bÞ

where _""c is the effective creep strain rate of the indented material, _uu is the indenter
velocity, A1 and A2 are constants with the dimension of the reciprocal of time, � is
the von Mises flow stress, u is the indenter displacement, F is the indentation load,
E is Young’s modulus at the test temperature, b is the magnitude of the Burgers
vector, d is the grain size, R is the gas constant and T is the test temperature.
The power-law creep exponent n, the grain-size exponent q and the activation energy
Qc for creep are constants that are uniquely determined by the predominant rate-
controlling process of creep deformation. Many uniaxial creep tests showed that
dislocation creep rate is only slightly influenced by grain size; therefore q¼ 0 is
usually set in equations (1 a) and (1 b).

When T and d are constant during indentation creep under a given F, the stress
exponent n in equation (1 b) is given by

n ¼
1

2
1�

oðln _uuÞ

oðln uÞ

� �
T , d

: ð2Þ

Setting K ¼ _uu ðEu2=FÞn=u, equation (1 b) is rewritten as

K ¼ A2

b

d

� �q

exp �
Qc

RT

� �
: ð3Þ

The K parameter has the dimension of the reciprocal of time. When d is kept
constant regardless of the temperature employed, the activation energy Qc for
creep is obtained by

Qc ¼ �R
oðlnKÞ

oð1=T Þ

� �
d

: ð4Þ

Equations (2)–(4) were proposed by Fujiwara and Otsuka (1999, 2001) and applied
to study pure Sn and Sn-based eutectic alloy.

The load on the indenter is carried by a projected contact area A of an
impression. The contact area is proportional to u2 for a self-similar indentation,
that is A / u2. For equilibrium, the indentation pressure p is expressed by
p¼F/A, which is called the Meyer hardness. When the friction between the indenter
and the material being tested is negligibly small, the representative flow stress � in the
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plastic region below the indenter can be approximately written as (Tabor 1951,
Johnson 1970, Bolshakov and Pharr 1998)

� �
p

3
/

F

u2
: ð5Þ

Here � is a measurement of the average equivalent (von Mises) stress in the plastic
zone. When the plastic zone extends in such a way that its configuration remains
geometrically self-similar as indentation creep proceeds, the indentation strain rate
_""ind is defined as (Atkins et al. 1966, Mayo and Nix 1988, Asif and Pethica 1997)

_""ind ¼
_uu

u
¼

dðln uÞ

dt
: ð6Þ

Substituting equations (5) and (6) into equation (1 b) gives

_""ind ¼ A3

�

E

� �n
b

d

� �q

exp �
Qc

RT

� �
: ð7Þ

The above equation is in the same form as equation (1 a) in appearance. Here A3 is
a constant that has the dimension of the reciprocal of time. From equation (7),
the stress exponent n for creep can now be obtained by

n ¼
oðln _""indÞ

o½lnð�=E Þ�

� �
T , d

: ð8Þ

This expression shows that the n value measures the stress sensitivity of the
indentation strain rate _""ind.

2.3. Computational model set-up
To compute the indentation creep behaviour, the uniaxial formulation of creep

in equation (1 a) has to be extended to the spatial tensor formulation. A brief
description is given below.

The total strain tensor e is decomposed into the elastic part ee and creep (plastic)
part ec:

e ¼ ee þ ec: ð9Þ

Replacing the uniaxial stress and uniaxial strain measures to be effective values in
equation (1), that is

� ¼
3

2

� �1=2 X3
i¼1

X3
j¼1

sij sij

 !1=2

, "c ¼
2

3

� �1=2 X3
i¼1

X3
j¼1

"c
ij
"c
ij

 !1=2

, ð10Þ

where sij are the deviatoric stress components, the computational model assumes
that the multidimensional material creep behaviour still obeys the power-law
function given in equation (1 a). Therefore the extended tensor formulation of
equation (1 a) is now simply given as

"c ¼ Bσ n, ð11Þ

where

B ¼ A1

1

E

� �n
b

d

� �q

exp �
Qc

RT

� �
� A1

1

E

� �n

exp �
Qc

RT

� �
:
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The plastic creep deformation is considered to be incompressible, that is "c11þ
"c22 þ "c33 ¼ 0, and the elasticity is considered isotropic.

Axisymmetric finite-element models were constructed to simulate the indentation
response of elasto-plastic solids. Figure 1 (b) schematically shows the conical inden-
ter, where �¼ 68� is the included half-angle of the conical indenter. Figure 1 (c)
shows the mesh design for axisymmetric finite-element calculations. The semi-infinite
substrate of the indented solid was modeled using 12 000 four-noded bilinear
axisymmetric quadrilateral elements, where a fine mesh near the contact region
and a gradually coarser mesh further from the contact region were designed to
ensure numerical accuracy. Finite deformation and, consequently, pile-up or
sink-in effect during indentation creep were rigorously accounted for in the
computations. More details of the computational model set-up can be found
elsewhere (Dao et al. 2001).

The load was linearly increased from 0 to the maximum value within a short
period of 0.1 s and kept constant afterwards. When the maximum load was reached
at t¼ 0.1 s, the minimum number of contact elements in the contact zone was no
fewer than seven in each finite-element method (FEM) computation. The mesh was
well tested for convergence and was determined to be insensitive to far-field bound-
ary conditions. A commercial general-purpose finite-element package ABAQUS
(ABAQUS Inc. 2002) was used. A user subroutine was constructed in order to
integrate the power-law creep material behaviour.

} 3. Results

3.1. Self-similar indentation creep under a constant load
Figure 2 (solid curves) shows the experimentally measured displacement u,

the indenter velocity _uu and the average equivalent stress � of the Al–5.3mol%Mg
solid-solution alloy as functions of time; the load is F¼ 0.39N and the test tempera-
ture T¼ 773K. It is clear from figure 2 that the stress is a decreasing function of
indentation time, and consequently the indenter velocity also decreases mono-
tonically with time. The ratio _uu=u, that is the indentation strain rate, is again a
decreasing function of indentation time. An indentation creep test corresponds to
a stress dip test that can be continuously performed during a conventional uniaxial
creep test. The dashed curves in figure 2 show the corresponding computational
results, calculated with Young’s modulus E¼ 37.8GPa, Poisson’s ratio �¼ 0.33,
stress exponent n¼ 3.2 and the creep constant B¼ 7.76� 10�7MPa�3.2 s�1 in
equation (11). The computational results of u, _uu and � are essentially overlapping
with their corresponding experimental curves. The excellent agreement between
computational results and the experiments indicates that the rate-dependent power
law of equation (11) describes the indented material’s constitutive behaviour fairly
well. It is worth noting that the elastic deformation in equations (9)–(11) also needs
to be accurately taken into account in order to obtain such a good match as shown
in figure 2.

One of the central assumptions in deriving the constitutive relation (1 b) is that
the indentation creep under a constant-load is self-similar. Figure 3 shows the
calculated maximum principal strain developed during the indentation creep at
t¼ 0.1, 10, 40, 200 and 1200 s. It is evident that the strain distribution patterns are
self-similar starting from t¼ 10 s, although some very minor differences can be found
in details at t¼ 10 s. At t¼ 0.1 s, where the maximum load was just achieved,
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t = 0.1 s t = 10 s t = 40 s
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T = 773 K
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Figure 3. Calculated maximum principal strain contours for T¼ 773K during indentation
creep at t¼ 0.1, 10, 40, 200 and 1200 s. The dotted contour lines are the corresponding
contour lines at t¼ 1200 s, proportionally rescaled and overlaid on top of the constant-
strain contour lines at t¼ 10, 40 and 200 s. The strain distribution patterns are
self-similar starting at t¼ 10 s.

Figure 2. Experimentally measured (—) as well as the corresponding computationally
obtained (- - -) results of the displacement u, the indenter velocity _uu and the average
equivalent stress � of the Al–5.3mol%Mg solid-solution alloy as functions of time
(load F¼ 0.39N; test temperature T¼ 773K).



the strain distribution is roughly similar, but not exactly self-similar, to that observed
in later stages after the initial transient period.

Additional indentation creep experiments were conducted at different test
temperatures. Figure 4 shows indentation creep curves of Al–5.3mol%Mg solid-
solution alloy at six different temperatures from 573K to 773K (0.63Tm to 0.85Tm).
When a diamond conical indenter is pressed into the hot material, the indenter
displacement rapidly increases within a short time and then slowly penetrates
the material by creeping. The indentation displacement u (and the indentation
velocity _uu) increases with increasing test temperature at the same indentation time t.
The indenter displacement also increases with the passage of indentation time, and it
would finally reach a stationary value. The indenter displacement for 1200 s at 773K
is about three times that at 573K, and the final stationary value clearly increases
with rising test temperature. From these curves, we can extract and evaluate the
indented material’s creep constitutive parameters.

3.2. Power-law creep exponent and its transition
In figure 5, the indenter velocities are plotted against the corresponding indenter

displacements, both on logarithmic scales. The experimental data lie on a family of
parallel straight lines at each test temperature, except for the initial transient stage
right after loading and the range beyond the measurement limit of a LVDT.
It should be noted that the constitutive equation of indentation creep, equation
(1 b), holds phenomenologically when the experimental plots fall on the straight
line. From analogous reasoning to equation (7), the indentation creep on the
straight-line region can be interpreted to be in a steady state. Equation (2) indicates
that the slope of the straight lines corresponds to 1� 2n. The n values so obtained are
constant at about 3.2 at all test temperatures. On the other hand, applying either
equation (2) or equation (8) to analyse the computational indentation creep curves
shown in figure 2, one can accurately obtain the originally introduced creep exponent
of the indented material, that is n¼ 3.2; similarly, accurate n-value extractions were
also achieved using different creep exponents n in the computations.

Figure 6 (a) shows the experimentally measured indentation strain rate versus
normalized average equivalent stress at 573 and 590K, both on logarithmic scales.
From equation (8), the two slopes of the straight lines allow us to determine the
stress exponents. The stress exponent n changes distinctively from 4.8 to 3.2 at a
critical stress level sc, as indentation creep proceeds; the indentation creep for n¼ 4.8
takes place in the stress range H{ when � > �c, and that of n¼ 3.2 occurs in the
stress range M{ when � < �c. The critical stresses �c were estimated experimentally
to be 72.5MPa and 52.5MPa at temperatures of 573K and 590K respectively. It is
very likely that the measured �c-value in the indentation creep test corresponds to a
critical transition stress in the indented material’s creep behaviour. To confirm this
and to check whether the self-similarity assumption is still preserved when there is a
sudden n-value jump, computational runs were performed assuming a change in
creep exponent n from 5.0 to 3.0 at a critical stress �c in equation (1 a) or equation
(11). The input parameters used and the results obtained are listed in table 2 and
shown in figures 6 (b) and 7.
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Figure 4. Indentation creep curves of Al–5.3mol%Mg solid-solution alloy with a constant
load of 0.39N measured at T¼ 573, 590, 636, 681, 726 and 773K.

Figure 5. Logarithmic plots of indenter displacement u versus indenter velocity _uu of
Al–5.3mol%Mg solid-solution alloy. The experimental data lie on a family of parallel
straight lines at each test temperature, except for the initial transient stage right after
loading and the range beyond the measurement limit of the LVDT.
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Figure 6. (a) Experimentally measured indentation strain rate versus normalized average
equivalent stress at 573 and 590K, both on logarithmic scales. The n value changes
distinctively from 4.8 to 3.2 at a critical stress level �c. (b) Corresponding computa-
tional results of indentation strain rate versus normalized average equivalent stress.



A commonly observed phenomenon of indentation experiments is that the
material around the indentation impression tends to deform upwards (pile-up) or
downwards (sink-in) with respect to the original surface. Note that pile-up or sink-in
behaviour is closely related to both the plastic and the elastic properties during
indentation creep experiments. To account for the pile-up or sink-in phenomenon,
nonlinear large strains, finite rigid-body displacements and finite rigid-body
rotations in addition to both the plastic strain-rate hardening and the elasticity are
all carefully considered in the computational model. For the typical parameters
used in the current study, pile-up was found in all cases, as observed in figure 7.
When the pile-up effect is carefully taken into account by the FEM simulations, it is
evident that the �c value extracted from an indentation creep curve corresponds
closely to, and is a good estimation of, the indented material’s �c value. Figure 7
shows the computed maximum principal strain contours at T¼ 573K. At t¼ 100 s,
the indentation is still in the high-stress range of n � 5 and, at t ¼ 1200 s, the inden-
tation is well within the steady-state range of n � 3. The strain contours at t ¼ 100 s
and t¼ 1200 s are roughly self-similar; they only differ in certain minor details.
Comparing figure 7 with figure 3, the strain distribution patterns at t¼ 1200 s
are very much similar, showing again that the earlier transient behaviour near the
transition stress �c are diminishing with longer indentation times.
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Figure 7. Calculated maximum principal strain contours for T¼ 573K during indentation
creep at t¼ 100 and 1200 s. The dotted contour lines are the corresponding contour
lines at t¼ 1200 s, proportionally rescaled and overlaid on top of the constant strain
contour lines at t¼ 100 s. The strain contours at t¼ 100 s and t¼ 1200 s are roughly
self-similar; they only differ in certain minor details.

Table 2. FEM simulations of the creep exponent change. Input parameters and results
are tabulated.

Input parameters FEM results

T

(K)

E

(GPa) �

� > �c � < �c

�c
(MPa)

�c

(MPa)

(pile-up

considered)

�c

(MPa)

(pile-up

not

considered)

n

n

B

(MPa�5 s�1) n

B

(MPa�3 s�1) � > �c � < �c

573 58.0 0.33 5.0 2.25� 10�13 3.0 1.18� 10�9 72.5 69.3 77.7 4.9 2.9

590 57.1 0.33 5.0 1.13� 10�12 3.0 3.11� 10�9 52.5 51.9 60.8 4.9 2.9



3.3. Activation energy for indentation creep
Figure 8 shows the Arrhenius plot of K values obtained from analysing the data

lying on the parallel straight lines in figure 5. As mentioned earlier, the K parameter,
given by K ¼ "indðEu

2=FÞn, represents an indentation strain rate in which the stress
dependence is compensated, so that the K value is uniquely determined at a given
temperature and the dependence of K value upon temperature can be expressed by a
straight line in the Arrhenius plot diagram. According to equation (4), the slope of
the straight line corresponds to �Qc=2:3RTm. The activation energy for creep so
obtained is Qc ¼ 123 kJmol�1, which agrees well with the value of 130 kJmol�1

obtained for the mutual diffusion of an Al–Mg solid-solution alloy (Brandes et al.
1998). It follows that the indentation strain rate in the range M of n¼ 3.2 is
proportional to a diffusion coefficient of the solid-solution alloy. The finding
suggests that the indentation creep is rate controlled by the viscous glide of disloca-
tions, which depends on dragging resistance that arises from the interaction of
solute atmosphere with gliding dislocations.

3.4. Back stress acting on moving dislocations
Taking into account the back stress �b acting on moving dislocations (Cadek

1988), equation (7) can be rewritten as

"ind ¼ A4

� � �b
E

� �n
b

d

� �q

exp �
Qc

RT

� �
, ð12Þ

where A4 is a constant. When the back stress is the athermal resistance due to
long-range interaction of other dislocations, the resistance is often called an internal
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Figure 8. Arrhenius plot of the K parameter, K ¼ "indðEu
2=FÞn.
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stress si, which is generally expressed by (Taylor 1938, Carrington et al. 1960,
Yoshinaga et al. 1985)

�i ¼ ��bM�1=2, ð13Þ

where � is a constant depending on dislocation arrangement, � is the shear modulus,
M is the Taylor factor (M � 3:06 for fcc polycrystals (Taylor 1938)) and � is the
density of free dislocations. For the region of n � 3 in an Al–Mg solid-solution alloy,
it is known that dislocations are distributed homogeneously without forming cell
structures at high temperatures (Horiuchi and Otsuka 1972, Vagarali and Langdon
1982) and the free-dislocation density during steady-state creep depends on the
applied stress as

� /
1

b2
�

�

� �m

, ð14Þ

where m is a constant of about 2. Connecting equation (14) to equation (13),
the internal stress is approximately proportional to the applied stress, so that
equation (12) can be expressed as the same "1=nind / �=E dependence as in equation (7)
at a given temperature. If the relation "1=nind / �=E describes the data completely, the
experimental curves should be a family of straight lines passing though the origin of
the coordinate axes, which is indeed the case as shown in figure 9. These curves
are plotted with the data that lie on the straight lines with n¼ 3.2 in figure 5. When
the data points at each test temperature in figure 9 are linearly extrapolated, the
corresponding extrapolation lines all pass through the origin of the coordinate axes.
The finding suggests that the back stress in the range M (n¼ 3.2) is the internal stress,
which is connected to long-range interaction of dislocations.

3.5. Comparison with results obtained from conventional uniaxial creep tests
Conventional uniaxial creep test results (Pahutova and Cadek 1979, Sato and

Oikawa 1988) on Al–Mg solid-solution alloy showed that the stress exponent at a
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Figure 9. Relationship of "1=nind versus s=E. When the data points at each test temperature
in the figure are linearly extrapolated, the corresponding extrapolation lines all pass
through the origin of the coordinate axes.
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given temperature typically takes a constant either of 3 or 5 depending on the applied
stress. For convenience, the medium-stress range of n � 3 is denoted by M, and the
low- and high-stress ranges of n � 5 are represented by L and H respectively. This
kind of deformation characteristics can be explained by considering changes in the
interaction between moving dislocations and the solute atmosphere. At high
temperatures and low stresses where the diffusion rate of solute atoms is sufficiently
high in comparison with dislocation velocity, the dragging resistance falls off with
rising temperature or decreasing stress. In the range L, the solute atoms can
completely follow moving dislocations by diffusional migration, so that the presence
of solute atmosphere exhibits little influence on the dislocations in motion. In the
range H, the dislocation velocity is considerably higher than the diffusion rate of
solute atoms, so that mobile dislocations can break away from their solute atmos-
phere at a critical stress level or higher. Experimental results (Cadek 1988) showed
that creep in the ranges L and H is rate controlled by a recovery process that depends
on climb motion of dislocations, similar to creep deformation of pure metals with
n � 5. In contrast, creep in the range M is rate controlled by the glide motion
of dislocations which drag the solute atmosphere, and the activation energy for
creep is almost equal to that for mutual diffusion of solid-solution alloy.

Table 3 lists the results of our indentation creep test and tensile creep tests found
in the literature (Horiuchi and Otsuka 1972, Kucharov et al. 1974, Pahutova and
Cadek 1979) within the n � 3 region. Under similar conditions, the two testing
methods give almost the same stress exponents and activation energies for creep.
These results demonstrate that indentation creep test results are equivalent to
conventional uniaxial creep test results in the dislocation creep regime.

} 4. Discussion

At T¼ 573 and 590K, the n transition from 4.8 to 3.2 shows that the creep
rate-controlling process changes from the climb motion to the glide motion of
dislocations at a certain stress level as indentation creep proceeds. Solid-solution
alloys at high temperatures may deform plastically by five different deformation
mechanisms, so that the predominant, and thus rate-controlling, mechanism
depends decisively on the precise conditions of applied stress, temperature and
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Table 3. Comparison of indentation creep test results and conventional creep test results
in the range M (n� 3).

Creep test method Test materials
T

(K)
Stress range �

(MPa) n

Activation
energy

for creep
(kJmol�1)

Indentation
(current study)

Al–5.3mol%Mg alloy 573–773 3.6–72.5 3.2 123

Tension
(Horiuchi and

Otsuka 1972)
Al–5.1mol%Mg alloy 601–734 2.0–68.6 2.8–3.0 135–144

Tension
(Kucharov et al.

1974,
Pahutova and

Cadek 1979)

Al–5.5mol%Mg alloy 623 6.7–70.0 3.2 139–141



microstructure. The possible deformation mechanisms include dislocation climb
rate-controlling creep (mechanism 1), dislocation glide rate-controlling creep (mech-
anism 2), Harper–Dorn creep (mechanism 3), Nabarro–Herring creep (mechanism 4)
and Coble creep (mechanism 5). The two mechanisms 1 and 2 interact in a sequential
manner, but the other mechanisms 3, 4 and 5 operate independently of each other.
Therefore, with all these mechanisms operating, the measured indentation strain
rate "ind can be expressed as

"ind ¼
"1"2

"1 þ "2
þ "3 þ "4 þ "5, ð15Þ

where "i is the creep rate for the ith deformation mechanism. Under the experimental
conditions of �=E ¼ 10�4

� 10�3, d=b � 106 and T=Tm ¼ 0:63–0:85, the values of
"3, "4 and "5 are negligibly small (Mohamed and Langdon 1975). Thus, equation (15)
can be reduced to

"ind ¼
"1"2

"1 þ "2
: ð16Þ

When an applied stress is greater than the critical stress �c necessary for breakaway
of dislocations from their solute atmosphere, it is anticipated that the solute atmo-
sphere no longer hinders the motion of dislocations. When "1 � "2 under high
applied stresses � > �c, we have "ind � "1. This means that creep in the high-stress
regime is rate controlled by some recovery process dependent on the climb motion
of dislocations. In this case, it is known that the steady-state creep rate is typically
proportional to the fifth power of applied stress, that is "ind / ð�=E Þ

5. On the other
hand, when the glide velocity of dislocations is of the order of the climb velocity
due to atmosphere drag, it follows that "ind � "2. Accordingly, the creep in low-stress
range where � < �c is rate controlled by viscous glide of dislocations, and "ind /

ð�=E Þ
3 is typical (Poirier 1985).

According to Friedel (1964), the critical stress for breakaway of dislocations
from their solute atmosphere is inversely proportional to temperature. Similarly,
the experimental result indicates that the critical stress level for the n-value transition
significantly decreases as temperature increases; the values of �c=E for 573K and
590K are 1.24� 10�3 and 9.19� 10�4 respectively.

For the case of T¼ 773K in figure 5, the average equivalent stress � decreases
from 13.5 to 3.6MPa as indentation steady-state creep proceeds. If the critical stress
�c at 773K is higher than 13.5MPa, one cannot detect the existence of the stress
range H (n¼ 4.8) through the instrumented microindentation technique. In fact,
the stress range of n¼ 4.8 disappears when T 5 636K and only the stress range of
n¼ 3.2 can be detected during indentation creep tests.

} 5. Conclusions

Instrumented indentation is a convenient technique that enables us to explore the
mechanical properties of small-volume materials at high temperatures. We have
performed indentation creep tests, where a self-similar indenter is pressed into a
depth of 100 mm or less from the material surface. The current experimental setup
for indentation creep test has a number of advantages.

(i) Specimens can be small in size and simple in shape.
(ii) Mechanical properties can be explored for a selected local region.
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(iii) The testing time required is relatively short.
(iv) Response to a load application mechanism is satisfactory.
(v) High-temperature and high-stress conditions can be easily realized.
(vi) A vacuum or inert-gas test atmosphere can be prepared without difficulty.

Carefully designed indentation creep experiments together with corresponding
finite-element computations were carried out in order to establish a robust and
systematic method to extract creep properties accurately during indentation creep
tests. It was confirmed that indentation creep tests of Al–5.3mol%Mg solid-solution
alloy at temperatures ranging from 573 to 773K can be effectively used to extract
material parameters equivalent to those obtained from conventional uniaxial creep
tests in the dislocation creep regime. The key results of this study can be summarized
as follows.

(1) If the indented material is a power-law creep material (i.e. obeys equation
(11)), the indentation creep strain field is self-similar during a constant-load
creep test, except during a short transient period on initial loading or when
there is a deformation mechanism change.

(2) When the temperature and grain size are kept constant, the creep exponent n
can be robustly extracted using

n ¼
oðln "indÞ

o ln ð�=EÞ

or

n ¼
1

2
1�

oðln _uuÞ

oðln uÞ

� �
:

(3) For the Al–5.3mol%Mg solid-solution alloy used in this study, the creep
stress exponent n varies distinctively from 4.8 to 3.2 at a critical stress level as
indentation creep proceeds. This n-value transition indicates that the creep
rate-controlling process changes from dislocation climb to viscous glide at a
critical stress, which decreases significantly with increasing temperature.

(4) In the stress range where �<�c (n¼ 3.2), the back stress acting on moving
dislocations is proportional to the average equivalent stress (applied stress)
occurring in the region just below the impression. This finding suggests that
the back stress is the internal stress related to long-range interaction with
dislocations.

(5) The activation energy Qc for creep was found to be 123 kJmol�1, which is
close to the activation energy for mutual diffusion of this alloy, 130 kJmol�1.

(6) Experimental results indicate that the creep of the solid-solution alloy under
the condition of n¼ 3.2 and Qc¼ 123 kJmol�1 is rate controlled by viscous
glide of dislocations that drag solute atmosphere. These results are in good
agreement with those obtained from conventional uniaxial creep tests in
the dislocation creep regime.
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