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Indentation creep tests were performed on an Al-5.3mol% Mg solid-solution alloy to examine whether mechanical properties can be
extracted accurately from a testpiece, as small as a rice grain. A conical diamond indenter was pressed into a test surface with a constant load
F at temperatures ranging from 0.60 to 0.65 Tm (Tm: the absolute liquidus temperature). When the representative flow stress ���m and the
indentation strain rate _""in in the underlying material decreases to each critical value, ���c and _""c, as indentation creep proceeds, the stress exponent
n for creep varies distinctively from 4.9 to 3.0. The measured ���c decreases with increasing temperature, while the corresponding indentation
strain rate _""c increases under the same condition. This temperature dependence is in close agreement with the results derived from the dislocation
theory. The activation energy Q for creep in range M (n ¼� 5, ���m > ���c or _""in > _""c) is approximately equivalent to that for the lattice diffusion of
pure aluminum, and the Q value in range A (n ¼� 3, ���m < ���c or _""in < _""c) is close to that for the mutual diffusion of this alloy. With load-jump
tests, F was abruptly increased in the indentation creep test. In range M, instantaneous plastic deformation (IPD) takes place evidently even with
a slight abrupt increase in load. On the other hand, the IPD does not occur in range A when load increment is within a certain value. However, the
occurrence of IPD is observed under the condition of ���m > ���c or _""in > _""c. The findings suggest that the creep rate-controlling process changes
from the recovery control (n ¼� 5) to the glide control (n ¼� 3) below ���c. It is thus demonstrated that the indentation testing technique can be
effectively used to extract material parameters equivalent to those obtained from conventional uniaxial creep tests in the dislocation creep
regime. [doi:10.2320/matertrans.47.2006]
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1. Introduction

In general, it is often difficult to prepare many specimens
for mechanical tests with advanced materials, e.g., nano-
materials, amorphous materials and quasicrystalline materi-
als, which are often available only in minute quantities or as
small-volume specimens or structures. It is very important to
establish a robust and systematic material testing technique
that can accurately extract mechanical properties at both
ambient and high temperatures from small-volume speci-
mens. How can we extract material parameters such as
power-law creep exponents and activation energy for creep
equivalent to those obtained from conventional uniaxial
creep tests using a testpiece as small as a rice grain? The
prerequisites to achieve such technical demands are as
follows.

. Creep deformation does not depend on the size and
shape of specimens.

. The parameter employed to describe the rate of creep
deformation is proportional to the equivalent plastic
strain rate.

Thus, it is necessary to develop a new testing machine that is
designed to fulfill these two requirements and furthermore to
derive a constitutive equation for analyzing the data
measured with this testing machine.

The self-similar indentation test is one of the methods of

evaluating the high-temperature mechanical properties of a
small-volume material. In the test, a conical indenter is
pressed into the surface of a heated specimen with various
load modes. At high temperatures, indenter displacement
increases with indentation time. Both indentation load and
indenter displacement are recorded simultaneously with time
and analyzed to evaluate high-temperature mechanical
properties. The time-dependent deformation in the under-
lying material is called indentation creep.

Considerable effort and significant progress have been
made in extracting the ambient and high-temperature proper-
ties of materials using the indentation testing technique.1,2)

Mulhearn and Tabor investigated the relationship between
indentation hardness and loading time.3) Li et al. tried to
analyze all deformation mechanisms that may contribute to
indentation creep.4) Sargent and Ashby demonstrated that hot
hardness tests provide information concerning the time-
dependent flow, or creep, of the material beneath a self-
similar indenter.5) Prakash proposed a conceptual model
wherein the creep deformation just below a conical indenter
can be interpreted to be in a steady state.6) Lucas and Oliver
obtained the creep properties for materials of low melting
point using a nanoindenter.7) Fujiwara and Otsuka derived a
set of constitutive equations for self-similar indentation creep
and carried out high-temperature indentation tests on pure
metals, solid-solution alloys, dispersion-strengthened alloys,
and two-phase alloys using a microindenter. Then, they
reported that the measured creep properties agreed well with
those obtained from conventional tensile-creep tests.8–10)

Takagi et al.11) and Dao et al.12) performed finite-element
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computations for indentation creep, and proved that the
plastic region just below the indenter extends while main-
taining its geometrical self-similarity as indentation creep
proceeds.

In the present study, we conduct constant-load indentation
tests and load-jump tests on an Al-5.3mol% Mg alloy with a
microindenter, and examine the following three aspects.

. The temperature dependence of critical stress level and
indentation strain rate when the stress exponent n for
creep varies distinctively from 5 to 3 as indentation
creep proceeds.

. The predominant, and thus rate-controlling, creep
process in each range of n ¼� 5 and n ¼� 3.

. The switching model of the rate-controlling process
when some deformation mechanisms operate simulta-
neously in the underlying material.

Then, it is demonstrated that the self-similar indentation
technique can be effectively used to extract material
parameters equivalent to those obtained from conventional
uniaxial creep tests in the dislocation creep regime, and that
this testing technique is a powerful tool to evaluate
mechanical properties from a testpiece as small as a rice grain.

2. Experimental Procedures

An ingot of Al-5.3mol% Mg alloy was subjected to a
homogenization treatment in argon gas for 86.4 ks at 773K
(0.85 Tm). Its chemical composition is shown in Table 1. The
alloy was cut into 5mm� 10mm� 5mm rectangular
parallelepipeds with a metal saw and carefully shaped so
that the test surface (5mm� 10mm) became parallel to the
bottom surface using special jigs and emery papers. All
specimens were annealed in argon gas for 3.6 ks at 773K.
After that, they were electropolished to remove the surface
layer of up to 40 mm in thickness and immediately placed in
the testing machine to minimize atmospheric tarnish. The
electropolishing was carried out under a condition of 14.5
kA/m2 for 900 s at 273K. The polishing solution consists of
10ml of perchloric acid, 20ml of ethylene glycol and 400ml
of ethyl alcohol.

Figure 1(a) schematically shows the instrumented micro-
indenter (ULVAC-RIKO, Inc., JAPAN) used in this study.8)

The conical indenter tip of diamond (the included apex angle:
2� ¼ 136�) was pressed perpendicularly into the 5mm�
10mm surface area of the heated specimen in an argon gas
atmosphere. The indentation load was controlled by an
electromagnet accurately, and the indentation depth was
obtained by measuring the displacement of the indenter
column with a linear variable-differential transformer
(LVDT). The constant-load test conditions applied are as
follows: indentation load, 0.39N; test temperatures, 546–
590K (0.60 Tm–0.65 Tm); total indentation time, 1200 s.
Load-jump tests were performed at a temperature of 573K, in

which indentation load was abruptly changed from 0.39N to
0:39� 0:20N. The applied load could reach the desired
value within less than 0.1 s. All the indentation tests were
carried out after keeping at the test temperatures for 1800 s.
The temperature variation during indentation creep tests was
within �1K.

3. Constitutive Equation of Indentation Creep

A set of constitutive equations for indentation creep has
been derived by Fujiwara and Otsuka.8) Its outline is
described as follows. When a sharp indenter is pressed into
the surface of a heated material, it penetrates with the rate-
dependent and temperature-dependent yielding and creeping
of the indented material. The time-dependent flow, or creep,
of the material just below the indenter is called indentation
creep. Using a self-similar sharp indenter (e.g., cone or
pyramid) under a constant load, it is often assumed that the
plastic region beneath the indenter extends while maintaining
its geometrical self-similarity under the equilibrium of forces
as indentation creep proceeds; that is, the contour lines of
plastic strain change only in scale, and not in shape.13)

Recently, this prerequisite has been carefully confirmed by
Takagi et al. using finite-element calculations.11) The
velocity of the indenter column, hereafter called indenter
velocity, is governed by creep in a certain limited region
beneath the indenter, which is called control volume (CV).
When geometrical self-similarity holds for the distribution of
plastic strain, the deformation rate _""in in the CV, hereafter
called indentation strain rate, can be defined by

_""in ¼
_uu

u
; ð1Þ

where u is the indenter displacement and _uu is the indenter
velocity which is obtained from differentiating u with respect
to indentation time.14,15) For equilibrium after yielding, the
representative stress ���m in the CV can be approximately
written as16–18)

Table 1 Chemical composition of tested material.

Analysed composition (mol%)
Test material

Mg Si Fe Cu Al

Al-Mg alloy 5.3 0.004 0.004 0.0002 Balance

( a ) ( b )

Force actuator

Displacement sensor

Conical indenter

Specimen

Heater

mC

iE

sE
rE

Fig. 1 (a) Schematic diagram and (b) dynamic mechanical model of a

microindenter. Cm: compliance of testing machine, Er: reduced elastic

modulus, Ei: Young’s modulus of indenter tip and Es: Young’s modulus of

specimen.
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���m ¼�
p

3
¼

F

3�u2 tan2 �
; ð2Þ

where p is the indentation pressure, which is obtained by
dividing the indentation load F by the projected contact area
of an impression. The equivalent stress ��� at an arbitrary point
in the CV can be given as

��� ¼ C1p / ���m; ð3Þ

where C1 is a dimensionless constant that depends on the
position of interest. For compatibility, the equivalent plastic
strain rate _�""�"" at that point is given as14)

_�""�"" ¼ C2 _""in: ð4Þ

Here, C2 is a dimensionless constant of approximately 1/3 in
isotropic materials. When creep deformation at the point is
taken to be in a steady state, where dynamic recovery
compensates strain hardening, it is assumed that _�""�"" can be
described by the well-known power-law creep equation

_�""�"" ¼ A1

���

E

� �n

exp �
Q

RT

� �
; ð5Þ

where A1 is a material constant with the dimension of the
reciprocal of time, E Young’s modulus, R the gas constant,
and T the test temperature. The power-law creep exponent n
and the activation energy Q for creep are constants that are
uniquely determined by the predominant rate-controlling
process of creep deformation. By combining eqs. (1)–(5), a
set of constitutive equations for indentation creep can be
obtained as

_uu ¼ A2u
F

Eu2

� �n

exp �
Q

RT

� �
ð6Þ

or

_""in ¼ A3

���m

E

� �n

exp �
Q

RT

� �
; ð7Þ

where A2 and A3 are constants with the dimension of the
reciprocal of time. From eq. (7), the stress exponent n for
creep can be given by

n ¼
@ ln _""in

@ lnð ���m=EÞ

� �
T

: ð8Þ

From eq. (6), the activation energy Q for creep can be
expressed as

Q ¼ �R
@ lnK

@ð1=TÞ

� �
; ð9Þ

where K ¼ _uuu�1ðEu2=FÞn. This variable has the dimension
of the reciprocal of time, and it is named K-parameter
hereafter.

4. Results

4.1 Constant-load indentation creep test
Figure 2 shows the indenter displacement u versus

indentation time t plots. These are typical indentation creep
curves (ICCs) obtained at each temperature. The measured u

increases gradually with the passage of indentation time,
following the instantaneous deformation occurring right after
the application of load. The projected contact area of an

impression increases as indentation creep proceeds. Corre-
spondingly, the indentation pressure p and the representative
stress ���m in the underlying material uniformly decrease with
indentation time. Also, the shape of the ICCs indicates that
the indenter velocity _uu and the indentation strain rate _uu=u
decrease gradually. In Fig. 3, the indentation strain rate
_""in, that is _uu=u, is plotted against the representative stress
normalized by Young’s modulus19) at each temperature,
���m=E. Note that the indentation creep proceeds from the
high-stress range to the low-stress range. The experimental
data lie on two straight lines with different slopes, except for
the initial transient stage right after loading and the range
beyond the measurement limit of an LVDT. According to
eq. (7), the indentation creep on the straight-line region
can be interpreted to be in a steady state. This result implies
that a dislocation substructure corresponding to the individ-
ual stress level forms in the CV due to sufficient dynamic
recovery during indentation creep. The detailed mechanism
of this phenomenon will be reported elsewhere. From eq. (8),
the slope of the straight lines allows us to determine the stress
exponent n. The n value thus obtained varies distinctively
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Fig. 2 ICCs of Al-5.3mol%Mg solid-solution alloy measured with F ¼
0:39N at T ¼ 546, 564, 573 and 590K.

5 10-3 5

Normalized Stress,    / E

10-5

10-4

10-3

10-2

10-1

In
de

nt
at

io
n 

St
ra

in
 R

at
e,

   
 / 

s-1

m

in

10-42

Al-5.3mol%Mg, 0.39N

n = 4.9

n = 3.0

590K

564K
573K

546K

c

c E

Range M

Range A

ε

ε̇

σ

σ

×

Fig. 3 Relationship of _""in versus ���m=E, both on logarithmic scales. The

creep stress exponent n varies distinctively from 4.9 to 3.0 at the critical

stress ���c and the corresponding indentation strain rate _""c.

2008 H. Takagi, M. Dao, M. Fujiwara and M. Otsuka



from 4.9 to 3.0 below a critical stress level ���c and the
corresponding indentation strain rate _""c. Hereafter, the range
of ���m > ���c or _""in > _""c is designated as range M (n ¼� 5). In
the case of ���m < ���c or _""in < _""c, it is named range A (n ¼� 3).

Figure 4 shows the temperature dependence of the critical
stress level ���c, and that the value of ���c decreases rapidly from
122 to 52MPa for the temperature range of 546–590K. For
example, ���c at 573K is estimated to be 61� 6MPa on
average. As shown in the figure, our experimental results
agree well with those obtained using conventional tensile
creep tests in the literature.20–22)

Figure 5 shows the temperature dependence of the critical
indentation strain rate _""c, which corresponds to ���c. It is clear
that _""c increases with increasing temperature. The activation
energy obtained from Arrhenius plots of _""c is approximately
20 kJ/mol, which is rather small compared with the activa-
tion energy for the lattice diffusion of aluminum, 144 kJ/
mol.23)

Figure 6 shows the Arrhenius plots of K-parameter
obtained from analyzing the data lying on the straight lines
in Fig. 3. Here, K ¼ _uuu�1ðEu2=FÞn holds. The K values fall
on two straight lines with different slopes. Equation (9)

indicates that the slope of either straight line corresponds to
�Q=2:3RTm. The activation energy for creep thus obtained is
Q ¼ 146 kJ/mol in range M (n ¼ 4:9), which agrees well
with the value of 144 kJ/mol obtained for the lattice diffusion
of pure aluminum.23) In range A (n ¼ 3:0), Q is 137 kJ/mol.
This value is close to the activation energy for the mutual
diffusion of an Al-Mg solid-solution alloy, 130 kJ/mol.23)

The above results suggest that the creep rate-controlling
process changes from the climb motion to the glide motion of
dislocations below a critical stress level, ���c, and the
corresponding indentation strain rate _""c as indentation creep
proceeds.

4.2 Load-jump test
Figure 7 shows the relationship between indenter displace-

ment and indentation time. The ICCs (thin lines) show results
obtained with constant loads of 0.29, 0.39 and 0.49N at
573K. One of the ICCs (thick lines) represents the case
wherein load was abruptly decreased from 0.39 to 0.29N in
range M, and the other thick line denotes the case of load
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increase from 0.39 to 0.49N in range A. The thick lines
gradually approach the corresponding thin lines obtained by
the constant-load tests after the transient stage. This result
implies that the indenter velocity is uniquely determined with
respect to the indenter displacement. This fact suggests that
indentation strain rate is decided uniquely under certain
representative stress, and this relationship does not depend on
the load-application path. Figures 8(a) and 8(b) show the
instantaneous displacement �u as a function of load change
�F. The abscissa is load increment �F, with positive values
indicating increases and negative values indicating decreas-
es. The ordinate is the instantaneous displacement �u, with
positive values indicating displacement in the indentation
direction, and negative values indicating that in the opposite
direction. In both figures, the negative values of �u lie on a
straight line. It is found that �u is proportional to �F when
load is abruptly decreased in ranges M and A. In contrast,
when load is abruptly increased, the instantaneous deforma-
tion behavior of each stress range differs significantly. (a):
When load is abruptly increased by approximately 0.05N in
range M, the �u values lie above the straight line. (b): By
contrast, with the abrupt load increase of �F � 0:10N in
range A, the values of �u still fall on the straight line.

However, the �u values for �F > 0:10N lie above the
straight line, similar to the case of (a).

5. Discussion

5.1 Determination of instantaneous plastic deformation
in load-jump test

When load is abruptly increased during an indentation
creep test, an instantaneous displacement �u is detected via
an LVDT.�umay be derived from the elastic deformation of
the testing machine and from both the elastic deformation
and instantaneous plastic deformation of the specimen. For
convenience, the elastic deformation and the instantaneous
plastic deformation are represented by the symbols of ED and
IPD, respectively. A method of dividing the measured �u

into two parts of ED and IPD is described in the following.
5.1.1 Compliance of microindenter

In the microindenter employed, a testing machine, an
indenter tip and a specimen are connected in series as shown
in Fig. 1(b). The compliance C of this mechanical system is
given by24,25)

C ¼ Cm þ
1

2aEr

ffiffiffiffi
�

A

r
; ð10Þ

where Cm is the compliance of the load frame, which is
obtained from the slope of an F-u curve in the case that a
special jig is attached to the indenter setup. When F ¼ 0:39N
and T ¼ 573K, the corresponding Cm value is equal to
3:32� 10�6 m/N. The second term of eq. (10) represents the
contact compliance between the indenter tip and the test
surface, where Er denotes the reduced elastic modulus, A
denotes the projected contact area of an impression and a

denotes unity for a conical indenter tip.24) The elastic contact
theory provides the contact depth uc of an indenter as follows.

uc ¼ u� CmF � �ðC � CmÞF ð11Þ

Here, � ¼ 0:72 for conical indenter tips.24) When uc is
sufficiently larger than the radius of curvature of the indenter
tip, the projected contact area of the impression A can be
written as

A ¼ 19:25½u� CmF � 0:72ðC � CmÞF�2: ð12Þ

The reduced elastic modulus Er is given by

1

Er

¼
1� �2i
Ei

þ
1� �2s
Es

; ð13Þ

where Ei and Es, and �i and �s are Young’s modulus and
Poisson’s ratio of the indenter tip and the specimen, res-
pectively, the values of which are Es ¼ 58:00GPa,19) �s ¼
0:345,26) Ei ¼ 1141GPa27) and �i ¼ 0:07.27) From eqs. (10),
(12) and (13), it follows that

� 3:56FðC � CmÞ2 þ 4:95ðu� CmFÞðC � CmÞ

�
1� �2i
Ei

�
1� �2s
Es

¼ 0: ð14Þ

In both ranges M and A, load-jump tests were performed
under conditions of F ¼ 0:39N, u ¼ 9:32� 10�6 m, and
F ¼ 0:39N, u ¼ 12:50� 10�6 m. When these values are
substituted into eq. (14), it is found that the C values are
3:73� 10�6 m/N in range M and 3:61� 10�6 m/N in range
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A. By multiplying the load increment �F by the compliance
C, we can evaluate the amount of ED caused in the
mechanical system for an abrupt change in load.
5.1.2 Determination of instantaneous plastic deforma-

tion
In Figs. 8(a) and 8(b), the slope of the thin straight lines

allows us to determine the C of the mechanical system, and
these lines represent the amount of ED caused in that system
for an abrupt change in load. The slope of the dashed line
denotes the compliance Cm of the load frame, and the value
of Cm�F indicates the ED of its frame. Because the ED of
diamond indenter tips is almost negligible, a-b corresponds to
the ED of the testing machine and b-c that of the specimen.
Accordingly, c-d indicates the IPD in the specimen for an
abrupt increase in load. First, we discuss a case in which the
indentation load F abruptly decreases. In both Figs. 8(a) and
8(b), it can be seen that the corresponding experimental data
lie on the straight line with a slope of C. Therefore, the
instantaneous displacement �u for the abrupt decrease in
load represents the ED of the testing machine and the
specimen. On the other hand, when the F is abruptly
increased, in range M of Fig. 8(a) IPD occurs even with a
slight abrupt increase in load (�F < 0:05N). In range A of
Fig. 8(b), with the abrupt load increase of�F � 0:10N, only
ED takes place; when �F > 0:10{0:15N, ED as well as IPD
occur simultaneously. Assuming that F ¼ 0:39þ ð0:13{
0:15ÞN and u ¼ 12:5� 10�6 m, the stress level ���IP at which
the IPD occurs is 58–60MPa. The measured ���IP is fairly
close to the critical stress ���c (61MPa) at a temperature of
573K in Fig. 4. The above results can be explained as
follows. Because thermal resistance to dislocation motion in
range M ð ���m > ���c; n ¼� 5Þ does not exist or is almost
negligible, most of dislocations can move at a high speed
as if they are in free-flight motion in pure metals. As a result,
IPD occurs even when there is only a slight abrupt increase in
load. On the other hand, in range A ð ���m < ���c; n ¼� 3Þ, thermal
resistance exists and dislocations move viscously dragging
the solute atmosphere. With the abrupt load increase of
�F � 0:10N, because most of dislocations cannot move
immediately due to their dragging resistance, only ED
occurs. However, when the indentation load is abruptly
increased so that ���m almost exceeds ���IP ¼ 58{60MPa, many
dislocations can break away from their solute atmosphere,
and consequently, the occurrence of IPD is observed.

5.2 Theoretical investigation of critical stress and cor-
responding indentation strain rate

The creep rate-controlling process changes from the climb
motion to the glide motion of dislocations in a solid-solution
alloy at the critical stress level ���c or the corresponding
indentation strain rate _""c. A set of equations regarding these
material parameters is derived in the following. Figure 9
shows a schematic illustration of the relationship between the
velocity v of an edge dislocation and its dragging resistance
stress �R in the CV of a solid-solution alloy. At point A
dislocations move at a high speed as if they are in free-flight
motion in pure metals. When the dislocation velocity
decreases from vA at point A to vB at point B as indentation
creep proceeds, a solute atmosphere starts to form even
around moving dislocations. Thereby, vB suddenly decreases

to vC. Dislocations at point C are followed by a solute
atmosphere that has a predetermined size of its own. In
region C-D, dislocations move viscously dragging their
solute atmosphere, and then v is proportional to �R.

28) In
accordance with computer simulations on dislocation motion
in Al-Mg solid-solution alloys, point C almost corresponds to
the point at which the �R � v relationship is no longer linear,
and the velocity vC at this point can be written as29,30)

vC ¼ v0C
m
s exp �

Qv

RT

� �
; ð15Þ

where Cs denotes the molar concentration of solute atoms,
v0 ¼ 7:4� 105 m/s, m ¼ 1:17, Qv ¼ 127 kJ/mol. It is ascer-
tained that the expression holds in the range of Cs ¼
0:01{0:05. In general, the internal stress �i is given by

�i ¼ �bGM
ffiffiffi
	

p
; ð16Þ

where � is a constant of 0.36,31) b the magnitude of the
Burgers vector (2:86� 10�10 m), G the shear modulus,M the
Taylor factor (3.06),32) and 	 the dislocation density. The rate
of change in �i during creep deformation can be given as
follows.

d�i

dt
¼

@�i

@"

� �
_""� �

@�i

@t

� �
ð17Þ

Here t denotes the time, " denotes the plastic strain and _""
denotes the plastic strain rate. The first term ð@�i=@"Þ
represents a pure work-hardening rate without recovery
effect, and the second term indicates a pure recovery-
softening rate, which does not include the effects of work
hardening. According to the dislocation theory,30,31) eq. (17)
can be approximately rewritten as

d�i

dt
¼

�2
bG2M3

4�i
_""�

�D

2ð�bGMÞ2
�3
i ; ð18Þ

where 
 is the coefficient of dislocation multiplication, � the
coefficient of recovery, and D denotes the diffusion coef-
ficient.

Taking the steady state solution, i.e. d�i=dt ¼ 0, _"" is then
given by
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Fig. 9 Schematic illustration showing the relationship between dragging

resistance stress �R and edge dislocation velocity v in a solid-solution

alloy, both on logarithmic scales.
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_"" ¼
2�D

�4
b3G4M5
�4
i : ð19Þ

Also, _"" can be expressed as follows.

_"" ¼
2

M
	bv ð20Þ

Assuming that most of the dislocations are in motion, the
�i � v relationship in a steady state is given from eqs. (16),
(19) and (20) as

�i ¼ �bGM

ffiffiffiffiffiffiffiffiffiffi



�D
v

s
: ð21Þ

When the dragging resistance stress �R for dislocation motion
is proportional to v (v ¼ B�R, where B is called the
dislocation mobility), the deformation stress � is given by
the sum of �i and M�R, that is

� ¼ �i þ
M

B
v: ð22Þ

From eqs. (21) and (22), the relationship between the
deformation stress ���c and the dislocation velocity vC at point
C can be expressed by

���c ¼ �bGM

ffiffiffiffiffiffiffiffiffiffiffiffi



�DvC

s
þ

M

B

 !
vC: ð23Þ

From eqs. (4), (19) and (21), the indentation strain rate _""c
corresponding to ���c is given by

_""c ¼
6
b

�DM
v2C: ð24Þ

Substituting eq. (15) into eqs. (23) and (24), the values of ���c
and _""c can be obtained.

Figure 10 shows the temperature dependence of ���c and _""c
evaluated using above equations. Table 2 lists material
constants used in the calculation.23,29,31,33) As shown in the
figure, ���c decreases with increasing temperature, but _""c
increases under the same condition. These computational
results resemble the experimental results shown in Figs. 4
and 5. Therefore, the findings suggest that ���c and _""c

correspond to their respective values below which the creep
rate-controlling process changes from the climb motion to the
glide motion of dislocations as indentation creep proceeds.

When 
=� in eq. (24) is constant, the activation energy for
_""c should be in close agreement with that for some diffusion;
however, when 
=� has some temperature dependence, they
should not be in agreement. From the Arrhenius plot of
theoretical values _""c, we can determine the activation energy
for _""c, which is 62 kJ/mol. The value so obtained corresponds
to approximately half of the activation energy for the mutual
diffusion of this alloy. However, the activation energy for _""c
obtained from our indentation creep tests is 20 kJ/mol. This
discrepancy may be mainly due to the temperature depend-
ence of 
=� shown in Table 2; however, details of this
discrepancy are still unknown.

On the other hand, we can theoretically predict from Fig. 9
that the stress level ���IP at which the IPD is initiated in load-
jump tests may be a little larger than the stress level ���c below
which the creep rate-controlling process changes from the
climb motion to the glide motion of dislocations as
indentation creep proceeds. However, the experimental
values of ���IP and ���c are close to each other. The experimental
result can be explained as follows. If there is not much
difference between the maximum and minimum of �R values
and there is a difference in the size of solution atmosphere
around moving dislocations, it is likely that ���c will be in close
agreement with ���IP.

5.3 Transition of creep rate-controlling process
The experimental results on an Al-Mg solid-solution alloy

show that the stress exponent n in range M ( ���m > ���c or
_""in > _""c) is approximately 5, and the activation energy Q for
creep is in close agreement with that for lattice diffusion of
the pure aluminum matrix. Within this range, the thermal
resistance to dislocation motion is almost negligible and
dislocations can move at a high speed as if they are in free
flight motion in the matrix. In range A ( ���m < ���c or _""in < _""c)
n ¼� 3, and the Q value is close to the activation energy for
mutual diffusion of this alloy. In this range, the thermal
resistance to dislocation motion exists and dislocations move
viscously dragging the solute atmosphere. The above findings
suggest that the indentation creep in range M is rate-
controlled by a recovery process that depends on the climb
motion of dislocations, similarly to creep deformation of pure
metals with n ¼� 5. On the other hand, the indentation creep in
range A is rate-controlled by the glide motion of dislocations,
which drag the solute atmosphere. Solid-solution alloys at
high temperatures may deform plastically by five different
deformation mechanisms.34) The possible deformation mech-
anisms in the CV include dislocation climb rate-controlling
creep (mechanism 1, n ¼ 5), dislocation glide rate-control-
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Fig. 10 Temperature dependences of ���c and _""c obtained on the basis of the
dislocation theory.

Table 2 Material constants used in evaluating ���c and _""c. G: the shear

modulus, B: the dislocation mobility, D: the diffusion coefficient, 
: the

coefficient of dislocation multiplication, �: the coefficient of recovery.

T (K) G (GPa) B (m3/Ns) D (m2/s) 
 (1/m) �

573 21.0 4:73� 10�15 1:61� 10�16 9:61� 106 98.3

623 20.0 4:22� 10�14 1:45� 10�15 2:86� 106 87.3

673 19.4 2:87� 10�13 9:39� 10�15 9:54� 105 77.6
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ling creep (mechanism 2, n ¼ 3), Harper-Dorn creep (mech-
anism 3, n ¼ 1), Nabarro-Herring creep (mechanism 4,
n ¼ 1), and Cobel creep (mechanism 5, n ¼ 1). The two
mechanisms 1 and 2 interact in a sequential manner, but the
other mechanisms 3, 4 and 5 operate independently of each
other. When all these mechanisms operate simultaneously,
the measured indentation strain rate _""in can be expressed as

_""in ¼� 3_�""�"" ¼ 3
_""1 _""2

_""1 þ _""2
þ _""3 þ _""4 þ _""5

� �
; ð25Þ

where _""i denotes the equivalent plastic strain rate for the ith
deformation mechanism. Under the current experimental
conditions ( ���m=E ¼ 10�4{10�3, T=Tm ¼ 0:60{0:65), the
values of _""3, _""4 and _""5 are sufficiently smaller than _""1 and
_""2.

35) Thus, eq. (25) can be reduced to

_""in ¼� 3
_""1 _""2

_""1 þ _""2
: ð26Þ

When the representative stress ���m in the CV is larger than the
critical stress level ���c at which a solute atmosphere starts to
form even around moving dislocations, it is anticipated that
the solute atmosphere no longer hinders the motion of
dislocations, which can move at a high speed. In this case,
_""1 � _""2 holds and eq. (26) can be written as _""in 	 3_""1. This
means that indentation creep in range M is rate-controlled by
some recovery process that depends 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 _""in / ð ���m=EÞ5. On the other hand, when
the glide velocity of the dislocations is of the order of the
climb velocity due to solute atmosphere dragging, it follows
that _""in 	 3_""2. Accordingly, the indentation creep in range
A is rate-controlled by the viscous glide of dislocations, and
it is known that _""in / ð ���m=EÞ3 holds. The above results
demonstrate that when ���m decreases to ���c or ���IP as
indentation creep proceeds, the creep rate-controlling process
changes from the climb motion to the glide motion of
dislocations and thus the stress exponent distinctively varies
from 5 to 3.

5.4 Comparison with tensile creep test results
Table 3 lists our results and conventional creep test results

found in the literature.20,22,36–38) In the current test, the stress
exponent n is 4.9 and the activation energy Q for creep is
146 kJ/mol in range M; and n ¼ 3:0 and Q ¼ 137 kJ/mol in

range A. The results of tensile creep tests by Murty,20) and
Murty et al.36) show that n ¼ 4:9 and Q ¼ 140 kJ/mol in
range M, and n ¼ 3:0 and Q ¼ 138 kJ/mol in range A. Under
similar conditions, the two testing methods give almost the
same stress exponents and activation energies for creep. It is
thus demonstrated that a self-similar indentation technique
can be effectively used to extract material parameters
equivalent to those obtained from conventional uniaxial
creep tests in the dislocation creep regime.

6. Conclusions

Carefully designed self-similar indentation creep experi-
ments were carried out to establish a robust and systematic
method of extracting material parameters accurately from a
testpiece as small as a rice grain. An Al-5.3mol% Mg solid-
solution alloy was chosen as a model material, and constant-
load indentation tests and load-jump tests were performed at
temperatures ranging from 546 to 590K and at 573K,
respectively. The key results of this study can be summarized
as follows.
(1) When the representative stress ���m and the indentation

strain rate _""in in the underlying material decrease to the
critical stress level ���c and the corresponding indentation
strain rate _""c as indentation creep proceeds, the stress
exponent n for creep varies distinctively from 4.9 to 3.0.

(2) The activation energy Q for creep in range M (n ¼� 5,
���m > ���c or _""in > _""c) is approximately equivalent to that
for lattice diffusion of pure aluminum. The Q value in
range A (n ¼� 3, ���m < ���c or _""in < _""c) is close to that for
the mutual diffusion of this alloy.

(3) With load-jump tests in range M, instantaneous plastic
deformation (IPD) takes place evidently even with a
slight abrupt increase in load. By contrast, the IPD does
not occur in range A when load increment is within a
certain value. However, the occurrence of IPD is
observed when ���m reaches ���c or higher.

(4) The measured ���c and _""c correspond to their respective
values below which the creep rate-controlling process
changes from the climb motion to the glide motion of
dislocations as indentation creep proceeds.

(5) All the results thus obtained are in good agreement with
those obtained from conventional tensile creep tests.

(6) It is demonstrated that the self-similar indentation
technique can be effectively used to extract material

Table 3 Comparison between indentation creep test results and tensile creep test results.

Creep test method Test materials T (K) ��� (MPa) Stress range n
Q

(kJ/mol)

Indentation
Al-5.3mol% Mg alloy 546–590 23–151

M 4.9 146

(current study) A 3.0 137

Tension
Al-5.5mol% Mg alloy 573 5–250

M 4.9 140

(Murty et al., 1972, 1973) A 3.0 138

Tension
Al-5.6mol% Mg alloy 623 6–95

M 4.6 —

(Yavari et al., 1981, 1982) A 3.0 149

Tension
Al-1.1mol% Mg alloy 570–640 2–50

M 4.3 137

(Sato and Oikawa. 1988) A 3.3 136
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parameters equivalent to those obtained from conven-
tional uniaxial creep tests in the dislocation creep
regime.
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