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1. Introduction 

Grain-boundary sliding is one of important deformation mechanisms during creep, which is 
generally activated by a diffusion process. The apparent activation energy (Q) of the 
phenomenon is similar to that of dislocation-core diffusion (Frost & Ashby, 1982), and affects 
creep at high temperatures. However, the present authors observed another type of grain-
boundary sliding activated by a remarkably low Q value of about 20 kJ/mol for ambient-
temperature creep in hexagonal-close packed metals and alloys. The Q value is about one-
fourth of that of grain boundary diffusion of each material (Matesunaga et al., 2009a). 

Heretofore, grain boundary sliding has been measured using scribe lines or micro-grid on the 
specimen surface which was fabricated by a small needle (Harper et al., 1958), focused ion 
beam (Koike et al., 2003; Rust and Todd, 2011), or stencil method (Parker and Wilshire, 1977). 
However, atomic force microscope is much more convenient method to measure a vertical 
component of grain-boundary sliding than the other method because of no advance 
preparation. In this chapter, to reveal a detailed role of grain-boundary sliding on ambient-
temperature creep, atomic force microscopy was conducted to measure a travel distance of it. 

Ambient-temperature creep was observed about a half century ago in pure Ti (Adenstedt, 
1949; Kiessel & Sinnott, 1953; Luster et al., 1953). Since that time, several studies of this 
phenomenon have been carried out using Ti alloys. Several Ti alloys were investigated in the 
1960s and 70s such as Ti-5Al-2.5Sn (Kiefer & Schwartzberg, 1967; Thompson & Odegard, 1973) 
and Ti-6Al-4V (Reiman, 1971; Odegard & Thompson, 1974; Imam & Gilmore, 1979). Later, 
Mills’ group intensively studied this phenomenon using Ti-6Al and Ti-6Al-2Sn-4Zr-2Mo (Suri 
et al., 1999; Neeraj et al., 2000; Deka et al., 2006). Among these experimental studies restricted 
to Ti alloys, the present authors found recently that all hexagonal close-packed metals and 
alloys show creep behavior at ambient temperature below their 0.2% proof stresses, but no 
cubic metals or alloys show it under the same condition (Sato et al., 2006). The former group 
included commercially pure Ti, magnesium, zinc, Ti-6Al-4V, Zircaloy-4, and AZ31, and the 
latter group included pure iron, 5052 Al, and Ti-15V-3Cr-3Sn-3Al. In addition, the authors 
introduced a new region into the Ashby-type deformation mechanism map of commercially 
pure titanium, the ambient-temperature creep region (Tanaka et al., 2006). 
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In the ambient-temperature creep region, the authors identified dominant intragranular 
deformation as a planar slip with no tangled dislocation, which lies on a single slip plane, by 
transmission electron microscopy (Matesunaga et al., 2009b). The reason why only one slip 
system is activated inside of a grain is low crystalline symmetry of hexagonal close-packed 
structure. Its creep parameters were, then, obtained that a stress exponent (n) of 3.0 and a 
grain-size exponent (p) of 1.0 despite the creep is a dislocation creep. According to these 
experimental results, we proposed a constitutive relation of ambient-temperature creep as 

 0exp
n p

s

Q Gb b
AD

RT kT E d

            
     

  , (1) 

where A is a dimensionless constant, D0 is a frequency factor, G is a shear modulus, R is the 

gas constant, k is Boltzmann’s constant, b is a Burgers vector,  is applied stress, E is a 
Young’s modulus, and d is a grain size. 

The positive p value means that grain boundaries function as a barrier to dislocation motion 
and lattice dislocations pile up at grain boundaries. On the other hand, the high-temperature 
dislocation creep possesses zero p value, which means dislocations can propagate to an 
adjacent grain easily. In addition, backflow is observed after complete stress-drop tests 
which mean that the recovery rate controls ambient-temperature creep (Matsunaga et al, 
2009b). Results in the previous paper also claimed that grain boundary must accommodate 
piled-up dislocations to continue and to rate-control deformation because no obstacles exist 
against dislocation motion inside of a grain.  

Describing above, the intragranular deformation mechanism have been studied and 
discussed well, whereas a role of grain boundary has not been revealed despite of the 
positive p value of unity. To reveal detailed intergranular deformation mechanism, atomic 
force microscopy was effective to measure the travel distance of grain-boundary sliding. In 
addition, electron back-scattered diffraction pattern analysis was conducted to observe 
grain-boundary structure. Combining of these technics, actual influence of grain boundary 
on deformation was evaluated. 

2. Experimental procedure 

The sample was rolled sheets of pure zinc with d of 210 m and its purity was 99.995 mass%, 
which shows considerable creep at ambient temperature, as do other hexagonal close-
packed materials. No impurity was detected using inductively coupled plasma optical 
emission spectroscopy (ICPS-8000, Shimadzu). Zinc has also been used for the study on 
grain-boundary deformation based on a displacement-sift-complete dislocation model 
above 0.7 Tm (Bollmann, 1967; Schober et al., 1970). Therefore, the features between low- and 
high-temperature deformation modes at grain boundaries can be compared. 

Tensile tests were performed to evaluate 0.2% proof stress (0.2) at ambient temperature with 
a constant crosshead speed corresponding to an initial strain rate of 1×10-3 s-1 using an 

Instron-type machine (AG-100KGN, Shimadzu). Tensile creep tests were then conducted 

using a dead-load creep frame with loads below 0.2 up to 4.3×105 s. Then, some tests were 

conducted with 0.80.2 (19 MPa) at 300 K; they were interrupted after 0.18×105 s, 0.86×105 s, 

2.6×105 s and 4.3×105 s, respectively. In the both tests, the loading direction corresponded to 
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the rolling direction. Strain was measured using strain gauges with a resolution of 3×10-6 

mounted directly on the specimen surfaces. By reducing creep of the strain gauge itself, a 
strain rate of 1×10-10 s-1 was measured directly. These creep curves were fitted by the 

logarithmic creep equation (Garofalo, 1963) to evaluate steady state creep rates: 

   sln 1 t ti p p          (2) 

where  is true strain, i is instantaneous strain, p and p are parameters characterizing 

primary creep region, and t is the elapsed time. Temperature dependent of Young’s 

modulus was calculated from the data of Ashby’s textbook (Frost & Ashby, 1982); Poisson’s 

ratio of zinc equals 0.244 (Chen & Sundman, 2001). 

Optical microscopy (VHX-600, Keyence), electron back-scattered diffraction pattern analyses 

(OIM, TSL) were performed before and after the creep tests. The specimens were polished 

mechanically using colloidal silica before the microscopy. Electron back-scattered diffraction 

pattern analyses revealed no distortion in a grain before the tests and lattice-rotation 

distribution after those.  

After mechanical tests, vertical components of grain-boundary sliding were measured at 

more than 40 grain boundaries using an atomic force microscope (VN-8000, Keyence) with a 

scan speed of 1.11 Hz on contact mode with scanning area of 100×100 m for each 

observation. In this condition, an accuracy of an amount of grain-boundary sliding is 0.1 nm. 

The flatness of surface at grain boundary before the tests was also confirmed by this 

technique. 

The contributions of grain-boundary sliding to the total creep strain, GBS, were calculated 
for individual grains using 

 GBSε  = 
u

d
 (3) 

 = 
kv

d
 (4) 

where u is the travel distance parallel to the tensile direction and v is that perpendicular to 
the sample as well as to the tensile direction, k is a geometrical factor with the value of 1.1 
(Bell & Langdon, 1967). In this study, the authors evaluated v by atomic force microscopy. 

3. Experimental result 

Figures 1a and 1b are optical microscope images of specimen surfaces taken after creep tests 
of 0.18×105 s and 2.6×105 s, respectively, with the load of 19 MPa at 300 K . Flat surface was 

confirmed before the tests, whereas Figs. 1a and 1b show slip lines on the surface and grain 
boundaries become apparent with increasing the test time. In addition, they show that only 
one slip line was activated inside each grain. This description coincides with the results of 
previous transmission electron microscopy (Matsunaga et al., 2009 b). Figure 1c is an 3-D 
profile image with aspect ratio of 10:1 taken after a creep test of 4.3×105 s by atomic force 

microscopy. It is a joined picture of five observations. This image also shows slip lines and 
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Fig. 1. Optical microscope images of specimen surfaces taken after creep test of (a) 1.8×105 s, 

and (b) 2.6×105 s. (c) 3-D surface profile taken after creep test of 4.3×105 s. Traces of grain 

boundaries and slip lines become significant with increasing the test time. 

steps at grain boundaries clearly. An average height of the steps for the observed grain 

boundaries is about 1.0 m. 

Figure 2a shows a creep curve (solid line) and a time dependency of GBS (closed circles) 

under the same condition with that in Fig. 1. A broken line is a fitting curve of GBS using 

equation (2). Creep behavior was observed significantly for both creep strain (creep=-i) 

andGBS. The strain rate by grain-boundary sliding at the infinite period is evaluated as 

2.1×10-10 s-1, which is only 6% of the steady-state creep rate on the same condition. 

Moreover, GBS yielded most of the creep strain immediately after loading, but GBS/creep 

decreased by 33% at 4.3×105 s as shown in Fig. 2b. It indicates that main part of the strain 

is yielded by the dislocation motion inside of grains in ambient-temperature creep region. 

(Matsunaga et al., 2010) 

  
 (a) (b) 

Fig. 2. (a) Creep strain and GBS with 19 MPa at 300 K (Matsunaga et al., 2010). (b) Time 

dependency of GBS/creep under the same condition. GBS increase with lasting time, but 

contribution of GBS on creep decreases. 
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Figure 3a is an optical microscope image taken after a creep test for 4.3×105 s. Atomic force 

microscopy was conducted along a white line in Fig. 3a, and a surface profile shows a 

displacement of 0.77 m at the grain boundary as shown in Fig. 3b. Figures 3c and 3d portrays 

results of electron back-scattered diffraction pattern analyses in a white flame in Fig. 3a before 

and after the creep test. They depict crystal orientation maps and the red point in Fig. 3c was 

the base point of orientation. Figure 3c was colored blue all around, which means that there 

were no change of crystal orientation near the grain boundary. On the other hand, Fig. 3d 

showed gradations with widths of 20 m near the grain boundary, which implies that the 

change of crystal orientation of about five degree exists. Orientation gradient near grain 

boundaries is introduced by lattice dislocations which distort crystal lattice by piled-up 

dislocations. Figures 3c and 3d demonstrate that recrystallisation did not occur because the 

shape of the grain boundary was maintained during the creep test (Matsunaga et al., 2010). 

 

Fig. 3. (a) Optical microscope image taken after the creep test of 4.3×105 s. (b) Surface profile 

at the white line in (a) showing v=0.77 m. Cristal orientation maps taken before (c) and 
after (d) the creep test with 19 MPa (Matsunaga et al., 2010). They imply that the change of 
crystal orientation of about five degree after the test. 

A grain-boundary-structure dependency of GBS in the ambient-temperature creep region 

was then analyzed in Fig. 4. The data of grain boundaries having a common axis of 

1010 were picked up. Grain boundaries with  number slide slightly compared to 

random grain boundaries. It is similar to the results described by Watanabe et al. (Watanabe 

et al., 1979, 1984).  

4. Discussion 

Because hexagonal close-packed materials have low crystal symmetry, strain compatibility is 

not satisfied at grain boundaries. Although five independent slip systems are necessary for 

bringing about creep in polycrystals (the von Mises condition), basal or prismatic slip system 

in the structure has only two or three independent slip systems, respectively. This necessitates 

some accommodation mechanisms acting at grain boundaries. Because the observed Q value 

(20 kJ/mol) is much smaller than those of diffusion processes, they are not activated. A 

possible mechanism of grain-boundary sliding of ambient temperature is slip-induced grain-

boundary sliding (Valiev & Kaibyshev, 1977; Mussot et al., 1985; Koike et al., 2003).  
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Fig. 4. Grain-boundary-structure dependency of GBS of grain boundaries having a common 

axis of 1010  . -numbered grain boundaries slide more slightly than random grain 

boundaries (Matsunaga et al., 2010).  

Figure 5 describes a model of slip-induced grain-boundary sliding as follows; intragranular 
glide is activated first (Fig. 5a); plastic compatibility is responsible for internal stresses, 
which might be sufficiently strong to activate grain-boundary sliding. This activation is an 
incompatible process that is responsible for a new internal stress field, which modifies the 
plastic and total strain distribution near the sliding grain boundary by absorption of piled-
up dislocations (Fig. 5b), so that the final intragranular and intergranular total strain 
distributions are compatible with grain-boundary sliding (Fig. 5c). Magnesium alloy (AZ31) 
had shown the grain-boundary sliding during tensile deformation in near room temperature 
with an estimated Q value of 15 kJ/mol (Koike et al., 2003). Features of the slip-induced 
grain-boundary sliding satisfy the condition of ambient-temperature creep of hexagonal 
close-packed metals. 

On the other hand, grain-boundary sliding at coherent grain boundaries was described by 
the displacement-sift-complete dislocation (Bollmann, 1964; Schober, 1970) using zinc and 
aluminum bicrystals at temperatures higher than 0.7 Tm (Rae & Smith, 1980; Smith & King, 
1981; Takahashi & Horiuchi, 1985). In this model, grain boundaries slide through the 
movement of grain boundary dislocations absorbed at a grain boundary with a diffusion 
process. It is showed that the amount of grain-boundary sliding varied by grain boundary 
structure (Watanabe et al, 1979, 1984).  

In this study, the grain-boundary-structure dependency of grain-boundary sliding in 

ambient-temperature creep in zinc was then analyzed (Fig. 5). -numbered grain boundary 
only slides slightly compared to random grain boundaries similar to the behavior of high-
temperature grain-boundary sliding (Watanabe et al., 1979, 1984). And, it is considered that 

grain boundaries having a stable structure (a  number) hardly absorb piled-up dislocations. 
However, in this temperature region, it is believed that diffusion processes do not function, 
and that a different process of grain-boundary sliding is activated during the ambient-
temperature creep. 
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         (a)                                (b) 

 
 (c) 

Fig. 5. Schematic drawing of slip-induced grain-boundary sliding: (a) pile-up lattice 
dislocations at grain boundaries, (b) which absorb these dislocations, (c) and thereby 
generating grain-boundary sliding. 

Based on the discussion presented above, a constitutive relationship for the ambient 
temperature creep is considered. Because of a barrier against dislocation motion inside of 
each grain, the creep is controlled by recovery at grain boundaries. Therefore, a steady state 
creep rate is expressed as 

 
r

h
   , (5) 

where r (=d/dt) is the recovery rate and h (=d/d) is the work-hardening rate (Orowan, 
1934). In this condition, the stress applied to the leading dislocation piled up at the grain 

boundary, , is expressed as NGb/L where N denotes the number of piled-up dislocations 

(=L2,  is the dislocation density), and L is the pile-up distance. The shear strain  is related 

with the dislocation density as sbwhere s is the displacement of dislocations. Because h can 

be explained as (d/d)(d/d),  

 
2G b

h A
s

 . (6) 

Since the slip-induced grain-boundary sliding with shuffling proceeds through the 

dislocation absorption, the climbing rate based on the theory of superplasticity could be 

applied as a time-dependent change of dislocation density near the grain boundary, where 

is limited to b2d. Thus, d/dt is expressed as following equation:  
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3 2

2

d AD Gb b

dt kT d Gb

          
    

 , (7) 

where D is the diffusivity. Therefore, since r can be expressed as (d/d)(d/dt), 

 
2 22G b b

r AD
kT d G

              
 . (8) 

Substituting equations (3) and (5) into equation (2) and interpreting s as d because there is 
few obstacles on dislocation motion inside of grains, the steady state creep rate is expressed 
by the equation (9);  

 
3

0 exp
Gb b Q

AD
kT E d RT

              
      

 . (9) 

The effective diffusivity (Deff) (Springarn et al., 1979) is given by the diffusivity of body 
diffusion (Dv), dislocation-core one (Dd) and shuffling (Ds): 

 
2

eff p d s

b
D D D D

G d

         
   

 , (10) 

where  is a constant. Using the effective diffusion, all dislocation creep regions are 
expressed by an identical constitutive relation at all temperatures. Considering at very low 
temperature where the third term becomes dominant, equation (1) is obtained. 

Using the constitutive relation, i.e., equation (9), the conventional deformation mechanism 
maps of hexagonal-close packed metals are rewritten. These maps of metals and alloys are 
often plotted in Ashby-type (Frost & Ashby, 1982) or Langdon-type (Langdon & Mohamed, 
1978) maps. Each map is composed of modulus-compensated applied stress, homologous 
temperature and strain rate, and gives a particular deformation mechanism as a function of 
these parameters. Therefore, the maps are used to select a structural material in a design 
condition. In this paper, the Langdon-type map is used because each deformation region is 
split with a straight line. 

The creep parameters of zinc are listed in Table 1 which includes the values of conventional 
creep regions represented by Ashby’s textbook (Frost & Ashby, 1982). Figures 6a and 6b are 

conventional and modified deformation mechanism maps of zinc with d of 100 m using the 
parameters in Table 1. The ambient-temperature creep region appears at low temperatures in 
the modified map. By means of this experiment, the detailed deformation mechanism maps of 
hexagonal close-packed metals are proposed and the new creep mechanisms are revealed.  

Ultra-fine grained metals might show the similar deformation mechanism at low 
temperatures because they do not have any spaces generating cell structure inside of grains, 
which means that dislocation-grain-boundary interaction, i.e., slip-induced grain boundary 
sliding, becomes significant comparing with coarse-grained metals, bringing about the 
creep. Therefore, the kind of metals shows creep similar to the ambient-temperature creep of 
hexagonal close-packed metals. To reveal the above assumption, mechanical tests and some 
microscopy are in action using ultra-fine grained aluminum.  
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 n p Q [kJ/mol] 

Ambient-temperature creep 3.4 1.2 18 

Low-temperature dislocation creep 6.5 0 60 

High-temperature dislocation creep 4.5 0 92 

Coble creep 1.0 3.0 60 

Nabarro-Herring (N-H) creep 1.0 2.0 92 

Table 1. Creep parameters of zinc 

 
(a) (b) 

Fig. 6. (a) Conventional and (b) modified deformation mechanism maps of zinc. Using the 
parameters in Table1, the ambient-temperature creep region appears at low temperatures. 

5. Conclusions 

The role of the intergranular deformation mechanism was investigated to reveal an 

accommodation process in ambient-temperature creep of hexagonal close-packed metals 

using zinc by atomic force microscopy and electron back-scattered diffraction pattern 

analyses before and after the creep tests. Then, it evaluated the extension of grain-boundary 

sliding and revealed the role of grain boundary. These experiments produced the following 

important results: 

1. Lattice rotation of about five degree is observed after a creep test, which shows that 
lattice dislocations piled up at grain boundaries. 

2. Dislocations do not pass through grain boundaries because of the lack of equivalent slip 
systems in the hexagonal close-packed structure.  

3. Grain boundary sliding depends on the grain boundary structure. The -numbered 
grain boundary does not slide in ambient-temperature creep. 

4. Strain by grain boundary sliding contributes to about 30% of the entire creep strain. 

Therefore, the general representation of the ambient-temperature creep is described in Figs. 

5 and 6 as a new creep mechanism. 
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