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Abstract—In this paper, the fatigue cracking possibility in different kinds of copper bicrystals with large-
angle grain boundaries (GBs) and copper multicrystals containing some low-angle GBs are compared.
The results showed that the fatigue cracks, in the copper bicrystals, always nucleated firstly along GBs
no matter whether the GBs are perpendicular or parallel to the stress axis. Whereas, for the copper
multicrystals containing low-angle GBs, the persistent slip bands (PSBs) are always the preferential sites
to initiate fatigue cracks no matter whether low-angle GBs are perpendicular or parallel to the stress axis.

Additionally, the fatigue lives of the GBs, and the [1:23] and [3:35] grains in the [1:23])[3:35] and
[5:913])[5:79] bicrystals were measured at different cyclic stresses and strain amplitudes. The results
show that intergranular fracture always occurred prior to transgranular fracture in those bicrystals. The
fatigue lives increased in the order of the GB, the [1:23] and the [3:35] grains in the [1:23])[3:35]
bicrystal under cyclic tension–tension loading. On the other hand, the fatigue life of the GB in the
[5:913])[5:79] bicrystal is about two to three times higher than that in the [1:23])[3:35] bicrystal.
Based on these experimental results from the copper bicrystals and multicrystals, it is indicated that the
possibility of fatigue cracking increased in the order of low-angle GBs, PSBs and large-angle GBs. It is
suggested that both the PSB–GB mechanism and the step mechanism required for GB fatigue cracking
were questionable, and the interaction modes of PSBs with GBs may be more important for intergranular
fatigue cracking.
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INTRODUCTION

Fatigue crack initiation and propagation are important processes in the fatigue failure of metallic
materials. It has been recognized that the interfaces of PSBs with the matrix are the preferential
sites to initiate fatigue cracks in both single crystals [1–6] and polycrystals [7–11]. The fatigue
cracking mechanism along PSBs has been proposed and developed by Essmann et al. [12], and
Repetto and Ortiz [13]. Based on the fatigue cracking along PSBs, the volume fraction of PSBs
has been considered as a fatigue damage parameter when predicting the fatigue life of polycrystals
[9–11]. On the other hand, in polycrystalline materials, it is found that GBs [14–19] and twin
boundaries (TBs) [20–22] can also become the preferential sites leading to fatigue cracking. The
crystallographic conditions and dislocation mechanisms of intergranular fatigue cracking have
been analysed by Kim and Laird [14,15], Chang [16], and Christ [17]. In fact, GB fatigue
cracking is a major mode of fatigue damage in polycrystalline materials, and the failure of
polycrystalline materials always occurred at the weakest site. However, it is not clear which is the
most preferential site for fatigue cracking. It is definitely necessary to determine the weakest site
leading to fatigue cracking among GBs, TBs and PSBs for a better understanding of fatigue
damage in polycrystalline materials. In general, bicrystals are widely employed to study the plastic
deformation mechanism [23]. However, studies on fatigue cracking along GBs and PSBs in
bicrystals are very limited [24–29]. In this paper, we determine the most favourable site for fatigue
cracking among large-angle GBs, low-angle GBs and PSBs by using copper bicrystals and copper
multicrystals.
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EXPERIMENTAL PROCEDURE

Some bicrystal plates of size of 120×50×10 mm3 were grown from OFHC copper of 99.999%
purity by the Bridgman method in a horizontal furnace, and the large-angle GB was along the
growth direction. Four groups of fatigue specimens were spark-machined from these bicrystal
plates, as shown in Fig. 1(a)–(d). The component crystal orientations in those bicrystals were
determined by the X-ray Laue back-reflection method and are shown in Fig. 2. The [1:23])[3:35]
and [5:913])[5:79] copper bicrystals had a large-angle GB perpendicular to the stress axis, and
the [6:79]d[1:45] and [3:610]d[4:57] copper bicrystals had a large-angle GB parallel to the stress
axis. The fatigue specimens in Fig. 1(a) and (b) are used to compare the fatigue cracking possibility
between the large-angle GBs and PSBs in the [1:23])[3:35], [5:913])[5:79], [6:79]d[1:45] and
[3:610]d[4:57] copper bicrystals under cyclic push–pull straining. The fatigue specimens in Fig. 1(c)
and (d) are used to measure the fatigue lives of the GBs, [1:23] and [3:35] grains in the [1:23])[3:35]
copper bicrystal under cyclic tension–tension loading.

Fig. 1. Fatigue specimens of copper bicrystals. (a) The bicrystal with a horizontal GB. (b) The bicrystal
with a vertical GB. (c) The specimen used to measure the GB fatigue life. (d) The specimen used to

measure the fatigue life of the [1:23] and [3:35] grains.

Fig. 2. The orientations of component grains in Fig. 3. Fatigue specimens of the [3:711] and [4:69] multicrystals.
the bicrystals and multicrystals, where, 1=[3:35]; (a) Fatigue specimen of a [4:69] multicrystal with horizontal low-angle
2=[6:79]; 3=[4:57]; 4=[4:69]; 5=[3:711]; 6= GBs. (b) Fatigue specimen of a [3:711] multicrystal with vertical low-
[1:23]; 7=[5:913]; 8=[3:610]; 9=[5:79]; 10= angle GBs.

[1:45].
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Table 1. Control modes during fatigue testing of different crystals

Specimen type Control mode Purpose

[1:23])[3:35] bicrystal T–T stress Fatigue life (Nf)
[1:23])[3:35] bicrystal T–C strain Nf and cracking
[5:913])[5:79] bicrystal T–C strain Nf and cracking
[6:79]d[1:45] bicrystal T–C strain Fatigue cracking
[3:610]d[4:57] bicrystal T–C strain Fatigue cracking
[3: 7 11] dmulticrystal T–C stress Fatigue cracking
[4:69])multicrystal T–C stress Fatigue cracking

In addition, two copper multicrystal plates containing some low-angle GBs were also grown
from OFHC copper of 99.999% purity. Two kinds of fatigue specimens with low-angle GBs,
basically parallel or perpendicular to the stress axis, were prepared from the multicrystal plate, as
shown in Fig. 3(a) and (b). The axis orientations of the multicrystal specimens were [3:711] and
[4:69] on average, respectively, and the misorientation between the adjacent grains was in the
range of about 5°. By using the specimens in Fig. 3(a) and (b), the fatigue cracking along low-
angle GBs and PSBs can be compared.

Before cyclic deformation, all the fatigue specimens were carefully electro-polished for surface
observation. Fatigue tests were performed on a Shimadzu servo-hydraulic testing machine at room
temperature in air. The testing methods and purposes are listed in Table 1, where, T–T stress
represents tension–tension stress control; T–C strain represents tension–compression strain control.

EXPERIMENTAL RESULTS

Fatigue cracking of copper bicrystals with a perpendicular GB

At a plastic strain range from 2.1×10−4 to 2.56×10−3, both [1:23])[3:35] and [5:913])[5:79]
copper bicrystals exhibited a rapid cyclic hardening and saturation behaviour. With further cyclic
straining, a rapid cyclic softening corresponding to fatigue crack initiation and propagation can
be found. Surface observations by SEM showed that all the fatigue cracks initiated and propagated
along the GB in both [1:23])[3:35] and [5:913])[5:79] bicrystals. The intergranular fatigue
cracks of the [1:23])[3:35] and [5:913])[5:79] bicrystals are shown in Fig. 4(a) and (b). However,
fatigue cracking along PSBs was not observed on the surfaces of [1:23])[3:35] and [5:913])[5:79]
bicrystals either at low (2.1×10−4 ) or high plastic strain amplitude (2.56×10−3 ). These results
are consistent with the observations in the [3:45])[1:17] and [001])[1:49] copper bicrystals by
Hu and Wang [27,28], and Peralta and Laird [29]. Since the fatigue failures of those bicrystals
were always caused by intergranular cracking, the cycles to failure can be regarded as the GB
fatigue lives. The curves of GB fatigue life versus axial plastic strain amplitude in the [1:23])[3:35]
and [5:913])[5:79] bicrystals are shown in Fig. 5(a). It is seen that there is a significant difference
in the GB fatigue lives between the two bicrystals. The average GB life of the [5:913])[5:79]
bicrystal is about two–three times higher than that of the [1:23])[3:35] bicrystal.

In addition, the fatigue life of the [1:23])[3:35] bicrystal was measured using the fatigue
specimen in Fig. 1(c) and (d) under cyclic tension–tension loading. The results showed that all the
bicrystals failed by GB cracking. By observing the failed bicrystal surface, the fatigue cracks within
the [1:23], [3:35] grains are listed in Table 2. It is seen that the fatigue crack on the [3:35] grain
only initiated at higher cyclic loads (950, 1000 and 1125 N), as shown in Fig. 4(c). However, the
fatigue crack on the [1:23] grain can initiate at relatively lower cyclic loads (850, 875, 900, 1000
and 1125 N), as shown in Fig. 4(d). Even though some fatigue cracks on the surfaces of grains
can initiate along PSBs, the GB cracking always led to the final failure of the bicrystal.
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Fig. 4. Fatigue cracks in the copper bicrystals. (a) Intergranular fatigue cracking in the [1:23])[3:35]
bicrystal (epl=6.5×10−4, Nf=7300 cycles). (b) Intergranular fatigue cracking in the [5:913])[5:79]
bicrystal (epl=1.35×10−3, Nf=6700 cycles). (c) Fatigue cracks along slip bands within the [3:35] grain
(P=1000 N, Nf=1 150 000 cycles). (d) Fatigue cracks along slip bands within the [1:23] grain (P=900 N,

Nf=1 910 000 cycles).

Fig. 5. Fatigue life curves for the [1:23])[3:35] and [5:913])[5:79] bicrystals. (a) GB fatigue life curves
in the [1:23])[3:35] and [5:913])[5:79] bicrystals. (b) Fatigue life curves of the GB, [1:23] and [3:35]

grains in the [1:23])[3:35] bicrystal.

Figure 5(b) shows the curves of the fatigue life versus nominal maximum cyclic stress of the GB,
[1:23] and [3:35] grains in the [1:23])[3:35] bicrystal under cyclic tension–tension loading. The
nominal maximum cyclic stress is defined as the maximum cyclic tension load divided by the
original area (2.8×2.8 mm2) of the specimen. It is found that the fatigue life increases in the order
of GB, [1:23] and [3:35] grain under the same cyclic tension–tension load.

Fatigue cracking of copper bicrystals with a parallel GB

Cyclic deformation studies were performed on both [6:79]d[1:45] and [3:610]d[4:57] bicrystals
with a parallel GB under a total strain amplitude of 2×10−3. The tests were interrupted at certain
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Table 2. The possibility of fatigue cracking in component crystals

GB life Maximum load Minimum load
[1:23] crystal [3:35] crystal (cycles) (N) (N)

+ + 209 000 1125 125
+ + 1 150 000 1000 125
+ + 1 470 000 950 125
+ − 1 910 000 900 125
+ − 2 340 000 875 125
+ − 3 280 000 850 125
− − 5 530 000 825 125
− − 12 000 000 800 125

+ Cracking; − No cracking.

cycles for observing, by SEM, the initiating fatigue crack. The results show that the strain
incompatibility in the vicinity of the GB became more serious with increasing cyclic number. When
the number of cycles was over 104, fatigue cracking in both the [6:79]d[1:45] and [3:610]d[4:57]
bicrystals can be observed, as shown in Fig. 6(a) and (b), and all fatigue cracks are of the
intergranular type. However, no apparent fatigue cracking along PSBs was found on the component
grain surface, excepting some extrusions [see Fig. 6(c)]. These results indicated that the GBs in
those bicrystals are also the preferential sites leading to fatigue cracking even though they are
parallel to the stress axis.

Fatigue cracking of copper multicrystals containing low-angle GBs

In order to compare the possibility of fatigue cracking along low-angle GBs and PSBs, the
specimens containing some low-angle GBs [Fig. 3(a) and (b)] were first subjected to cyclic push–

Fig. 6. Fatigue cracks in the [6:79]d[1:45] and [3:610]d[4:57] bicrystals. (a) Intergranular crack in the
[6:79]d[1:45] bicrystal (ea=2×10−3, N=3×104). (b) Intergranular crack in the [3:610]d[4:57] bicrystal
(ea=2×10−3, N=5×104 ). (c) The PSBs of [6:79] grain in the [6:79]d [1:45] bicrystal (ea=2×10−3,
N=3×104 ). (d) Fatigue cracking along PSBs in the [4:69] multicrystal (sa=62 MPa, N=12×104

cycles).

Fatigue & Fracture of Engineering Materials & Structures, 21, 1307–1316© 1998 Blackwell Science Ltd



1312 Z. F. Z et al.

Fig. 7. The interactions of PSBs with GBs. (a) PSBs passing through a low-angle GB as observed by the
ECC technique. (b) The interaction of PSB with a large-angle GB in the [5:913])[5:79] bicrystal as

observed by the ECC technique.

pull deformation by step loading from 10 to 62 MPa ([3:711]) and 68 MPa ([4:69]), respectively.
Then, the constant stress amplitudes of 62 and 68 MPa were performed on the two multicrystals
continuously until a fatigue crack initiated. These stresses correspond to the resolved shear stresses
activating the PSBs within the [3:711] and [4:69] multicrystals. The results showed that the number
of cycles for fatigue cracking was obviously higher than that in bicrystals, and all the fatigue cracks
nucleated along PSBs, as shown in Fig. 5(d). No fatigue cracks were found along the existing low-
angle GBs. To reveal the interactions of low-angle GBs with PSBs, the electron channelling contrast
(ECC) technique was employed, as reported in Refs [30–32]. The ECC technique proved that the
PSBs can pass through the low-angle GBs continuously [see Fig. 7(a)] rather than terminate at
the GBs. In contrast, the PSBs can not pass through the large-angle GB in copper bicrystals, as
shown in Fig. 7(b). These results indicate that the strain should be compatible in the vicinity of
the low-angle GBs, but not in the large-angle GBs.

DISCUSSION

Comparison of fatigue cracking between large-angle GBs and PSBs

It has been well determined that the preferential sites for fatigue cracking in pure metals are
PSBs and GBs. A model of fatigue cracking along PSBs was proposed and developed by Essmann
et al. [12], and Repetto and Ortiz [13] in single crystals. Meanwhile, a PSB–GB interaction
mechanism was developed and has been successfully used to explain the possibility of intergranular
fatigue cracking at intermediate plastic strains [14–18]. In high strain fatigue, GB steps develop
on the specimen surface. The step size increases with increasing number of cycles and fatigue
cracks nucleated near these steps [15]. It is indicated that both PSBs and GBs will become the
possible sites to nucleate fatigue cracks in polycrystalline materials. However, the results which
favour fatigue cracking between PSBs and GBs are different and even controversial. Vehoff et al.
[25] have examined the influence of orientation, segregation and hydrogen on fatigue crack
initiation in nickel bicrystals. They found that the PSB cracking within the component grains
occurred in preference to intergranular cracking if the GBs are clean. For nickel polycrystals, it is
found that in air, surface intergranular cracking occurred early in fatigue life and is induced by
the impinging slip traces at the interface at 573 K [19]. For a–b brass two-phase bicrystals with
a GB parallel to the stress axis, Kawazoe et al. [26] found that the fatigue crack always initiated
at the edge of the a phase near the shoulder section rather than at the multiple slip region near
the interface. This behaviour differs from the results of mono-phase bicrystals where the cracks
nucleated in the boundary affected zone [24].

From these results on fatigue cracking behaviour in copper bicrystals and from Refs [27–29],
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Fig. 8. The geometrical relations among Fig. 9. The geometrical relations among the PSB, GB and stress axis in the
the PSB, GB and stress axis required for copper bicrystals. (a) The copper bicrystals with the GB perpendicular to the

the PSB–GB mechanism. stress axis. (b) The copper bicrystals with the GB parallel to the stress axis.

it can be concluded that the large-angle GBs will be the preferential sites leading to fatigue cracking
in comparison with PSBs. Some geometrical conditions required for the PSB–GB mechanism of
intergranular cracking are shown in Figure 8. The favourable angles of a and b suggested by Christ
[17] are 45° and 70.5°, respectively, for intergranular cracking. The geometrical relations between
GB, PSBs and the stress axis are shown in Fig. 9(a) and (b) for the [1:23])[3:35], [5:913])[5:79],
[6:79]d[1:45] and [3:610]d[4:57] bicrystals. The values of angles a and b are calculated and listed
in Table 3 according to the crystallographic relation in those bicrystals. It can be found that the
geometrical conditions in those bicrystals are not completely consistent with those required for
the PSB–GB intergranular cracking mechanism. From the geometrical conditions between PSBs,
GB and stress axis (see Table 3) in these bicrystals, it seems that the PSB–GB mechanism is
unsuitable for the present results. In particular, the step-mechanism proposed by Kim and Laird
[14,15] can not successfully explain why intergranular fatigue cracking always occurred in the
[6:79]d[1:45] and [3:610]d[4:57] bicrystals with a perpendicular GB.

Comparison of fatigue cracking between low-angle GBs and PSBs

It was reported [24] that low-angle GBs permitted slip bands to cross through and cracks
formed in the boundary; whereas large-angle GBs caused slip bands to be terminated and crack
initiated in slip bands. The authors suggested that compatible deformation will promote crack
nucleation in the GBs and incompatible deformation will lead to slip band cracking. In contrast,

Table 3. The interaction angles among the PSB,
GB and stress axis in bicrystals and multicrystals

a1 (°) b1 (°) a2 (°) b2 (°)

[1:23])[3:35] 40.9 49.1 30.4 59.6
[5:913])[5:79] 39.9 50.1 37.3 52.7
[6:79]d[1:45] 34.6 34.6 49.1 49.1
[3:610]d[4:57] 40.2 40.2 34.9 34.9
[3:711]d 42.3 42.3 42.3 42.3
[4:69]) 37.1 52.9 37.1 52.9

Fig. 10. The geometrical relations among the PSB, GB and stress
axis in the copper multicrystals. (a) The copper multicrystals with
the GB perpendicular to the stress axis. (b) The copper multicrystals

with the GB parallel to the stress axis.
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the present observations on multicrystals indicate that fatigue crack always initiated along PSBs
rather than along low-angle GBs [see Fig. 5(d)] even though these GBs are all of the low-angle type.

The geometrical relations between GB, PSBs and the stress axis in the two kinds of multicrystals
are shown in Fig. 10(a) and (b). The interaction angles of a and b were also calculated according
to their crystallographic relations and are listed in Table 3. It can be seen that the geometrical
conditions are also not consistent with those required for the PSB–GB mechanism and the fatigue
cracking was not along the low-angle GBs. These experimental results clearly indicate that the
fatigue cracking possibility among large-angle GBs, low-angle GBs and PSBs is quite different,
even though the geometrical relations among GBs, PSBs and the stress axis are basically similar.
This implies that the PSB–GB mechanism for intergranular cracking is also questionable. This
leads to two questions: what dominates intergranular cracking; and what is the exact mechanism
for it?

Essentially, the geometrical relations between PSB, GB and the stress axis can be considered as
a criteria leading to intergranular fatigue cracking, from which it can be determined whether
intergranular cracking is easy or difficult for a given GB. The results quoted indicate that fatigue
cracking always occurred along the large-angle GBs in bicrystals, but preferred the PSBs in
multicrystals, even though the geometrical conditions required for PSB–GB mechanisms between
large-angle GBs and low-angle GBs are basically similar. Thus, intergranular fatigue cracking may
be an intrinsic phenomenon for the large-angle GBs and the interaction-modes of PSBs with
different kinds of GBs might be more important.

By the ECC technique, the interactions of PSBs with large-angle GBs and low-angle GBs have
been revealed. Fig. 8(b) illustrates the interaction of a PSB with a large-angle GB in bicrystals. It
can be seen that the large-angle GB will become a barrier against PSBs passing through. However,
the PSBs across a low-angle GB are basically coplanar, as shown in Fig. 8(a). This implies that
low-angle GBs permit PSBs to pass through. It is well known that most plastic strains are carried
by PSBs during cyclic deformation in metallic materials. The PSB may become a carrier and a
channel transporting residual dislocations and vacancies from the interior of grains into the GBs.
As the residual dislocations and vacancies were piled-up at a large-angle GB and accumulated to
become high enough in density, the intergranular cracking along the GB will occur under external
cyclic stress. However, the PSBs beside a low-angle GB are nearly coplanar owing to lower
misorientations. In this case, the residual dislocations and vacancies may not build up at the low-
angle GBs, but be moved into the adjacent grain. This may explain why a fatigue crack does not
initiate along the low-angle GBs and the interface of PSBs with the matrix will become the
preferential sites for fatigue cracking, as shown in Fig. 5(d).

Comparison of fatigue lives among diVerent kinds of GBs

It can be seen [from Fig. 5(a)] that the GB fatigue life in the [5:913])[5:79] bicrystal is about
two–three times higher than that in the [1:23])[3:35] bicrystal. It has been recognized that the
plastic strains carried by two grains in a bicrystal with a perpendicular GB are different owing to
the difference in crystal orientations [29]. The soft grain with a relatively higher Schmid factor
will carry more plastic strain than the hard one. For the [1:23])[3:35] and [5:913])[5:79]
bicrystals, the Schmid factors of their component grains are V[1: 23]=0.467, V[3: 35]=0.380, V[5: 913]=
0.452 and V[5: 79]=0.406, respectively. I.e. the Schmid factors of these component grains increase
in the following order,

V[3: 35]<V[5: 79]<V[5: 913]<V[1: 23]
When the same plastic strain is applied to the [1:23])[3:35] and [5:913])[5:79] bicrystals, the
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plastic strains carried by these component grains will decrease in the following order,

e[1: 23]>e[5: 913]>e[5: 79]>e[3: 35]
Thus, we have

e[1: 23]−e[3: 35]>e[5: 913]−e[5: 79]
As a result, there will be a difference in plastic strain across the GB plane in those bicrystals.

With an increasing difference in the Schmid factor between the two component grains, the degree
of plastic strain inhomogeneity at a GB will also become more serious. By analysing the plastic
strain distribution at the GB in two bicrystals, it is clear that the inhomogeneity of plastic strain
by the GB in the [1:23])[3:35] bicrystal is higher than that in the [5:913])[5:79] bicrystal. This
may be the reason why the [5:913])[5:79] bicrystal shows a relatively higher fatigue life than the
[1:23])[3:35] bicrystal.

CONCLUSIONS

Based on our experimental results, the following conclusions can be drawn.

(1) The fatigue cracks always initiated firstly at the large-angle GBs in copper bicrystals, no
matter whether the GBs are perpendicular or parallel to the stress axis.

(2) The GB fatigue life is always short when compared to those of the [1:23] and [3:35] grains
in the [1:23])[3:35] copper bicrystal under cyclic tension–tension loading. Furthermore,
the GB fatigue lives of the [1:23])[3:35] and [5:913])[5:79] copper bicrystals showed a
significant difference, which may be attributed to the difference in orientations.

(3) PSBs are favourable sites for fatigue cracking in copper multicrystals as compared to low-
angle GBs.

(4) The possibility of fatigue cracking increased in the order of low-angle GBs, PSBs and large-
angle GBs.

(5) It is suggested that both the step mechanism and PSB–GB mechanism for intergranular
cracking are questionable and the interaction modes of PSB with different kinds of GBs
may be more important.
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