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Grain refinement is a very effective method to improve the mechanical properties of materials and attracts
widespread interests among researchers. However, the grain size effect on the mechanical properties is still
unclear due to the undesirable microstructure in ultrafine grained (UFG) materials. In the present work, series of
ideal materials with average grain sizes range from 0.7 pm to 30.0 pm containing high fraction of high angle
grain boundaries (HAGBs), equiaxed grains and low density of dislocations were produced by friction stir pro-
cessing (FSP). It was found that the Hall-Petch relationships could be classified into three stages as the grain size
reduced from coarse grain to UFG regimes, which were decided by the strengthening mechanisms during tensile
deformation. The strengthening effect of HAGBs (71 MPa-um'/?) was almost three times of low angle grain
boundaries (25 MPa-pm'/?), resulting in the positive deviation of Hall-Petch slope in fine grain regime by the
increased specific surface area of HAGBs. The further positive deviation of the Hall-Petch slope in UFG regime
was affected by the occurrence of an extra dislocation source limited strengthening mechanism, which was up to
29 MPa and reached to about 20% of the yield strength. The increased recovery rate of dislocations at HAGBs
contributed to the decrease of mobile dislocation density, leading to the losing of work hardening in UFG regime

during tensile deformation.

1. Introduction

As well-known, grain refinement is a very effective method to
improve the mechanical properties. Therefore, nanostructured and
ultrafine-grained (UFG) materials have attracted widespread interests
among researchers due to the presence of large amount of grain
boundaries in the materials contributing to the excellent mechanical
properties [1-6]. The contribution of grain refinement to the improved
yield strength (YS) can be elucidated by the well-known Hall-Petch
relationship in conventional coarse grain (CG) and fine grain (FG) re-
gimes [7,8]. However, as the grain size decreased to UFG regime,
traditional work hardening mechanism would not work, as the compa-
rable size between the ultrafine grains with the elementary unit of the
dislocation structures formed during tensile deformation process.
Therefore, the relationship between grain size and tensile strength of
UFG material should be different from that of CG and FG materials.
Although, the deviation phenomenon of Hall-Petch slope in UFG range
has been reported in various studies, no consensus conclusion has been
reached [9-12].

Nowadays, various severe plastic deformation (SPD) technologies,
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such as equal channel angle pressing (ECAP), high-pressure torsion
(HPT), accumulative roll bonding (ARB), have become the main
methods to prepare bulk UFG materials [13,14,16-18]. However, the
materials usually exhibit elongated grains, high density of dislocations
and high fraction of low-angle boundaries (LAGBs) [19-30]. Besides the
grain size, grain aspect ratio (GAR), dislocation density, and grain
boundary characteristics will significantly affect the tensile properties
[31-33]. In order to investigate the grain size effect on the tensile
deformation behaviors, a series of model materials with uniform equi-
axed grains, low dislocation density, high fraction of high angle grain
boundaries (HAGBs, misorientation angle > 15°) and weak texture are
required. Although researchers kept trying to avoid or minimize the
microstructural variation in different grain size regimes, the results were
not so satisfactory [19]. Therefore, preparing nearly ideal model mate-
rials with different grain sizes is still a difficult task.

Friction stir processing (FSP) is a new thermo-mechanical processing
technology, which is invented, based on friction stir welding [34]. It has
been proved that FSP is able to prepare CG, FG and UFG materials with
different grain sizes by adjusting the processing parameters [35-37].
More importantly, the grain refinement mechanism during FSP is
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dynamic recrystallization (DRX), which can avoid the high density of
dislocations and strong shear textures, and uniform equiaxed grains with
high fraction of HAGBs were usually obtained in the processed zone (PZ)
[38]. Therefore, compared to the SPD methods, FSP provides an effec-
tive solution to prepare materials with different grain sizes and to
investigate the grain size effect on the tensile properties.

In the present work, pure Al samples with various grain sizes were
prepared by FSP under different parameters. We will focus on the
transition of tensile deformation behavior and Hall-Petch relationship as
the grain size reduced from the CG to UFG regimes, and the strength-
ening mechanisms will be discussed in detail.

2. Experiment methods

Commercially pure Al (1060) was used as the base material (BM).
The plates were processed by FSP along the rolling direction, using a tool
with a concave shoulder 12 mm in diameter and a conical threaded pin
4 mm in root diameter and the processing parameters are shown in
Table 1. By adjusting the FSP parameters, samples with various average
grain sizes (d) of 30 pm, 4.6 pm, 3.2 pm, 1.4 pm, 1.2 pm, 0.9 pm, 0.8 pm,
and 0.7 pm were successfully obtained, which were measured from the
electron back-scattered diffraction (EBSD) data including more than 300
grains and defined as CG-30, FG-4.6, FG-3.2, FG-1.4, FG-1.2, UFG-0.9,
UFG-0.8, and UFG-0.7 samples, respectively.

The specimens for microstructural examinations were machined
perpendicular to the FSP direction, as shown in Fig. 1. Microstructural
characterization and analysis were carried out using optical microscopy
(OM), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The specimens for OM observation were ground,
polished, and then etched in a solution of 10 g NaOH and 100 ml H,O for
about 2 min. TEM foils and EBSD samples were prepared by double-jet
electrolytic polishing using a solution of 30 ml HNO3 and 70 ml CH;OH
at 248 K under a potential of 12 V. Tensile specimens, with a gauge
length of 10 mm, width of 3 mm, and thickness of 2 mm, were machined
in the center of the PZ parallel to the FSP direction (Fig. 1). Uniaxial
tensile tests were carried out at room temperature with an initial strain
rateof 1 x 1073572,

3. Results
3.1. Microstructure

It is observed from Fig. 1 that a basin-shaped PZ without defect and
onion ring structure was obtained in the cross section perpendicular to
the processing direction. The microstructural features were character-
ized by EBSD, and the images of some typical samples were shown in
Fig. 2. The black lines and the white lines represent the HAGBs and
LAGB:s, respectively. All of the FSP samples exhibited uniform equiaxed
grains with high fraction of HAGBs, indicating the occurrence of DRX in
the PZs during FSP processing.

As exhibited in Fig. 3, the distributions of grain boundary misori-
entation angles in all FSP samples, irrespective of grain sizes, were
similar to that of the random distribution for a cubic polycrystalline,
while all FSP samples contained a large fraction of HAGBs (>70%).

Table 1
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Huang et al. [39] studied the strengthening mechanisms in nano-
structured and UFG materials, and indicated that the grain boundary
misorientation angle significantly affected the yield stress. Apparently,
FSP samples show similar distribution of misorientation angle as
decreasing the grain size, which can exclude the influence of grain
boundary characteristic on the mechanical properties.

Typical distribution of GARs for UFG-0.7 sample was shown in
Fig. 4a. Only 5% of the GARs were larger than 2, and 68% of the GARs
were less than 1.5. The average GAR value was equal to 1.5 for UFG-0.7
sample, and the distribution of the GAR was consistent with the normal
distribution. The relationship between GAR distributions and grain sizes
is shown in Fig. 4b. As decreasing the grain size, all samples exhibited
similar distribution characteristics. It was clear that 60%-70% of the
GARs were less than 1.5, and only 8% of the GARs were larger than 2 for
all FSP samples. Tsuji et al. [15] reported that the average grain size of
UFG Al fabricated by ARB was 270 nm, but the grains were elongated
with the length as large as 1.2 pm at the long axis direction. The average
GAR value was as high as 4.4 for the UFG Al prepared by this monotonic
deformation method. Meanwhile, GAR significantly affected the accu-
racy of grain size measurement and the mechanical anisotropy, and
further influenced the relationship between grain size and tensile
properties [40-42]. The average value of GAR was equal to about 1.5 for
all FSP samples with different grain sizes, implying that nearly equiaxed
grains were achieved for all processing conditions.

The TEM images in Fig. 5 exhibited the typical microstructural fea-
tures of the specimens with various grain sizes. It is clear that equiaxed
grains were observed in all samples with different grain sizes. Most grain
boundaries were sharp, clear, and relatively straight, which were con-
sisted with the characteristics of the HAGBs [34,43], as illustrated by
arrows in Fig. 5. The dislocation density in grain interior was very low
for all samples, owning to the occurrence of dynamic recovery and DRX
during FSP [34,44].

Based on the analysis of EBSD and TEM microstructures, pure Al
samples with grain sizes vary from 30 pm to 0.7 pm, containing high
fraction of HAGBs, similar GAR value and low dislocation density, were
prepared by FSP under different parameters. Compared to SPD methods,
FSP provides an effective solution to prepare nearly ideal model mate-
rials to investigate the real relationship between the grain size and the
tensile properties from CG to UFG regimes.

3.2. Tensile properties

Fig. 6 shows the tensile stress-strain curves of FSP samples with
various grain sizes, and the mechanical properties are listed in Table 1.
As decreasing the grain size, the YS and ultimate tensile strength (UTS)
gradually increased, and accompanied with the decrease of the uniform
elongation and total elongation. CG-30 sample showed a typical
continuous work hardening behavior with low YS of 43.6 MPa and high
elongation of 59.5%. Compared with CG-30 sample, the curve of FG-1.2
sample exhibited a distinct yielding peak, and followed by a short stress
platform region with greatly increased YS of 92.2 MPa and decreased
elongation of 30.1%. As the grain size decreased to UFG regime, the
curve of UFG-0.7 sample showed a distinct yielding peak followed by
rapid strain softening with the highest YS of 142.5 MPa and the lowest

Tensile properties and grain sizes of FSP samples under different processing parameters.

Sample Rotation rate (rpm) Processing speed (mm,/min) Grain size (pm) w value (um) YS (MPa) UTS (MPa) o(MPa) Elongation (%)
CG-30 1500 100 30 1.21 43.6 +£2.3 89.3 +2.4 124.0 + 2.4 59.5 + 1.1
FG-4.6 800 100 4.6 1.30 59.8 + 2.4 90.1 +£2.0 115.2 + 2.0 41.3 £0.7
FG-3.2 800 400 3.2 1.35 67.4 £ 1.4 94.3 +1.8 110.7 £ 1.8 25.6 + 0.4
FG-1.4 800 800 1.4 1.23 85.0 +1.9 103.7 + 1.2 121.7 + 1.2 38.6 +1.3
FG-1.2 600 800 1.2 1.25 92.2 +£27 109.2 + 2.6 119.5 + 2.6 30.1 £0.5
UFG-0.9 200 50 0.9 1.14 115.6 + 2.1 125.2 + 2.9 131.7 £ 2.9 28.5 £ 0.6
UFG-0.8 400 800 0.8 0.96 130.0 + 3.4 155.2 + 3.7 155.8 + 3.7 16.1 + 0.4
UFG-0.7 100 20 0.7 0.86 142.5 + 2.3 172.8 + 3.3 173.4 + 3.3 11.3+ 0.2
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Fig. 1. Schematic illustration of FSP and the sample locations for tensile tests and microstructure observations.

Fig. 2. EBSD images of samples with different grain sizes: (a) FG-4.6, (b) FG-3.2, (¢) FG-1.2, (d) UFG-0.7.

elongation of 11.3%.
It is well known that the YS (oy) is related to the average grain size (d)
by the classical Hall-Petch relationship:

0y, =09 +kd\? 1)

where 6¢ and k represent the friction stress and the slope of Hall-Petch
relationship, respectively. Fig. 7 shows the Hall-Petch relationship of
pure Al specimens prepared by FSP in this study. The values of ¢¢ and k
were 28 MPa and 67 MPa-pm'/? by fitting the data to equation (2) at CG
and FG regimes, respectively. However, the fitting result of k value at
UFG regime was 396 MPa-pm'/2, which was much higher than that of FG
material.

4. Discussion
4.1. Tensile deformation behavior

According to the curve characteristics in Fig. 6, the tensile stress-
strain curves can be classified into three different categories with the

change of grain size:

Type I (d > 1.2 pm): the curve shows continuous work hardening
behavior similar to that of the CG material.

Type II (0.9< d<1.2 pm): the curve exhibits a distinct yielding peak,
and follows by a short stress platform region (dynamic equilibrium be-
tween strengthening and softening processes) before a continuous strain
softening.

Type III (d<0.9 pm): the curve shows a distinct yielding peak
following by a rapid strain softening.

Previous studies indicated that rapid strain softening and attendant
loss of ductility were the main tensile deformation characteristics as
grain size decreased to UFG [45-47]. Strain hardening and softening
phenomena were usually associated with the difference value between
the steady state subgrain size and the actual grain size. A semi-empirical
relationship between the shear stress, and the steady state subgrain size
(w) has been well established, which can be expressed by the following
equation [36,48-50]:

wek,bZ @)
(o2
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Fig. 3. Distributions of grain boundary misorientation angles of FSP samples: (a) FG-4.6, (b) FG-3.2, (c) FG-1.2, (d) UFG-0.7.
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Fig. 4. (a) Typical distribution of GAR for UFG-0.7 sample, (b) the fraction of GAR of samples with various grain sizes.

where G is shear modulus (26 GPa), b is burgers vector (0.286 nm) and o
is the maximum value of true stress listed in Table 1 k,, is a constant
value between 10 and 30, and the value of 20 was used in previous study
[50]. W value represents the minimum size of the dislocation sub-
structure evolved during the tensile deformation process, and the
calculated results are listed in Table 1. When the grain size was less than

w value, the stress field of grain boundary would hinder the formation of
dislocation cell in grain interior.

The typical TEM microstructures of FG-4.6, FG-1.2, and UFG-0.7
samples after 2% tensile strain and final fracture are shown in Fig. 8.
For FG-4.6 samples, some dislocation tangles could be observed in grain
interior even with a small deformation of 2% tensile strain, as shown in
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Fig. 5. Typical TEM microstructures of FSP pure Al samples: (a) FG-4.6, (b) FG-3.2, (c) FG-1.2, (d) UFG-0.7.
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Fig. 6. Tensile engineering stress-strain curves of FSP samples with different
grain sizes.

Fig. 8a. Typical dislocation cell structures and a large amount of dislo-
cation tangles formed in the grain interior after final fracture, as shown
in Fig. 8d. The calculated w value was 1.30 pm for FG-4.6 sample, which
was smaller than the grain size (4.6 pm). During the tensile test, the
deformation promoted the nucleation and multiplication of dislocations
in the grain interior for the CG and FG materials with Type I tensile
stress-strain curves. With continued tensile deformation, dislocations
multiplication and rearrangement resulted in the formation of disloca-
tion cells in the grain interior, impeded the movement of dislocations,
and enhanced the interactions between the dislocations. In this case,
work hardening phenomenon occurred during the tensile deformation
process for this type of materials.

Fig. 8b and e shows the TEM microstructures after 2% tensile strain
and final fracture of FG-1.2 sample, respectively. Only a few dislocations
could be observed in the grain interior after a small deformation of 2%

d(pm)

-- 25.0 6.2 2.8 1.6 1.0 0.7
200 —

©  FSP-Pure Al

k=396 MPa-um™”
150 |-

100

Yield Strength (MPa)

0.4

0.6 0.8
ks (pm-wz)

1.0 1.2

Fig. 7. Hall-Petch relationships of FSP pure Al samples.

tensile strain. Different from that of FG-4.6 sample, some dislocations
began to accumulate near the grain boundaries, as shown by the arrows
in Fig. 8b. Further, the final microstructure after fracture in FG-1.2
sample was obviously different from that of FG-4.6 sample. The distri-
bution of dislocations was not uniform, resulting in tangled dislocations
in some large grains and free of dislocation in some small grains. The
calculated w value of FG-1.2 sample (1.25 pm) was almost equal to the
average grain size (1.2 pm). In this case, the balance of the work hard-
ening in the large grains (d > w) and strain softening in the small grains
(d < w) contributed to a short steady state deformation for the Type II
materials in tensile deformation.

Typical TEM microstructures of UFG-0.7 sample after 2% tensile
strain and final fracture are exhibited in Fig. 8c and f, respectively. As
the grain size decreased to UFG regime, the number of dislocations
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FG-1.2-2% strain (c)

b

Fig. 8. TEM microstructures of FG-4.6, FG-1.2, UFG-0.7 samples after 2% tensile strain (a)-(c) and after final fracture (d)-(e).

decreased dramatically, few dislocations could be found even after final
fracture. The calculated w value of UFG-0.7 sample (0.86 um) was larger
than the grain size (0.7 pm), so the dislocation substructures were hard
to form in the grain interior due to the rapid recovery at the grain
boundary. Therefore, only a few dislocations piled up at the grain
boundary, and most of the grains were free of dislocation, which was
consisted with the strain softening performance and poor dislocation
storage ability [51].

4.2. Hall-Petch relationship

To make the comparison of Hall-Petch relationship more impartial,
materials prepared by FSP and SPD methods were compared in this
study [27,51-53]. The purity has an effect on the intercept of the
Hall-Petch relationship [8,54]. Therefore, all data were normalized by
making the intercept values consistent with the high purity Al to exclude
the influence of material purity, and the results were shown in Fig. 9.
Clearly, the Hall-Petch relationships can be divided into three stages. At
the stage I (d > 25 pm), the primary barrier for dislocation glide was
dominated by dislocation substructures during the tensile deformation
process. The data points for CG materials followed the Hall-Petch rela-
tionship with a lower k; value between 25 and 41 MPa- pml/ 2271 kg
value can be affected by texture, dislocation density, and the fraction of
HAGBs, so the range was relatively wide due to the various micro-
structures prepared by different methods. The YS in stage I can be
written as the following equation:

01 a525 ym =00 +kpd™ 2 =97 4+ (25~41) 472 3)

At the stage IT (1 pm < d < 25 pm), the k; value was between 60 and
70 MPa-pm'/2, which was larger than that of stage I. The YS in stage II
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Fig. 9. Hall-Petch relationships of pure Al samples [27,51-53].

can be written as the following equation:
O11,1yum<d<25 ym = OFG + ky-d™'? =28 + (60~ 70) A7 @

In this stage, the specific surface area of HAGBs was increased as the
decrease of grain size. Therefore, dislocation tangled or assembled at the
HAGBs brought stronger strengthening effect than the LAGBs and
dislocation substructures, resulting in an increase of k; compared to k;.
Previous studies indicated that the dislocation strengthening was even
larger than grain boundary strengthening due to high density of dislo-
cations in the materials prepared by cold rolling and ARB methods,
resulting in a higher Hall-Petch slope of 131 MPa-um'/2 [52] in stage I,
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as illustrated by arrows in Fig. 9. On the contrary, the dislocation density
of FSP material was very low attributed to the DRX process.

At the stage III (d < 1 pm), the ky; value was between 200 and 400
MPa-pm'/2 in UFG regime, which was significantly higher than CG and
FG materials. The microstructural differences were very large for
different UFG materials due to the different deformation degree during
SPD processes, and a high fraction of non-equilibrium grain boundaries
were usually obtained. Therefore, the deviation of the actual grain size
was very big, resulting in a big range of kjy value. The YS in stage III can
be written as the following equation:

O, d<ium = OUFG + kyp-d™'? = =307 + (200 ~ 400) 4712 5)

In equation (5), the intercept value (6yr) didn’t represent the lattice
friction stress, which contained the lattice friction stress and other
strengthening mechanisms, and a negative intercept value (—307 MPa)
was suited for the Hall-Petch relationship in stage III. Yu et al. [51] had
reported that the fitting result of k value for ECAP UFG material was
much higher than that of FG material, and the initial inhomogeneous
flow resulted in the positive deviation of the Hall-Petch relationship in
the UFG regime. Meanwhile, the dislocation densities of UFG materials
produced by ECAP and ARB were higher than the FG materials prepared
by combination of SPD and following annealing processes, which would
contribute higher dislocation strengthening in SPD UFG material than
that in FG material. However, no obvious inhomogeneous flow was
observed in UFG-0.7 sample. Furthermore, the dislocation density of FSP
UFG material was similar to that of FG material and kept a relatively low
value. Therefore, the ky; value of FSP UFG materials was much higher
than ky and k;, and even higher than that of ECAP UFG material. This
was not be affected by the inhomogeneous flow and increased disloca-
tion density, so an extra strengthening mechanism should play a more
important role.

4.3. Strengthening mechanisms

Some models have been proposed to explain the Hall-Petch rela-
tionship and give expression for k value [54]. In these models, the k
value was decided by dislocation density, GAR, and grain boundary
characteristics, which were related to the strengthening mechanism of
materials.

The strengthening mechanism of CG and FG materials mainly con-
tained the grain boundary strengthening and dislocation strengthening
(04is)- Most of the dislocations stored in grain interior and LAGBs. Pre-
vious research indicated that the LAGBs with misorientation angle
below 2° acted as dislocation strengthening and the rest of the grain
boundaries were regarded as grain boundary strengthening [52]. Based
on this assumption, the YS can be written in the following way:

Oys = 0y + O4is + 0GB (6)

where o4 represents the dislocation strengthening, and ogp is grain
boundary strengthening. 645 can be written as:

301~ foze)Oume.c2e
Ois :MaGb\/po +(f"272>‘<2 -

where fy>2- represents the fraction of grain boundaries with misorien-
tation angles above 2°, 04, <2 is the average value of misorientation
angle below 2°, M is the Taylor factor (3.06), a is a constant (0.24), G is
the shear modulus (26 GPa), b is the burgers vector (0.286 nm), p, is
dislocation density in grain interior [27,52]. The dislocations mainly
stored in the LAGBs with misorientation angle below 2°, and the dislo-
cation density in grain interior (p,) was relatively small due to the DRX
during FSP, which can be ignored in this study.

Previous research indicated that grain boundary characteristic had a
strong effect on the tensile deformation behavior [55]. Most of the
previous literatures only focused on the grain size effect on the
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Hall-Petch relationship, but ignored the influence of grain boundary
characteristics [56,57]. However, the strengthening effect was different
between LAGBs and HAGBs, leading to a strong influence on the rela-
tionship of grain size and tensile properties. Therefore, grain boundary
strengthening divides into LAGBs strengthening and HAGBs strength-
ening, which can be written as:

0GB =01AGB T OHAGB = kLAcB\/f:i% + kracs fﬂzw ®

where kpacp is the Hall-Petch slope for LAGBs strengthening, kyagp is the
Hall-Petch slope for HAGBs strengthening. The k;46p can be obtained at
the situation where the LAGB dominated the grain boundary strength-
ening for the CG materials at the stage I k;ags was equal to 25 MPa-pum/
2, which was the minimize value of k; through fitting the Hall-Petch
relationship of LAGBs, as shown in Fig. 9. opags and kuags can be
calculated by the following equations:

OHAGB = Oys — 00 — Odis — OLAGB (C))
B [foz1se
kiags = Omacs/ 4 10)

The values of 61465 and kyagp of the FG-4.6 and FG-3.2 samples were
calculated through equation (9) and (10), as shown in Table 2. The kyagp
value, representing the HAGBs strengthening for pure Al with any grain
size, can be defined as the average value of those of the FG-4.6 and FG-
3.2 samples, which was equal to 71 MPa-um'/2. In order to verify the
accuracy of the above results, kiags and kuags were used to calculate the
YS of FG-1.2 sample. The calculated YS of FG-1.2 sample was 95.5 MPa,
which was nearly equal to the actual result (92.2 MPa), proving the
accuracy of kugs and kyagp values. Obviously, the kysgp value (71
MPalpml/ 2) is almost three times of kings (25 MPaAuml/ 2), meaning that
the HAGBs are more efficient than LAGBs in material strengthening,
which resulted in a higher Hall-Petch slope in stage.

When the grain size decreases to UFG regime (stage III), the grain
refinement increased the probability of dislocation sinking at the
HAGBs. The increased recovery rate of dislocations near the grain
boundaries led to the decrease of mobile dislocation density. Previous
studies have proposed that significantly reduced dislocation source
density resulted in an additional strengthening mechanism and a higher
stress for UFG or nanostructured materials by activating alternative
dislocation source [27]. Huang et al. [39,58] found that the YS of UFG
material could be increased by annealing, because the generation and
interaction of dislocations reduced under heat treatment, leading to an
increase in YS in order to activate new dislocation sources during tensile
deformation. Kamikawa et al. [27] called this strengthening mechanism
as dislocation source limited strengthening, which usually appeared in
UFG and nanostructure materials where dislocations were significantly
reduced. The dislocation source limited strengthening (osource) in
UFG-0.7 sample can be acquired by the following equation:

Ogource = OYs, UFG-0.7 — 00 — Ogis — O1AGB — OHAGB an

The 65purce value of UFG-0.7 sample was calculated as 29 MPa ac-
cording to equation (11), which reached to about 20% of the YS of UFG-
0.7 sample.

Fig. 10 shows the distribution of different strengthening mechanisms
contributed to the YS of some typical samples. Strengthening mecha-
nisms of FG materials mainly included dislocation strengthening and
HAGBs strengthening. The contribution of LAGBs strengthening to YS
was less than 10% for FG and UFG materials. Previous research indi-
cated that the dislocation strengthening was larger than grain boundary
strengthening due to the high density of dislocations stored in LAGBs
with misorientation angle below 2° [52]. However, the dislocation
strengthening of FSP sample was relatively weak due to the low fraction
of LAGBs. The primary strengthening mechanisms of UFG materials
were HAGBs strengthening and dislocation source limited strengthening
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Table 2
Structural parameters for different strengthening mechanisms.
Sample krags (MPa-pm1 2 LAGBs strengthening (MPa) Dislocation strengthening (MPa) krags (MPa‘pml/ 2) HAGBsS strengthening (MPa)
FG-4.6 25.00 4.75 22.13 70 23.22
FG-3.2 25.00 6.75 17.23 72 33.72
FG-1.2 25.00 9.62 24.51 71 55.28
UFG-0.7 25.00 9.48 20.44 71 73.81
Credit author statement
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Fig. 10. The distributions of different strengthening mechanisms contribute to
the YS.

which contributed a higher Hall-Petch slope in stage.

The calculation substantiates that the HAGBs strengthening in-
creases with the decrease of grain size and acts as a dominant role in
mechanical properties. The dislocation source limited strengthening
reached to about 20% of the YS of UFG materials. Compared to FG
material, the extra strengthening of UFG material, i.e. dislocation source
limited strengthening, required higher stress to nucleate more mobile
dislocations to maintain the plastic flow during tensile tests. Therefore,
dislocation source limited strengthening contributed to higher YS,
leading to the loss of work hardening during tensile tests.

5. Conclusions

Commercially pure Al (1060) samples with grain sizes range from
0.7 pm to 30.0 pm were produced by FSP with different processing pa-
rameters. Based on the experimental observations and discussions, the
following conclusions can be obtained:

1. Irrespective of grain size, the grain morphology was equiaxed, and
almost no dislocations were observed in grain interior. The distri-
butions of grain boundary misorientation angles were similar to the
random distribution and the fraction of the HAGBs was higher than
70%.

2. The Hall-Petch relationships were classified into three stages as the
grain size reduced from CG to UFG regime. The strengthening effect
of HAGBs was almost three times of LAGBs, resulting in the positive
deviation of Hall-Petch slope in stage II. The further positive devia-
tion of Hall-Petch relationship at UFG region was due to the occur-
rence of dislocation source limited strengthening.

3. The dislocation source limited strengthening reached to about 20%
for the YS of UFG material, which resulted in the increased the YS
and the decreased uniform elongation caused by the losing of work
hardening during tensile deformation.
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