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The effect of grain orientation on fracture toughness of an annealed Al-Cu-Mg alloy has been investigated by
using XRD, SEM, OM and EBSD in the present work. A new method has been presented to accurately evaluate
the twist and tilt angle of grain boundaries. EBSD detection results indicate Goss-grains in the annealed Al-Cu-
Mg alloy, having a great twist angle or tilt angle component boundary with the neighboring grains, are still
able to facilitate crack deflection under the condition of uniaxial tensile stress creating no crack closure, as com-
pared with cyclic loading condition with crack closure in fatigue testing. Goss-grains, thereby effectively retard
fracture crack propagation. In contrast, the fast-propagating crack is easy to penetrate through Brass-, S- and Cop-
per-grains. Apparently, the high Goss/Brass volume fraction ratio is responsible for the enhanced fracture tough-
ness in the Al-Cu-Mg alloy plate annealed at 385 °C for 4 h.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Studies of grain orientation effect on final mechanical properties of
metal materials have attracted more and more attention in recent
years. It has been reported that textures have a great effect on tensile
property anisotropy of aluminum alloys [1–5]. Grain orientation effect
on cyclic deformation behavior of copper bicrystals, columnar crystals
and tricrystals, was investigated by Wang et al. [4], and their results
found that large angle grain boundaries could obstruct the passage of
persistent slip bands and subsequently served as the nucleation sites
for fatigue cracking. Chen et al. [5] suggested that the strength of the
X2095 alloy in the transverse direction was greater than that in the lon-
gitudinal direction and that the specimens in the longitudinal loading
direction (L-T orientation) exhibited higher fatigue thresholds and
lower crack propagation rates than that in the transverse loading direc-
tion (T-L orientation) because of the existence of texture consisting of
Brass, Copper and S componentswith Brass being the dominant compo-
nent. Zhai et al. [6] proposed a crystallographic model for short fatigue
crack propagating through grain boundaries, and suggested that the
twist and tilt angles of the crack-plane deflection at a grain boundary
were the key factors that control the process of crack retardation and
deflection at the grain boundary in planar slip alloys. In 2005, Zhai et
al. [7] found a large twist angle of the crack plane deflection at the
grain boundary gave rise to a higher resistance to crack growth across
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the grain boundary, while a small twist angle represented a smaller re-
sistance. Their result also suggested that Goss-grains were more resis-
tant to crack growth across their boundaries than Brass-grains in Al-Li
and Al-Cu alloys. Liu et al. [8] further confirmed that Goss-grains had a
great twist component boundary or tilt angle component boundary
with the neighboring grains in an AA2524 T3 alloy, thereby retarding
fatigue crack propagation, but Brass-grains exhibited a small resistance
to fatigue crack propagation. The recent studies also suggested fatigue
performance could benefit from decreasing the intensity of Brass
texture [9].

However, all previous work [4–9] stated above, referred to fatigue
behavior or performance. Generally in fatigue testing, a cyclic loading
is employed, which normally is far below yield strength. Therefore, a
crack closure effect is created during fatigue crack propagation. Never-
theless, in fracture toughness testing a uniaxial tensile stress, normally
close to yield strength, is employed. Under this stress condition, no
crack closure effect is created during crack propagation. Furthermore,
crack propagation rate in fracture toughness testing is more rapid
than that in fatigue testing. The crack propagation behavior in fracture
toughness testing is distinctly different from fatigue crack propagation.
Although the effect of Goss- and Brass-grains on fatigue behavior has
been well investigated [7–9], nowork has been done concerning the ef-
fect of Goss- and Brass-grains on fracture toughness. What's more, it is
still unknown whether Goss-grains, other than Brass-grains, could also
retard crack propagation during fracture toughness testing as it acts in
fatigue testing. In addition, it remains unknown whether other grains
like S- and Copper-grains have similar mechanism with Goss- or
Brass-grains and effect on fracture toughness. Amajor goal of this report
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Fig. 1. Tensile property of hot rolled and annealed Al-Cu-Mg alloy plates.

Fig. 2. Fracture toughness of Al-Cu-Mg alloy plates annealed for 4 h at different
temperature.
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is to investigate the effect of Goss-, Brass-, S- and Copper-grains on frac-
ture toughness of annealed Al-Cu-Mg alloy plates. We also have pro-
posed a new method to accurately evaluate the twist and tilt angle of
grain boundaries.

2. Experiments

The material used in this investigation was an Al-Cu-Mg alloy ingot
which had a composition (wt%) of 0.05% Si, 0.11% Fe, 0.5% Mn, 1.6%
Mg, 4.0% Cu with balance Al. After homogenized at 495 °C for 48 h, the
ingots were hot rolled to 88% reduction followed by an isothermal an-
neal at five different temperatures (300, 320, 340, 360 and 385 °C) for
4 h. Hot rolling began at a temperature of 430 °C and accomplished at
310 °C. Texture measurement using X-ray diffraction (XRD) was per-
formed at the center position of the rolled and annealed material. The
(111), (200), and (220) pole figures were measured up to a maximum
tilt angle of 75° by the Schulz back reflection method using CuKα radi-
ation. The orientation distribution functions (ODFs) were calculated
from these incomplete pole figures and presented as plots of constant
φ2 sections with isointensity contours in Euler space defined by the
Euler angles φ1,Φ, and φ2. Volume fractions of measured ideal orienta-
tions were calculated by integration within 15° of the ideal orientation
peaks [10,11].

The tensile test of alloy plates was performed on an Instron testing
machine with a cross-head speed of 2 mm/min. The loading direction
upon test was along the transverse direction (T); the corresponding
value of tensile strength (σb), yield strength (σ0.2) and elongation
were obtained. The values of tensile tests were the average value of
fivemeasurements. The plane-strain fracture toughness tests were per-
formed on compact-tension specimens according to the ASTM E399
standard. The tests were conducted on an MTS machine at room tem-
perature and laboratory air environment. Compact-tension specimens
were prepared from the plates in the L-T orientation with a size (in
mm) of 45.6 × 38 × 6 (L ×W × B), where L-T signified that the loading
direction was along the longitudinal/rolling direction (L) and the direc-
tion of the crack growthwas oriented along the transverse direction (T).
The values of fracture toughness were obtained by the average value of
five measurements. Fracture surfaces of failed specimens were exam-
ined in a scanning electron microscope (SEM) to determine the pre-
dominant macroscopic fracture mode and to characterize the fine-
scale topography and features on the fracture surface. Optical metallog-
raphy (OM) was used to examine the micro-structures. Surfaces were
prepared by electropolishing and then anodising with 16.8 g/L
fluoroboric acid at 20 V for 60–120 s. Grain size was analyzed using
digital image analysis attached to optical microscope. To detect the
relationship between fracture crack path, crack deflection and grain
orientation or micro-texture in fracture fibrous region, the plates were
unloaded when fracture cracks propagated to 20 mm in length. The
monitoring of fracture crack lengths was carried out by using a micros-
copywith amagnification of 100×,measuredwith solution of 0.01mm.
Electron backscattering diffraction (EBSD) plates were prepared by con-
ventional mechanical grinding and subsequent electropolishing. The
electro-polishing was carried out at 18–22 V for 8–15 s by a direct cur-
rent (DC) stabilized power supply, and the mixed solution for electro-
polishing was composed of 10% perchloric acid and 90% ethanol. EBSD
mapping on rolled plane of specimens were obtained by automatic
scanningwith a step (pixel) size of 0.2 μm, and themappingwas carried
out using a Sirion 200 field emission gun scanning electron microscope
with an accelerating voltage of 20 kV.

3. Results

The results of tensile test present that the tensile strength (σb) and
yield strength (σ0.2) of hot rolled alloy plate are higher than that of
annealed plates, and the elongation of hot rolled plate is lower than
that of annealed plates, as shown in Fig. 1. There is a minor change in
the tensile strength of annealed plates as the annealing temperature in-
creasing from 300 °C to 340 °C, and then the tensile strength starts to in-
creases gradually with the temperature further increasing from 340 °C
to 385 °C. Themaximum tensile strength (about 301.1Mpa) of annealed
plate is obtainedwhen the annealing temperature is at 385 °C. The yield
strength of annealed plate starts to decreases gradually as the tempera-
ture increasing from 300 °C to 360 °C, reaching a bottom in 360 °C, and
then moderately increases to 193.9 Mpa as the temperature reaching
385 °C. In contrast, the elongation of annealed plate gradually increases
as the temperature increasing from 300 °C to 360 °C, reaching a peak in
360 °C, and then modestly decreases to 25.0% as the temperature
reaching 385 °C.

Fig. 2 shows the results of fracture toughness of the rolled and
annealed Al-Cu-Mg alloy plates. These values do not satisfy the criteria
of plain strain and hence are conditional fracture toughness values
(KIQ). The KIQ of hot rolled plate is more than that of annealed plates.
The KIQ of annealed plates has not an obvious fluctuation as the anneal-
ing temperature increases from 300 °C to 320 °C. With the temperature
further increasing from 320 °C to 360 °C, the KIQ slightly increases to
26.2 Mpa ∗ m1/2. Interestingly, the KIQ sharply increases to
30.9 Mpa ∗ m1/2 as the temperature further increasing from 360 °C to
385 °C. Fig. 3 presents the fracture micrographs of plates annealed for
4 h at 340 °C and 385 °C, respectively. The fracture micrographs of
two plates are characterized by large and small dimples which indicate
the two annealed plates have excellent fracture toughness due to duc-
tile fracture. There are some particles (see arrows in Fig. 3(b) and (d))
in the center of the dimples and some of them are broken. Energy spec-
trum analysis reveals that the atomic ratios (Al:Cu:Mg) of the observed



Fig. 3.Microstructure of fracture surface of Al-Cu-Mg alloy plates annealed for 4 h at 340 °C (a, b) and 385 °C (c, d).
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particles (A and B) are 55.4: 22.6: 22.1 and 55.1: 21.6: 23.3, respectively.
This well agrees with S (Al2CuMg) phases. Those S (Al2CuMg) phases
may contribute to the initiation and growth of fracture crack [12,13].

Fig. 4 shows the X-ray macrotextures of the hot rolled and annealed
Al-Cu-Mg alloy plates. It can be observed from Fig. 4(a) that the texture
of the hot rolled Al-Cu-Mg alloy is characterized by a α-fiber texture,
which runs from the Goss {011}〈100〉 component through the Brass ori-
entation {011}〈112〉 to the P {011}〈122〉 component, finally to the L ori-
entation {110}〈011〉 and a weak Copper {112}〈111〉 component. With
the annealing temperature increasing from 300 °C to 385 °C, the main
textures mainly fluctuate in α-fiber texture and there is no obvious in-
tensity change for the Copper and S components. Fig. 5 presents the vol-
ume fractions of the main orientations for hot rolled and annealed
plates. Brass-Goss texture, at position of (17 45 0) in Euler Space, is de-
fined as the component between Brass and Goss in α-fiber. It can be
observed from the Fig. 5 that the Brass component completely grows
with the Brass-Goss component. The volume fraction of Brass compo-
nent decreases firstly with the increasing temperature and then
increases to themaximumvalue of 28.6% at 340 °C, andfinally decreases
again to 11.9% in 385 °C. The volume fraction of Goss component in-
creases firstly with the increasing temperature from 300 °C to 340 °C,
reaching thepeakvalue in 340 °C, decreasing to 7.5% at 360 °C, andfinal-
ly reaching the maximum value of 14.7% at 385 °C. There is no obvious
fluctuation for the volume fraction of L, P, Copper and S components
with the increasing temperature.

The optical micrographs microstructures of the hot rolled and the
annealed Al-Cu-Mg alloy plates are shown in Fig. 6. The deformed
grains in hot rolled plate are elongated parallel to the rolling direc-
tion, as shown in Fig. 6(a). When the annealing temperature is at
300 °C, some recrystallized grains occur, as indicated by an arrow
in Fig. 6(b). As the temperature reaching 320 °C, the plate is partly
recrystallized, with the obvious recrystallized grains (see arrows in
Fig. 6(c)). There is no obvious change in microstructure of alloy
plate, as annealing temperature further increasing from 320 °C to
385 °C (see Fig. 6(d–f)). Since grains are rounded/irregular in
shape, based on the ASTM E112 standard, an effective grain diame-
ter, dc, is evaluated as

dc ¼
ffiffiffiffiffiffiffiffiffiffi
d1d2

p
ð1Þ

where d1 and d2 are the smallest and largest grain dimensions
through the geometry center of grain, respectively. The mean diam-
eter of the grain is then given by

dc ¼
Xn

i¼1

ffiffiffiffiffiffiffiffiffiffi
d1d2

p

n
ð2Þ

Fig. 7 shows thedistribution of grain diameter in rolled and annealed
plates using OM results. To obtain reasonable statistics, at least five mi-
crographs were used. The distribution characters of grain diameter in
rolled and annealed plates all appear to be normal distribution. The av-
erage grain diameter (dc) is largest in the rolled plate. When annealing
at 300 °C for 4 h, thedc decreases to 166.5 μm.With the temperature fur-
ther increasing from 300 °C to 385 °C, there is a slight downtrend in the
dc of alloy plate.

EBSD images present that the average grain size of alloy plate
annealed at 385 °C for 4 h is slightly smaller than at 340 °C, as shown
in Fig. 8(a) and (b). This is generally consistent with OM results. EBSD
results reveal the average grain boundary misorientation of plate
annealed at 340 °C for 4 h (Fig. 9(a)) is about 41.3°, and that of plate
annealed at 385 °C (Fig. 9(b)) presents slight higher average boundary
misorientation angle of 44.9°. Careful examinations indicate that the
total number fraction of grain boundary misorientation ranged from
5° to 30° in the plate annealed at 340 °C, is obviously higher than that
of plate annealed at 385 °C. Both high average boundary misorientation
and small total number fraction of misorientation (from 5° to 30°), sug-
gest the plate annealed at 385 °C is recrystallized slightly more fully
than that at 340 °C, which is consistentwith the fact that high annealing
temperature is beneficial for recrystallization. It is observed that the
cracks are easy to penetrate through most grains, which indicates the



Fig. 4. ODFs representative sections of Al-Cu-Mg alloy plates hot rolled (a) and annealed for 4 h at 300 °C (b), 320 °C (c), 340 °C (d), 360 °C (e) and 385 °C (f).

50 Q. Zhao et al. / Materials Characterization 119 (2016) 47–54
failure mechanism of the two annealed plates is mainly the
transgranular fracture.

4. Discussion

It is well known that annealing could decrease work hardening and
benefit for the improvement of elongation in aluminum alloys. It seems
abnormal that both tensile strength and yield strength sharply increase
whereas elongation decreases as annealing temperature increasing
from 360 °C to 385 °C. Although grain size is also one of factors that af-
fects yield strength and elongation of alloy, the grain size of alloy plate
has no obvious change, as annealing at 360 °C or 385 °C. Therefore,
the different effect of grain size on tensile property could be ignored
in the two plates. Obviously, the aberrant change in elongation is



Fig. 5. Volume fractions of the main texture components in annealed Al-Cu-Mg alloy
plates.
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contributed by texture components. It was also reported in Ref. [5] that
textures had effects on tensile property. The dominant texture compo-
nents in the two annealed samples are Brass {110}〈112〉 and Goss
{110}〈100〉 texture besides Brass-Goss texture. Because the effect of
Brass-Goss texture on tensile property is between Brass and Goss, only
Fig. 6. Optical micrographs of the Al-Cu-Mg alloy plates hot rolled (a) and anne

Fig. 7. OM results showing the distribution of grain diameter for Al-Cu-Mg alloy plates hot rolle
Brass (110)[−112] and Goss (110)[001] are taken into consideration,
respectively. As to Brass texture, the rolling plane of the plate was
(110), the longitudinal direction was [−112] and the transverse direc-
tion was [1 –1 1]. In the face centered cubic metals there are 12 slip sys-
tems consisting of {111} slip planes and 〈110〉 slip directions. As to Goss
texture, the rolling plane of the plate was (110), the longitudinal direc-
tion was [001] and the transverse direction was [−110]. On each slip
plane onemay calculate the Schmid factorsmwith respect to transverse
loading directions, as listed in Table 1. In accordance with Schmid law
(σs = τk / (cosφcosλ)), the critical resolved shear stress (σs) decreases
with the increase of them (cosφcosλ) and no slip should occur atm=0
[9]. Note that although the maximum Schmid factor of Goss plate is
slightly more than that of Brass (indicating that Goss plate theoretically
has slightly lower yield strength than that of Brass plate), the number of
movable slip systems in Goss plate is 4, and only one-half that of Brass.
As a consequence, the number of movable slip systems in Goss plate
could play a more important role on tensile property than that of max-
imal m (cosφcosλ). Therefore, the less movable slip systems in Goss
platemake plasticity worse than that in Brass. As temperature increases
from 360 °C to 385 °C, the elongation decreases. This is obviously due
to the increasing relative volume fraction of Goss to Brass component
(see Fig. 5).

It was reported that grain size had effect on fracture toughness of
aluminumalloy, and smaller grain size resulted in larger grain boundary
areas, therefore higher fracture toughness [14]. Fracture toughness of
high strength Al-alloys is mutually influenced by yield strength and
aled for 4 h at 300 °C (b), 320 °C (c), 340 °C (d), 360 °C (e) and 385 °C (f).

d (a) and annealed for 4 h at 300 °C (b), 320 °C (c), 340 °C (d), 360 °C (e) and 385 °C (f).



Fig. 8. EBSD results showing fracture crack propagating path for Al-Cu-Mg alloy annealed
for 4 h at 340 °C (a) and 385 °C (b).

Table 1
Schmid factors m of the slip system {111}〈110〉 for transverse loading directions in sheets
containing Brass or Goss textures.

Slip plane (hkl) Slip system m (Brass) m (Goss)

111 (111)[−110] 0.272 0
(111)[0−11] 0.272 0
(111)[−101] 0 0

–111 (−111)[101] 0.272 0.408
(−111)[110] 0 0
(−111)[0−11] 0.272 0.408

1–11 (1−11)[110] 0 0
(1−11)[011] 0 0.408
(1−11)[−101] 0 0.408

11–1 (11−1)[−110] 0.272 0
(11−1)[011] 0 0
(11−1)[101] 0.272 0

52 Q. Zhao et al. / Materials Characterization 119 (2016) 47–54
ductility, and this is particularly true as it has been reported that the re-
quirements for high yield stress and good fracture toughness are known
to be contradictory in many aluminums alloys [15–19]. Note that there
is no obvious change in KIQ (see Fig. 2), as annealing temperature is at
300 °C, 320 °C, 340 °C or 360 °C.When annealing at those temperatures,
the dc is fluctuant in range of 14 μm. This means that the dc fluctuant in
range of 14 μm has no obvious different effect on KIQ. Comparing with
the plate annealed at 360 °C, the fracture toughness of plate annealed
at 385 °C is significantly higher, although the dc difference in the two
plates is only about 4 μm. Obviously, texture components have a great
influence on fracture toughness. Liu et al. [8] has confirmed Goss-grains
are beneficial for fatigue crack deflection, so improving the fatigue crack
propagation resistance. Quietly different from the cyclic loading condi-
tion in fatigue testing, a uniaxial tensile stress, normally close to yield
strength, is employed in fracture toughness testing. Under this stress
condition, no crack closure effect is created during crack propagation,
and the propagation rate is significantly higher than that in fatigue test-
ing. So here is a questionwhether or not, Goss-grains could also contrib-
ute to fracture crack deflection under uniaxial stress condition, resulting
in the improvement of fracture toughness.

As viewed from microstructure, the distinct microstructural differ-
ence between the two plates annealed at 340 °C and 385 °C respectively
is the grain orientation, as shown in Figs. 4 and 8. Themaximumvolume
Fig. 9. EBSD results showing the grain boundary misorientation for
fraction of Brass texture was obtained in the plate annealed at 340 °C,
and the minimum volume fraction of Brass was obtained in the plate
annealed at 385 °C. What's more, the volume fraction of Goss is also
maximal in the plate annealing at 385 °C. This suggests the different
grain orientation in the two plates is responsible for their different
fracture behavior in fracture toughness testing. EBSD results reveal the
fracture crack paths of the two plates are tortuous in some grains (see
Fig. 8). The fracture crack in the plate annealed at 340 °C is deflected
by grains 3 and 5 and that in 385 °C annealed-plate, is deflected by
grains 2, 3, 11, 12, 13 and 16. In addition, little deflection occurs when
cracks propagate across all the other oriented-grains in the two
specimens.

The Miller indices of grains near fracture cracks in Fig. 8(a) and (b)
are presented in Table 2. The orientation of both grains 3 and 5 in the
plate annealed at 340 °C, which induces crack deflection in Fig. 8(a), is
close to Goss. The orientation of grain 2, grain 4 and grain 8 in
Fig. 8(a) is close to Brass. Careful examination of crack path and the ori-
entation of grains near fracture crack in Fig. 8 and Table 2, indicates the
crack is remarkably deflected or obstructed when passing by Goss-ori-
ented grains, such as grains 3 and 5 in Fig. 8(a), and grains 3, 9, 11, 12
and 16 in Fig. 8(b). In contrast, little crack deflection is detected when
the cracks pass through Brass-, Copper-, S-grains and other random ori-
ented-grains (respectively see grains 2, 4 and 8 in Fig. 8(a) and grain 7 in
Fig. 8(b), grain 6 in Fig. 8(a) and grain 15 in Fig. 8(b), grain 6 in Fig. 8(b),
grain 1 in Fig. 8(a), and grains 1 and 14 in Fig. 8(b)). It becomes evident
that Goss-grain shows greater resistance to fracture crack propagation
than other oriented-grains during fracture toughness testing.

Our previous work [8], provided a qualitative evaluation method
about the twist or tilt angle component of grain boundary. In order to
quantitatively evaluate the twist or tilt boundary of neighboring grains,
an optimized approach is given by the present work. Schematic illustra-
tion of the orientation relationship of a grain componentwith its neigh-
boring grain is shown in Fig. 10. The red crystal plane (N2) and crystal
direction [E2] must be kept parallel to the green one because both of
them are parallel to the EBSD specimen surface. Therefore, the red
Al-Cu-Mg alloy annealed for 4 h at 340 °C (a) and 385 °C (b).



Table 2
The grains orientation of annealed Al-Cu-Mg alloy.

Specimen Grain Measured indices Simplified indices Measured texture

Fig. 8(a) 1 (6 5 11)[11−11−1] Close to (112)[1−10] –
2 (1 6 6)[6−3 2] Close to (011)[2−11] Close to Brass
3 (1 10 12)[−14−1 2] Close to (011)[−100] Close to Goss
4 (1 6 4)[2−1 1] Close to (011)[2−11] Close to Brass
5 (1 10 11)[−13−2 3] Close to (011)[−100] Close to Goss
6 (−6−5 11)[1 1 1] Close to (−1−12)[111] Close to Copper
7 (9 0 10)[20 1−18] Close to (101)[10−1] Close to L
8 (1 8 8)[24−14 11] Close to (011)[2−11] Close to Brass

Fig. 8(b) 1 (−2 3 21)[21 7 1] Close to (001)[310] Close to CubeND
2 (−1−10 19)[11−3−1] Close to (0−12)[100] Between Goss and CubeRD
3 (1 12 13)[−20−3 5] Close to (011)[−100] Close to Goss
4 (27−33 35)[19 6−9] Close to (1−11)[62−3] –
5 (−7−13 20)[29−11 3] Close to (−1−23)[3−10] –
6 (−9−20 30)[20 9 12] Close to (−1−23)[634] Close to S
7 (−1−18 16)[−2 1 1] Close to (0−11)[−211] Close to Brass
8 (−2−1 15)[11 8 2] Close to (001)[110] Close to H
9 (2 11 15)[−28 1 3] Close to (011)[−100] Close to Goss
10 (11−20 19)[7 1–3] Close to (1−22)[71−3] –
11 (−1−15 19)[11−2−1] Close to (0−11)[100] Close to Goss
12 (1 12 11)[10 1−2] Close to (011)[100] Close to Goss
13 (−6 13 15)[19 3 5] Close to (−122)[100] –
14 (−7−13 26)[13–7 0] Close to (−1−24)[2−10] –
15 (−6−5 13)[4 3 3] Close to (−1−12)[111] Close to Copper
16 (−1−18 23)[−13 2 1] Close to (0−11)[−100] Close to Goss
17 (−3−18 16)[8–4 − 3] Close to (0−11)[2−1−1] Close to Brass

Cube:{001}〈100〉; CubeRD:{013}〈100〉; CubeND:{001}〈310〉; Goss:{011}〈100〉; Brass:{011}〈211〉; P:{011}〈122〉; L:{011}〈011〉; H:{001}〈110〉; Copper:{112}〈111〉; S:{123}〈634〉.
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direction [E2] of the grain component (N2)[E2], should be kept parallel
with the green one of the neighboring grain(N1)[E1] by firstly rotating
around the common tangent(CO line) of DB and OG lines, and then
the rotated red crystal plane of the grain(N2)[E2] should also be kept
parallel with the green one of the neighboring grain(N1)[E1] by again
rotating around the rotated OG line. By this way, the grain boundary
characteristic can be determined quantitatively. One can calculate the
twist angle α between the two neighboring grains using this way, and
the twist angle α can be expressed as:

α ¼ arccos E1 � E2ð Þ ð3Þ
Fig. 10. Schematic illustration of the orientation relationship of the grain component
(N1)[E1] with its neighboring grain component (N2)[E2].
The tilt angle β can be calculated in the following way. The unit vec-
tor of CO, defined P, can be expressed by the following equation:

P¼ E1�E2ð Þ= E1 � E2j j ð4Þ

where, |E1 · E2| is the length of E1 · E2. After rotatingα angle aroundP,N2

then converts into N2′ that can be calculated by the following equation:

N20 ¼ N2 � cosα þ P�N2ð Þ sinα þ P P � N2ð Þ 1− cosαð Þ ð5Þ

So, the tilt angle β between the two neighboring grains can be de-
scribed as:

β ¼ arccos N1 � N20ð Þ ð6Þ
Table 3
The twist or tilt angles between neighboring grains in annealed Al-Cu-Mg alloy.

Specimen Neighboring grains α(°) β(°)

Fig. 8(a)

1 and 2 27.3 27.1
2 and 3 140.9 11.3
3 and 4 136.0 16.0
4 and 5 129.5 17.9
5 and 6 120.9 119.5
6 and 7 86.3 75.1
7 and 8 70.5 59.5

Fig. 8(b)

1 and 2 34.5 12.8
2 and 3 154.9 96.5
3 and 4 166.6 21.6
3 and 5 145.0 18.6
5 and 6 48.4 1.7
6 and 7 108.1 30.3
7 and 8 110.9 38.2
8 and 9 139.4 39.4
9 and 10 160.5 48.5
9 and 11 171.7 59.3
11 and 12 163.0 118.3
11 and 13 152.6 15.6
13 and 14 39.6 34.1
14 and 15 68.9 4.4
15 and 16 124.0 51.1
16 and 17 157.5 5.3
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The calculated twistα and tilt β values by Eqs. (3)–(6) are presented
in Table 3. It becomes evident that Goss-grains or those grains close to
Goss orientation are found to have great twist angle of 136–171.7°
(such as grains 2 with 3, grains 3 with 4 in Fig. 8(a), grains 9 with 11,
and grains 11 with 12 in Fig. 8(b)), or great tilt angle of 75.1–119.5°
with neighboring grains (see grains 5 with 6, grains 6 with 7 in
Fig. 8(a), grains 2with 3, and grains 11with 12 in Fig. 8(b)). Remarkable
crack deflections at the grain boundaries (see grains 3 and 5 in Fig. 8(a),
and grains 3, 11 and 12 in Fig. 8(b)) are detected due to the great twist
angle component boundary or great tilt angle component boundary.
This is consistent with the reports of Zhai et al. [6,7] and Liu et al.[8]
who have revealed Goss-grain has large twist or tilt boundaries with
neighboring grains. Interestingly, Brass-grains or those grains close to
Brass orientation are also observed to have great twist angle (108.1°
and 110.9°) with S- and H– grains (see grains 6 and 7 in Fig. 8(a), and
grains 7 and 8 in Fig. 8(b)), but the fracture crack is still easy to pene-
trate through those Brass-grains. It confirms that Goss- and Brass-grains
have similar mechanism and effect on fracture toughness as it acts on
fatigue performance. Great twist angle of Brass-grains with their neigh-
boring grains don't result in obvious fracture crack deflection. This is
because the direction of {111} dislocation slipping planes of Brass-
grains is far away to the maximum shear stress (see {111} pole figure
of Brass texture in Ref. [8]), resulting in small {111} slipping planes par-
ticipating in plastic deformation in Brass-grains, stress concentration
and subsequent crack damage accumulation in Brass-grains [8]. Note
that S-grains are observed to have small twist (48.4°) and tilt (1.7°)
angle with a neighboring random oriented grain (see grains 5 with 6
in Fig. 8(b)), and Copper-grains have relatively small twist (86.3° and
68.9°) and tilt angle (75.1° and 4.4°) with a neighboring L-grain or
random oriented grain (respectively see grains 6 with 7 in Fig. 8(a),
and grains 14 with 15 in Fig. 8(b)). This gives a good explanation for
little fracture crack deflection observed in S- and Copper-grains.

Combined the above analyses and our previouswork [8], it becomes
evident that Goss-grains in the annealed Al-Cu-Mg alloy plate, having a
great twist angle or tilt angle component boundary with the neighbor-
ing grains, are still able to facilitate crack deflection under the condition
of uniaxial tensile stress creating no crack closure, as comparedwith cy-
clic loading condition with crack closure in fatigue testing. Goss-grains,
thereby effectively retard fracture crack propagation. Brass-grains pres-
ent a small resistance to crack propagation even though they have a
great twist angle component boundary with neighboring grains under
the uniaxial tensile stress in the toughness testing. S- and Copper-grains
also show a small resistance to crack propagation due to their small
twist and tilt angle component boundary with neighboring grains. Con-
sidering the continuity of texture components in α-fiber in the present
work, the texture volume fraction rather than intensity, is more precise
for the assessment of texture content. Obviously, the high Goss/Brass
volume fraction ratio favors the improvement in fracture toughness.
There is no obvious fluctuation for the volume fraction of L, P, Copper
and S components in plates annealed for 4 h at different temperatures.
The effect of Brass-Goss grains on fracture toughness is between Brass-
and Goss-grains. It can be calculated from the Fig. 5 that the Goss/Brass
ratio is about 0.31 (annealing at 300 °C), 0.52 (320 °C), 0.37 (340 °C),
0.58 (360 °C) and 1.24 (385 °C), respectively. The plate annealed at
385 °C for 4 h possesses the highest Goss/Brass ratio, which gives a
good explanation for its highest fracture toughness.

5. Conclusions

The present investigation of effects of texture components on frac-
ture toughness of annealed Al-Cu-Mg alloy plates has been performed.
A new method has been proposed to accurately evaluate the twist and
tilt angle of grain boundaries. The results show:

(1) Goss-grains in the annealed Al-Cu-Mg alloy, present a significant
crack deflection effect similar to fatigue crack propagation, even
though a uniaxial tensile stress without crack closure effect, is
employed in the toughness testing.

(2) Brass-, S- and Copper-grains show little resistance to crack prop-
agation under the uniaxial tensile stress in the toughness testing.

(3) The high Goss/Brass volume fraction ratio, is responsible for the
enhanced fracture toughness in the Al-Cu-Mg alloy plate
annealed at 385 °C for 4 h.
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