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Abstract Quantitative analysis of the grain boundaries in

partially recrystallized microstructures of heat-treated 7050

aluminum alloys has been performed. Fractal dimensions

of the extracted grain boundaries were calculated by box-

counting method. Five different types of tear-tested mate-

rials rolled in different processes each at two orientations

of 0� and 90� were studied. Efforts were made to connect

the fractal dimensions of grain boundaries in the crack

propagation direction to the fracture toughness (unit

propagation energy, UPE, in tear test). The results show

that there is a linear correlation between UPE and the

fractal dimensions of the grain boundaries along the crack

propagation direction for both 0� and 90� samples. The

dependence corresponds well with the observation of

transition from intergranular fracture to transgranular

fracture with the increase of UPE. Quantitative analysis has

also been performed on the micrographs to estimate the

degree of recrystallization and the grain size in crack

growth direction. No correlation between the fraction of

recrystallized grains and the UPE could be detected.

Introduction

The concept of fractal geometry introduced by Mandelbrot

[1] has been applied extensively to describe complex and

irregular patterns in natural science. In the science of

metallic materials fractal analysis has been conducted to

quantify the shape of various microstructural features, for

instance dislocation patterns [2–4], powder particles [2],

dendritic structures [2], slip lines [2], precipitates [2, 5–7],

void structures [2, 7], fracture surfaces [8, 9], and grain

boundaries [10–13].

In polycrystalline metallic materials the structure of

grain boundaries plays an important role in defining the

mechanical properties [14]. Since grain boundaries are the

preferred sites for crack nucleation and growth, intergran-

ular fracture is the main origin of brittleness of engineering

materials [15]. The prevention of intergranular fracture for

materials at high temperature applications can be obtained

by strengthening the grain boundaries [16] by modification

of the grain boundary morphology. It has been reported that

cold work, hot work, or heat treatments can generate ser-

rated grain boundaries in alloys, which improve the high

temperature strength of the materials, especially the creep

rupture and high temperature fatigue properties, compared

to the alloys with straight grain boundaries [10, 17–20].

The effect of grain boundary serration on creep properties

of metallic materials has been investigated for several

systems; austenitic AISI 316 stainless steel [11, 21] and

Ni-based and Co-based superalloys [18, 22–25]. In

austenitic heat resisting steels formation of rugged grain

boundaries by grain boundary reaction precipitates has

been reported to improve the high temperature low cycle

fatigue strength of [20]. The improved high temperature

resistance of these materials is mainly attributed to

reduction of grain boundary sliding [26], decrease in stress

concentration at grain boundary triple points [17], crack

path deflection which hinders the crack growth process

[27, 28], and the lengthening of the fracture path [17, 28].

However, no research has been found that surveyed the

effect of grain boundary serration on mechanical properties

of metallic materials at room temperature.
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In this article the structure of serrated grain boundaries

of heat-treated 7050 aluminum alloys rolled according to

different hot rolling strategies are examined quantitatively.

The term ‘‘grain boundary’’ refers to the grain boundary

profile between recrystallized and unrecrystallized regions

in two dimensional section of the microstructures [29].

Since these alloys are widely used for manufacturing the

structural components of aircraft where fracture toughness

and damage tolerance properties are important [30, 31],

investigating the correlation between the degree of serra-

tion of the grain boundaries and fracture toughness of the

materials is of scientific and technological significance.

The quantification of the ruggedness of the grain boundary

can be done by determination of its fractal dimension. By

definition a fractal dimension is a measure of complexity of

an object and the grain boundary configuration can be esti-

mated by the fractal dimension of grain boundary profile in

two dimensional section (1 B D B 2), this item is shortly

called the fractal dimension of the grain boundary which has

been estimated in the scale length range from 1 lm to 1 mm.

Various methods are available for measuring the fractal

dimension of objects. In the current work the box-counting

method [1, 32–35] has been applied for fractal dimension

estimation of grain boundaries, since it is easy and auto-

matically computable for digital images of the microstruc-

tures. However, this technique needs proper implementation

of image processing to extract grain boundaries. In this

method meshes of increasing size cover the digital image

whose fractal dimension is to be determined and number of

boxes containing at least one pixel of the grain boundary are

counted. The procedure starts for a box size of one pixel and

is repeated for increasing box sizes, until the largest box fits

the whole image. Figure 1 shows schematically the box-

counting procedure to obtain the fractal dimension of a grain

boundary. The number of boxes containing at least one pixel

of the grain boundary, N(r), relates to the size of the boxes,

r, following a power-law

NðrÞ ¼ N0 � r�D ð1Þ

where N0 is a constant. Fractal dimension (D) is determined

from the regression slope of the ln(N(r)) versus ln(r).

The purpose of the present study is making a quantita-

tive fractal dimension estimation on the grain boundaries of

partially recrystallized 7050 aluminum alloys. The effect of

grain boundary serration on fracture toughness of the

materials is investigated.

Experimental procedure

Materials

In total five different types of AA7050 plates with identical

chemical composition were received from our material

supplier in the form of tear-tested samples. All plates had

received 50 % thickness reduction during the multipass

assymetric hot rolling processes and further T74 solution

treatment and artificial aging. The heat treatment yielded

specimens that are partially recrystallized.

Kahn tear test is one of the most widely used methods to

characterize the fracture toughness of precipitation hardening

aluminum alloys in terms of the resistance of the material to

tearing [36, 37]. The tear test specimen were cut at 0� and 90�
orientation to the rolling direction as shown in Fig. 2a. The

three orthogonal characteristic directions in the rolled struc-

tures are commonly labeled as L, T, and S, for the longitudinal

(rolling direction), transverse and short transverse directions,

respectively. The schematic illustration of tear test specimen

Fig. 1 Schematic illustration of box-counting method to obtain the

fractal dimension of a grain boundary

(a) Sample orientations used for fracture toughness tests of the plates.

(b) un-tested tear specimen. (c) Tear-tested specimen.

(d) S-T plane for 90
samples.

(e) L-T plane for 0
samples.

Fig. 2 Schematics of sample orientations used for fracture toughness

tests (a), the sketches of Kahn tear test specimens (b, c) and

specimens for microstructure analysis (d, e). The specimens for

microstructure analysis labeled as A in c. Arrows show the crack

growth direction
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used for fracture toughness measurement is shown in Fig. 2b,

c. The thickness of the Kahn tear test samples was 2 mm. The

rectangular area labeled A (10 9 15mm) indicates the region

for microstructure analysis to reveal the undisturbed fractal

dimension of the material in the final crack propagation

direction. Quantitative microscopy has been carried on on

S–T plane for 90� orientation samples, and L-T for 0� spec-

imens (see Fig. 2d, e). In these figures arrows show the

crack propagating direction on each plane. The samples

for microstructure observation were cut as indicated, then

mounted in an epoxy resin and ground to p4000 with sand-

paper and polished with diamond suspensions to 1/4 microns.

For etching, a 50 �C 10 % phosphoric acid solution was used.

Samples were soaked in the solution for 4 min and then rinsed

and dried. The microstructures of the samples were examined

and analyzed at 20 9 magnification with an Olympus

LEXT confocal microscopy, then saved as images of size

1024 9 768 pixels.

Image processing of microstructure image

In order to estimate fractal dimension of a grain boundary in

partially recrystallized microstructures the first task is to

extract the grain boundary by means of image processing

techniques. An automatic image processing tool has

been developed to detect the desired grain boundary. This

tool operates via the following steps to extract the grain

boundaries. The resulting images after each operation are

shown in Fig. 3 for an example microstructure in which the

grain boundary of largest recrystallized grain is to be

detected:

1. Thresholding: This process transforms a gray-scale

image with 256 gray levels into a binary one including

pixel values of 0 and 1, black and white. The proper

threshold level is defined by the user to get the desired

grain boundary as a well-defined continuous profile.

2. Impurities and particles removal: To this aim the

region filling operation is used. This operation iden-

tifies the pixels constituting holes within connected

components in the binary image and fills them.

3. Labeling: This operation analyses an input binary

image so as to identify all the connected objects in the

image. In the current work, in order to preserve every

structural detail of the boundaries the 8-connection

concept is applied, meaning that a given foreground

pixel is considered as part of the same object if it has at

least one neighboring foreground pixel to the north,

south, east, west, north-east, north-west, south-east or

south-west of itself. A group of pixels which are all

connected to each other in this way is differentiated

from others by giving it a unique label.

4. Canny edge detection on extracted grain: This method

produces a one pixel wide edge, while preserving the

structural properties of the desired grain.

(a) (b) (c) 

(d) (e)

Fig. 3 Image processing procedure for an example microstructure of partially recrystallized material. a Original image, b image after

thresholding, c image after region filling, d image after labeling, and e image after edge detection
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Since the main crack grows parallel to the S and L

directions in 90� and 0� specimens, respectively (see

Fig. 2), the fractal dimension of grain boundaries between

recrystallized and unrecrystallized regions is characterized

along S (90�) and L (0�) directions. For this purpose rect-

angular masks having aspect ratio of 3 (300 9 100 pixels)

were located on the grain boundary, while the long axis of

the box was always oriented in the crack propagation

direction. Then the part of recrystallized grain boundary

fitted in the mask was cut for fractal analysis. In this work

10 partial grain boundaries for each sample were chosen,

cropped, and processed following the procedure described

above. Box-counting measurements were then performed

on the binary images of one pixel wide grain boundaries in

the following manner.

Box counting

To implement the box-counting method to extracted grain

boundaries a MATLAB program was developed based on

the theoretical considerations discussed earlier. The origi-

nal size of the images which are cropped from the micro-

graphs according to the mask size is 300 9 100 pixels for

the horizontal masks, and 100 pixels 9 300 pixels for the

vertical masks. Grids of increasing size in the order of

r ¼ 1; 2; 4. . .2n were used to cover the image. N is defined

as the smallest integer such that max (size(I)) B 2n, where

max(size(I)) is the maximum dimension of the input image.

In order to fulfill max(size(I)) B 2n, images are padded

with zeros to size 29 over each dimension. Meshes of

increasing size starting from one pixel cover the digital

images and number of boxes containing at least one pixel

of the grain boundary are counted. The procedure is

repeated for increasing box sizes until the largest box fits

the whole image and returns 1 for the box number, in this

case the largest box size is 512 pixels. The fractal dimen-

sion corresponding to the slope of the ln(N(r)) versus

ln(r) plot is calculated by least-squares linear fitting. The

program has been validated using test images of Koch

curves with known fractal dimension and was found to be

accurate. The indicated procedure was followed to estimate

fractal dimension of 10 randomly selected grain boundaries

for each studied sample. Results show that the correlation

coefficients of all fitted lines show a value of more than

0.99. The overall fractal dimension for each sample is

averaged over 10 test results.

Results

Figure 4a shows an example of an optical micrograph of

partially recrystallized AA7050, on the metallographic

plane of S–T. In the micrograph large elongated bright

areas show the recrystallized regions, and the unrecrystal-

lized grains are shown in dark gray. Constituent particles

appear black and are found mostly in conjunction with the

recrystallized areas. The boundaries between the recrys-

tallized grains and un-recrystallized regions are the high

angle grain boundaries on which quantitative analysis has

been performed. The part of grain boundary fitted in the

box has been cut as shown in Fig. 4b, and the resulting

abstracted boundary after image processing is shown in

Fig. 4c. By visually comparing Fig. 4b, c, it is obvious that

within the limit of the image resolution, the detailed ser-

rations of the grain boundaries were well captured and

extracted with the image processing procedures, and are fit

for fractal dimension analysis with box-counting method.

To demonstrate the effect of grain boundary morphol-

ogy on on the fractal dimension analysis two extreme cases

of grain boundary structure are illustrated in Fig. 5, the

corresponding results of box counting for each case are

also plotted. The smooth grain boundary has a fractal

dimension very close to one, meaning the grain boundary is

close to a one-dimensional straight line. However the

highly serrated boundary shows higher fractal dimension of

1.0968.

The fractal dimension for each sample averaged over

ten randomly selected grain boundaries and the standard

(a)

(b) (c)

Fig. 4 Procedure of sampling the grain boundary aligned in the S

direction on S–T plane of 90� sample. a Image of the S–T plane, the

rectangular box shows the selected part of the grain boundary aligned

in the S direction chosen for fractal analysis. b Selected boundary,

300 9 100 pixels. c Detected grain boundary
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deviations are represented in table 1. In each group of 0�
and 90�, sample 3 shows the highest fractal dimension and

sample 4 possess the lowest fractal dimension. Comparing

two different orientations of 0� and 90� for one rolling

process, it is obvious that 90� samples have higher fractal

dimensions along the S direction than 0� samples along the

L direction.

The UPE data for every sample were averaged over

three test results meeting all criteria for valid Kahn tear-

tested load-displacement curves and the average values are

shown in Table 1. Standard deviations are also reported.

Samples 3—90� and 4—0� show the highest and the lowest

UPE, respectively. For each rolling process 90� samples

have higher UPE values than 0� samples. In the next sec-

tion, the obtained results will be interpreted to justify the

observed a correlation between UPE and fractal dimension

of the grain boundaries.

Discussion

Effect of fractal dimension of grain boundaries

on fracture toughness of the material

Investigations carried out on the fracture toughness of the

7XXX series aluminum alloys show that the fracture

toughness is affected by a range of microstructural features,

such as coarse particles [38, 39], precipitates [40, 36],

configuration of the precipitation free zone [41, 42], and

grain size [43–45]. However no attempt has been made to

investigate the influence of grain boundary morphology on

the fracture toughness of these materials at room temper-

ature. Since grain boundaries are the preferential path for

crack propagation during fracture [14], the crack growth

behavior may be affected by the shape of the boundaries.

Thus the quantitative fractal dimension of grain boundaries

between recrystallized and unrecrystallized regions can be

used to investigate the relationship between fracture

toughness and degree of serration of the grain boundaries.

The low angle grain boundaries in the un-recrystallized

regions are not considered in this study since they are

normally very resistant to fracture [14, 46]. Figure 6 shows

the plot of UPE versus fractal dimension for both 0� and

90� samples. The standard deviation of UPE and fractal

dimension data are shown with error bars indicating the

uncertainty of the measured data. The large standard

deviation of measured fractal dimensions shown on the plot

implies that randomly selected grain boundaries for each

sample ranges from relatively smooth to highly serrated.

Still, the average fractal dimension well represents the

overall structural properties of grain boundaries for each

sample. The plot displays an almost linear correlation

between the fractal dimension of the grain boundaries and

the fracture toughness of the material for both 0� and 90�
samples.

At low fractal dimensions the morphology of grain

boundary is nearly straight, so once an intergranular crack

is initiated it quickly propagates to complete fracture,

resulting in low fracture toughness. This behavior is com-

parable to weak interface cracking observed in layered

microstructure of wrought aluminum alloys when inter-

granular crack grows along the grain boundaries parallel to

the extrusion plane resulting in low fracture toughness

(a) (b)

(c)

Fig. 5 Two examples of smooth and highly rugged grain boundaries.

a Smooth grain boundary, FD = 1.0015. b Serrated grain boundary,

FD = 1.0968. c Box-counting results for examples of smooth and

serrated grain boundaries

Table 1 Results of box counting and UPE data

Samples Average

FD

FD standard

deviation

Average

UPE (KJ/m2)

UPE standard

deviation

1—90� 1.032 0.012 76 11.26

2— 90� 1.053 0.025 130 22.51

3—90� 1.094 0.027 151 12.01

4—90� 1.023 0.012 36 7.09

5—90� 1.049 0.023 119 17.03

1—0� 1.019 0.010 23 7.23

2— 0� 1.023 0.016 60 7

3—0� 1.036 0.021 118 13.74

4—0� 1.018 0.015 21 5.03

5—0� 1.027 0.012 65 26.15
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[47, 48]. This phenomena is related to the lower strength of

the grain boundaries than that of the matrix [49]. With

increasing fractal dimension of a grain boundary along

which the intergranular crack grows, the crack consumes

more energy to propagate along the more serrated bound-

ary, thus the fracture toughness increases. Fractographic

observations revealed that the fracture mode became mixed

intergranular–transgranular upon a further increase in

fractal dimension of the grain boundaries. In other words,

for a more serrated grain boundary the crack either grows

along the rugged path of the boundary or through the

matrix material where continued progression along grain

boundary consumes more energy than through the matrix,

both of which result in high propagation energy. This result

is in agreement with the result of improved creep damage

tolerance in Ni-based superalloys by introducing serrated

grain boundaries [50], which has shown that the serrated

grain boundaries are more resistant to intergranular

cracking than the planar grain boundaries. So grain

boundary strengthening by increasing the degree of irreg-

ularity of grain boundary structure results in a material with

improved fracture toughness. The improved fracture

toughness of the materials in the presence of serrations is

attributed to delocalization of shear bands which is bene-

ficial from a fracture energy perspective [27, 28]. It can be

observed in Fig. 6 that from a fractal dimension of 1.06

onwards the fracture toughness saturates with increasing

the fractal dimension of the grain boundaries, showing that

the crack can not follow the highly serrated grain bound-

aries along the propagation direction. Hence a further

increase in fractal dimension of the boundary does not

affect the crack growth behavior significantly. This means

that the fracture mode is mostly transgranular and con-

trolled by the matrix material itself resulting in high frac-

ture toughness value [49]. A schematic illustration of the

effect of grain boundary morphology on crack growth

behavior is given in Fig. 7. SEM images of the intergran-

ular and transgranular fracture modes are also provided.

The above mentioned correlations are in agreement

with the frequently reported relation between the fractal

dimension of fracture surface profile and fracture toughness

characteristics. It has been shown that the fracture surface

profile of specimen with higher fracture toughness which

has experienced a transgranular fracture has higher fractal

dimension. However, an intergranular fracture results in a

relatively flat fracture surface profile with lower fractal

dimension [51–54]. Tanaka [17] also proposed a correla-

tion between fractal dimension of the grain boundaries

prior to creep deformation and the fractal dimension of the

fracture surface itself; however, no investigation of fracture

toughness has been reported in this case.

Effect of other microstructural features on fracture

toughness of the material

In order to investigate possible relations between the

fracture toughness and other attributes of the partially

recrystallized microstructure of aluminum alloys, the

degree of recrystallization and the recrystallized grain size

in crack growth direction on crack plane has been mea-

sured for microstructures studied at a magnification of

Fig. 6 Relationship between fractal dimension of the grain bound-

aries and UPE. Error bars show standard deviation of UPE and fractal

dimensions

(a)

(b)

Fig. 7 Schematic illustration of crack mode for smooth and serrated

grain boundaries. a Smooth grain boundary shows intergranular

fracture, b serrated grain boundary shows mostly transgranular

fracture
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209 . It has been claimed that these two parameters affect

fracture toughness of 7XXX series aluminum alloys

[31, 44].

The plot of UPE versus degree of recrystallization is

shown in Fig. 8. Measurements have been performed on

five micrographs and error bars show standard deviation of

data. The widespread data shows no clear relationship

between UPE and degree of recrystallization for the studied

materials. Further more it can be argued that the fraction of

recrystallization is a non-directional property of a material

and thus cannot be used to explain the large difference in

fracture toughness of samples with 0� and 90� orientations.

Therefore, the lack of correlation is to be expected.

Figure 9 shows the plot of UPE versus grain size along

the crack propagation direction. which has been measured

using line intercepts and averaged over ten random grains.

Error bars show standard deviation of data. According to

this plot a decreasing grain size in the crack growth

direction increases the fracture toughness. Although flat-

tened grains are often seen along the crack propagation

direction in 90� samples where higher fracture toughness

was recorded compared to 0� samples, the grain size itself

is not a strong parameter to influence the fracture toughness

of a material. Comparing this plot to the plot of UPE versus

fractal dimension the influence of grain size appears to be

of secondary importance.

Conclusions

Quantitative characterization of high angle grain bound-

aries carried out on Kahn tear-tested specimens has shown

that there is a strong correlation between UPE data of Kahn

tear test and the fractal dimension of the grain boundaries

aligned in crack propagation direction calculated by box-

counting tool. Fractographic observations show that with

the increase of UPE the transition takes place from inter-

granular fracture to transgranular fracture. Grain bound-

aries with low fractal dimension, thus low UPE, possess

intergranular dominated fracture. Further increasing the

fractal dimension shows sharp increasing of UPE with a

slight increase in fractal dimensions due to higher fraction

of transgranular fracture. Toward highly irregular grain

boundaries the fracture mode appears to be transgranular

dominated, thus not dramatically affected by fractal

dimension of the grain boundaries any more. There is no

clear correlation between the fraction of recrystallized

grains and the UPE. The effect of the grain size in the

fracture direction seems to be a secondary effect.
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