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In this study, the effect of the cyclic closed die forging (CCDF) process on the fatigue crack
growth rate (da/dN) of aluminum alloy 7075 in the peak-aged (T6) condition was
experimentally investigated. Specimens were prepared in three different conditions: base
T6, T6 with one pass of CCDF, and T6 with two passes of CCDF. Fatigue crack growth
tests were conducted in accordance with the 1SO 12108 standard using compact tension
(CT) specimens. Key parameters, including the stress intensity factor range (AK) and crack
growth rate (da/dN), were calculated and compared. The results indicated that CCDF-
processed specimens exhibited about 33% improvement in resistance to fatigue crack
initiation. They also tolerated more than 1 mm greater fatigue crack growth compared to
the T6 specimen. Finally, the crack growth rate of CCDF-processed specimens decreased
by up to 18% compared to the T6 specimen. Furthermore, no significant difference was
observed between the performance of specimens subjected to one pass and two passes of
CCDF. This improvement can be attributed to the refined microstructure, increased
dislocation density, and better distribution of precipitates resulting from the CCDF process.
The findings of this research represent an effective step towards optimizing hybrid
processes for improving the fatigue life of aluminum components in engineering
applications.

© Shiraz University, Shiraz, Iran, 2026

1. Introduction

remains a major challenge in the design of critical

7000-series aluminum alloys, particularly aluminum
7075, are widely used in aerospace, automotive, and
fatigue-loaded structural applications due to their high
strength-to-weight ratio and favorable mechanical
properties. However, the susceptibility of these alloys to
fatigue crack initiation and growth under cyclic loading
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components, necessitating methods to improve fatigue
crack growth resistance.

Severe plastic deformation (SPD) processes are
recognized as effective methods for modifying
microstructure and enhancing the mechanical properties
of materials. Among these, the cyclic closed die forging
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(CCDF) process has attracted significant attention due to
its ability to induce high, uniform deformation without
introducing surface cracks. This process, by applying
high strain, leads to grain refinement and increased
dislocation density, which can potentially influence the
material's fatigue behavior.

Gosh [1] first utilized the CCDF method in 1988 to
produce an ultra-fine-grained structure in aluminum
alloys. In that study, by presenting a thermomechanical
process and using the aforementioned CCDF method, it
was stated that a superplastic ultra-fine-grained
aluminum could be produced, achieving a specific
uniaxial tensile elongation exceeding 1270%. Cherukuri
and Srinivasan in 2006 [2] studied the hardness and
mechanical properties of AA6061 alloy under the CCDF
process, also known as multi-axial compression/forging
(MACI/F). They reported that microhardness across the
cross-section was non-uniform in both as-received and
first-pass processed samples, and uniform hardness
distribution was achieved with an increased number of
passes. Zude et al. [3] in 2010 investigated the
microstructure and mechanical properties of AM60B
magnesium alloy. The results of this research indicated
that with increasing total applied strain during the CCDF
process, the grain size decreased and the mechanical
properties improved. Gao et al. [4] in 2012 deformed
AZ80 alloy via the CCDF method and studied its
microstructure and mechanical properties. They showed
that the yield strength, ultimate tensile strength, and
elongation of the CCDF-processed AZ80 alloy
improved by 89%, 45%, and 242%, respectively,
compared to its as-cast state. Xia et al. [5] in 2013
studied the microstructure and mechanical properties of
AZ61 alloy in the CCDF process. They described the
mechanism of ultra-fine grain formation in the studied
alloy and, besides improving mechanical properties,
managed to reduce the grain size from 152 pm to
approximately 16.5 um. Metayer et al. [6] in 2014
studied the microstructure, mechanical, and wear
properties of several Mg-Si family alloys before and
after CCDF treatment. In this study, the size of
precipitating intermetallic particles was investigated
using XRD, and the obtained results indicated that the

size of these particles decreased due to the CCDF
process.

On the other hand, precipitation hardening heat
treatment (Age Hardening) to achieve the T6 condition
is a common method for increasing yield and ultimate
strength in aluminum alloys. However, the combined
effects of this heat treatment with severe plastic
deformation processes on fatigue behavior, particularly
the fatigue crack growth rate (da/dN), are not yet fully
understood. Investigating these synergistic effects can
provide strategies for achieving materials with an
optimal balance between strength and fracture
toughness.

Previous studies have primarily focused on
examining the separate effects of SPD processes or heat
treatments on static properties or initial fatigue behavior
(crack initiation). For example, research has shown that
processes like ECAP and HPT can increase fatigue crack
initiation resistance in aluminum alloys [7, 8]. Also, T6
heat treatment leads to the formation of fine,
strengthening precipitates that significantly increase
strength [9, 10]. However, the simultaneous impact of
these two methods on crack growth mechanisms and key
parameters such as stress intensity factor range (AK) and
its relationship with da/dN requires further experimental
investigation.

Sha et al. [11] studied the fatigue behavior and crack
growth rate in AI7075 alloy after the cryorolling process
(rolling at -196°C). In this study, the mentioned alloy
was rolled at -196°C to 40% and 70% thickness
reduction, and mechanical properties, fatigue life, and
fatigue crack growth rate were evaluated using uniaxial
tensile tests, constant amplitude fatigue tests, and fatigue
crack growth rate tests under decreasing AK conditions.
In samples reduced by 70% thickness, an ultra-fine-
grained structure was observed, and overall, mechanical
and fatigue properties in the ultra-fine-grained state
increased considerably compared to the base material. In
another study in 2011, Panigrahi et al. [12] investigated
the tensile and impact properties of Al 7075 alloy
reduced by 70% at -196°C. They also examined the
effect of heat treatment (short-time annealing and aging)
on optimizing the material's properties in tensile testing.
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Esmaeili et al. [13] studied the fatigue behavior of Al
7075 alloy after the ECAP process. They plotted the S-
N diagrams of the material before and after ECAP, and
the results indicated an improvement in fatigue strength
in both low-cycle and high-cycle fatigue regimes. The
fatigue limit also increased by 59% and 64% after the
first and fourth ECAP passes, respectively. Moazam and
Honarpishe [14-16] studied the mechanical properties,
microstructure and residual stress distribution of Al-
7075 alloy processed by cyclic closed die forging. They
introduced several methods to implement the cyclic
close die forging on Al 7075 alloy. Their results
indicated that using CCDF process improves the
mechanical properties, decreases the level of the residual
stresses, and refines the microstructure of Al 7075
compared with compare with T6 condition.

The main objective of this paper is an experimental
investigation of the effect of combining the CCDF
process with precipitation hardening heat treatment on
the fatigue crack growth rate of aluminum alloy 7075.
To this end, samples under different conditions (base T6,
T6 with one pass of CCDF, and T6 with two passes of
CCDF) were prepared and subjected to fatigue crack
growth testing according to the 1SO 12108 standard. By
accurately measuring crack length during cyclic loading
and calculating da/dN as a function of AK, the
performance of each condition was compared and
analyzed.

This research seeks to answer the following
questions:

1. Can the CCDF process reduce the fatigue crack
growth rate of 7075-T6 alloy?

2. What is the effect of the number of CCDF process
passes (one and two passes) on crack growth
behavior?

3. What are the potential mechanisms for the
improvement in fatigue behavior resulting from the
combination of CCDF and
hardening?

precipitation

The results of this study can provide a basis for
developing and optimizing hybrid processes to produce
aluminum components with higher fatigue life for
critical engineering applications.

M. A. Moazam & M. Honarpisheh

2. Research Methodology

The CCDF process die consists of two main parts: the
piston and the die. The sample is placed in the die cavity,
and the pressure applied by the piston causes the
workpiece to deform within the die cavity. The clearance
between the piston and the die cavity is of great
importance. Insufficient clearance leads to high friction
and potential jamming of the piston inside the die, while
excessive clearance results in flash formation between
the piston and the die. Considering the aforementioned
factors and empirical tests, a clearance of 0.05 mm at the
front part of the piston was adopted, and the side walls
of the piston are tapered with a negative draft angle of 2
degrees from the front toward the rear. The material
selected for both the die and piston is tool steel, with
their hardness maintained in the range of 48-52 HRC.
Fig. 1 shows the geometry of the initial samples in the
states before and after the CCDF process.

To evaluate the effect of the CCDF process on the
fatigue behavior of aluminum alloy 7075, processed
samples after undergoing one and two passes of the
CCDF process, as well as precipitation-hardened
samples in the T6 condition, were subjected to fatigue
crack growth rate testing. In order to create a
supersaturated solid solution at room temperature, the
following procedure was performed: solution heat
treatment at 470+20°C for 2 hours, followed by water
quenching and artificial aging at 120+£5°C for 12 hours.
The CCDF process was carried out immediately after
quenching at -60 °C. It was indicated by the authors that
implementation of CCDF on Al 7075 at ambient
temperature is impossible due to the initiation of the
aging process [14-16]. Therefore, based on the
aforementioned studies, the quenching process was
performed at a temperature of -60 °C. Samples processed
by CCDF were also followed by artificial aging at 120+5
°C for 12 hours.

To assess the reproducibility of the results, two
samples were prepared for each of the mentioned
conditions. It was decided that if the test results for any
group showed significant variance, a third sample would
be prepared. These tests were conducted according to the
ISO 12108 standard [17]. The test results present the
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fatigue crack growth rate as a function of the stress
intensity factor range at the crack tip, denoted by AK.
This factor is defined based on Linear Elastic Fracture
Mechanics (LEFM) theory [18]. Reporting results based
on this criterion indicates the material's resistance to the
growth of cracks smaller than the critical size under
cyclic loading. In this experiment, a sample containing a
pre-crack is subjected to cyclic loading, and the crack
length (a) is measured as a function of the number of
loading cycles (N). Using the data collected during the
test and the relevant equations, the crack growth
increment per cycle (da/dN) is determined and expressed
in terms of the corresponding stress intensity factor
range.

The testing was performed using a GOTECH servo-
hydraulic axial fatigue testing machine, shown in Fig. 2.
All fixtures were also manufactured based on the sample
dimensions and in accordance with the testing standard.

Compact tension (CT) specimens were used for the
testing. The specimens were fabricated such that the
loading direction during the test was aligned with the
direction of the applied press force during the CCDF
process. Fig. 3 shows the dimensions of the specimen
used. The notch for the fatigue pre-crack was created

using wire electrical discharge machining (EDM).

&

Fig. 2. Fatigue testing machine used for conducting the .
fatigue crack growth rate tests.
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Fig. 3. Geometry and dimensions of the specimen used for the
fatigue crack growth rate tests.

The stress intensity factor for the specimen used is
calculated using the following equations [14]:

F a

= — —_— 1
K BWo.s g(W ( )
a
9 () @
_ (2 + @)(0.886 + 4.64a — 13,22a% + 14,72a° — 5.6a*)

(1—a)1/3

In the above equations, W is the specimen width
(16.8 mm), B is the specimen thickness (8 mm), F is the
applied force, and a is a coefficient that is determined
using the following relation:

a=a/W 3)

After preparing the specimen and fixture, a fatigue
pre-crack is introduced. The purpose of creating a
fatigue pre-crack is to prepare a straight, sharp-tipped
crack of appropriate length, such that the stress
concentration factor from the initial notch is no longer
valid at the crack tip. After this stage, the crack growth
rate will no longer depend on the load that initiated the
crack or its history. To create a fatigue pre-crack, the
specimen must be subjected to cyclic loading. For
determining the load value in this stage, a load
corresponding to 30% to 60% of the KIC value can be
used. If a crack does not initiate after 30,000 to 50,000
cycles, the load is increased by 10%. The conditions for
creating the fatigue pre-crack in the performed tests are
presented in Table 1.
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Table 1. Specifications for fatigue pre-cracking

Title Symbol  Unit  Value
Maximum force F_max N 2200
Minimum force F_min N 220
Force/stress ratio R 0.1

Loading frequency f Hz 10

For the fatigue crack growth rate measurement stage,
the increasing stress intensity factor (AK) method was
employed. In this method, the applied load and stress
ratio are held constant. As the crack length increases, the
stress intensity factor range (AK) correspondingly
increases. This value can reach up to the material's
fracture toughness. Table 2 presents the specifications
for conducting the test during the crack growth rate
measurement phase.

Table 2. Loading specifications for the fatigue crack growth
rate measurement phase

Title Symbol Unit  Value
Maximum force F_max N 5500
Minimum force F_min N 2750
Force/stress ratio R 0.5

Loading frequency f Hz 10

3. Results and Discussion

In this research, the fatigue crack growth rate was used
as a criterion to compare the fatigue properties of the
material in conditions before and after the combination
of precipitation hardening and the CCDF processes.
Following the application of cyclic loading, the crack
growth was monitored using an optical method with a
measurement accuracy of 0.01 mm. According to the
ISO 12108 standard, the method used for measuring
crack length must have an accuracy better than 0.002W
(approximately 0.0336 mm in this case). Fig. 4 shows
the setup for measuring fatigue crack growth during the
test.

The first indication of fatigue crack initiation in the
AA 7075 T6 specimen was observed 54 minutes after the
start of the pre-cracking process, and its length reached
3.5 mm after 93 minutes. Similar conditions were
achieved for the specimen processed with one pass of
CCDF at 72 and 113 minutes after the start of the
process. For the specimen processed with two passes of
CCDF, the mentioned conditions were achieved after 73
and 115 minutes from the start of the process. These

M. A. Moazam & M. Honarpisheh

results pertain to the first series of experiments
conducted. Fig. 5 shows the condition of the specimen
after pre-cracking and before loading for measuring the
fatigue crack growth rate.
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Fig. 4. Measurement of fatigue crack length during the test
(schematic of the specimen [17], notch tip without a fatigue
crack and propagation of the fatigue crack from the notch tip).
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Fig. 5. Photograph of a CT specimen after fatigue pre-
cracking (3.5 mm=1.68 mm distance from the notch tip to the
hole center+1.82 mm fatigue pre-crack).

The quantitative results related to the pre-cracking
stage are presented in Table 3. Given the identical forces
and loading conditions, it is evident that the CCDF-
processed specimen exhibited greater resistance to
fatigue crack initiation. It is also observed that there is
no significant difference between the specimens
processed by the CCDF method with one pass and two
passes.

Table 3. Results of the fatigue pre-cracking stage

Number of Number of
cycles to cycles to reach
SEHEinYE Tl crack crack length
initiation of 1.82 mm
AAT075 T6 1 32414 55822
1-Pass CCDF 1 43208 67819
2-Pass CCDF 1 43825 69130
AAT075 T6 2 31560 56030
1-Pass CCDF 2 44561 66431
2-Pass CCDF 2 42588 69389

To compare the material resistance to fatigue crack
growth under different conditions, an attempt was made
to measure the number of loading cycles for the same

29

amount of crack extension across all specimens. Each
measurement was taken after every 0.5 mm of fatigue
The
experiments conducted are presented in Tables 4 to 9.

crack extension. results obtained from the
According to the ISO 12108 guideline, fatigue crack
length (afat) is measured from the tip of the notch. The
total length of the crack (a) is defined as the distance
from the crack tip to the center of the loading holes. The
first measurement was taken at a distance of 2 mm from
the notch tip and the values obtained in the first row are
used to calculate the crack growth rate in subsequent
measurements.

It is worth noting that all tests were continued until
the specimen fractured. Based on the results, it is clearly
evident that the specimens processed by the CCDF
method tolerated at least 1 mm greater fatigue crack
growth compared to the T6 specimen. The AK (MPavVm)
for the Al 7075-T6 specimen was 19.95 (MPaVm),
reaching 23.56 (MPaVm) after two CCDF passes. In
other words, the tolerance to crack growth under
identical loading conditions improved by approximately
18% in the CCDF-processed specimens. Figs. 6, 7, and
8 display the fatigue crack growth rate test results.

The results indicate a higher crack growth rate per
loading cycle for the T6 specimen compared to the
CCDF-processed specimens. These results demonstrate
that at a constant AK, the fatigue crack growth rate is
lower in the CCDF-processed specimens. It was also
observed that the results for specimens processed with
one and two passes of the CCDF process are very
similar, with no significant difference between them. To
better understand the results, the combination of the both
test series is presented in Fig. 8.

Table 4. Fatigue crack growth rate test results for the AL 7075-T6 specimen (Test 1)

afat N a a(j) avg. AK da/dN

N (mm) (cycles) (mm) ((J%m)g 9(a/W) (MPa\m) (mm/cycle)
1 2 2350 3.68

2 25 4203 4.18 3.93 4711643 12.4957 0.000269833
3 3 5329 4.68 4.43 5.109715 13.55142 0.00044405
4 35 6092 5.18 4.93 5.526195 14.65596 0.000655308
5 4 6474 5.68 5.43 5.967392 15.82605 0.001308901
6 4.5 6762 6.18 5.93 6.440967 17.08202 0.001736111
7 5 7010 6.68 6.43 6.956285 18.44869 0.002016129
8 5.5 7205 7.18 6.93 7.524868 19.95662 0.002564103
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Table 5. Fatigue crack growth rate test results for the AL 7075-T6 specimen (Test 2)

afat N a a(j)avg. AK da/dN
e (mm) (cycles) (mm) Ejrr)m)g g(a/W) (MPa\m) (mml/cycle
1 2 2466 3.68
2 25 4410 4.18 3.93 4.711643 12.4957 0.000257202
3 3 5593 4.68 4.43 5.109715 13.55142 0.000422654
4 35 6397 5.18 4.93 5.526195 14.65596 0.000621891
5 4 6793 5.68 5.43 5.967392 15.82605 0.001262626
6 4.5 7102 6.18 5.93 6.440967 17.08202 0.001618123
7 5 7361 6.68 6.43 6.956285 18.44869 0.001930502
8 55 7564 7.18 6.93 7.524868 19.95662 0.002463054

Table 6. Fatigue crack growth rate test results for the specimen processed with one pass of the CCDF process (Test 1)

afat N a a(j)avg. AK da/dN
Mo (mm) (cycles) (mm) (mm) g(a/W) (MPavm) (mml/cycle
1 2 3180 3.68
2 25 6210 4.18 3.93 4.711643 12.4957 0.000165017
3 3 7714 4.68 4.43 5.109715 13.55142 0.000332447
4 35 8664 5.18 493 5.526195 14.65596 0.000526316
5 4 9206 5.68 5.43 5.967392 15.82605 0.000922509
6 4.5 9548 6.18 5.93 6.440967 17.08202 0.001461988
7 5 9835 6.68 6.43 6.956285 18.44869 0.00174216
8 55 9993 7.18 6.93 7.524868 19.95662 0.003164557
9 6 10121 7.68 7.43 8.16101 21.64372 0.00390625
10 6.5 10243 8.18 7.93 8.882625 23.55751 0.004098361

Table 7. Fatigue crack growth rate test results for the specimen e processed with one pass of the CCDF process (Test 2)

afat N a a(j)avg. AK da/dN
AUt (mm) (cycles) (mm) ?n)m? GEN) (MPavm) (mm/cycle
1 2 3274 3.68
2 25 6394 4.18 3.93 4.711643 12.4957 0.000160256
3 3 7947 4.68 4.43 5.109715 13.55142 0.000321958
4 35 8922 5.18 4.93 5.526195 14.65596 0.000512821
5 4 9485 5.68 5.43 5.967392 15.82605 0.000888099
6 45 9831 6.18 5.93 6.440967 17.08202 0.001445087
7 5 10132 6.68 6.43 6.956285 18.44869 0.00166113
8 55 10293 7.18 6.93 7.524868 19.95662 0.00310559
9 6 10425 7.68 7.43 8.16101 21.64372 0.003787879
10 6.5 10550 8.18 7.93 8.882625 23.55751 0.004

Table 8. Fatigue crack growth rate test results for the specimen processed with two passes of the CCDF process (Test 1)

afat N a a(j)avg. AK da/dN
AT (mm) (cycles) (mm) ?n)m)g g(aiW) (MPavm) (mml/cycle
1 2 3312 3.68
2 25 6471 4.18 3.93 4.711643 12.4957 0.000158278
3 3 8044 4.68 4.43 5.109715 13.55142 0.000317864
4 35 9028 5.18 4.93 5.526195 14.65596 0.00050813
5 4 9596 5.68 5.43 5.967392 15.82605 0.000880282
6 45 9947 6.18 5.93 6.440967 17.08202 0.001424501
7 5 10255 6.68 6.43 6.956285 18.44869 0.001623377
8 55 10417 7.18 6.93 7.524868 19.95662 0.00308642
9 6 10550 7.68 7.43 8.16101 21.64372 0.003759398
10 6.5 10674 8.18 7.93 8.882625 23.55751 0.004032258
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Table 9. Fatigue crack growth rate test results for the specimen processed with two passes of the CCDF process (Test 2)

afat N a a(j)avg. AK da/dN
No. (mm) (cycles) (mm) Ejn)1m)g 9(a/W) (MPa\'m) (mm/cycle
1 2 3543 3.68
2 25 6922 418 3.93 4.711643 12.4957 0.000147973
3 3 8601 4.68 4.43 5.109715 13.55142 0.000297796
4 35 9658 5.18 4.93 5.526195 14.65596 0.000473037
5 4 10266 5.68 543 5.967392 15.82605 0.000822368
6 45 10640 6.18 5.93 6.440967 17.08202 0.001336898
7 5 10974 6.68 6.43 6.956285 18.44869 0.001497006
8 5.5 11149 7.18 6.93 7.524868 19.95662 0.002857143
9 6 11286 7.68 7.43 8.16101 21.64372 0.003649635
10 6.5 11420 8.18 7.93 8.882625 23.55751 0.003731343
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Fig. 6. Fatigue crack growth rate test results for different specimens (First test series).
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Fig. 7. Fatigue crack growth rate test results for different specimens (Second test series).
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Fig. 8. Fatigue crack growth rate test results for different specimens (Combined results).

4. Conclusion
In this research, the effect of the CCDF process on the

fatigue crack growth behavior of aluminum alloy 7075
was experimentally investigated. The most important
findings are as follows:

e CCDF-processed specimens (both one-pass and
two-pass) exhibited higher resistance to fatigue
crack initiation compared to the base T6 condition,
as confirmed by the increased number of loading
cycles to crack initiation.

e Specimens processed by the CCDF method
tolerated over 1 mm more fatigue crack growth
compared to the T6 specimen.

e The AK (MPaVm) for the Al 7075-T6 specimen
was 19.95 MPaVm and reached 23.56 MPaVm after
running two CCDF passes

e The fatigue crack growth rate (da/dN) in CCDF-
processed specimens was, on average, 18% lower
than that of the T6 specimen at the same AK value,
indicating a significant improvement in crack
growth tolerance.

¢ No significant difference was observed between
the performance of one-pass and two-pass CCDF
specimens, suggesting that a single pass of this

process is sufficient to achieve the desired
improvements in fatigue behavior.

e These improvements are primarily attributed to
microstructural refinement, grain size reduction,
and optimized precipitate distribution resulting
from the CCDF process.

These results demonstrate that combining the CCDF
process with precipitation hardening heat treatment is an
effective strategy for developing aluminum alloys with
higher life, cyclic loading
applications in advanced industries. It is recommended
that future research focus on the effects of CCDF process

parameters (such as forging temperature and strain rate)

fatigue suitable for

and  conduct in-depth  microstructural

investigations (e.g., TEM, EBSD) to better understand

more

the underlying mechanisms.
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