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ABSTRACT 

Rotating bending fatigue is considered to be an important characteristic of the 
mechanical parts. Herein, the high temperature fatigue behavior of 7075 aluminum is 
studied in terms of different mechanical and heat treatment procedures. These 
experiments were carried out in order to gain additional knowledge regarding the 
relationship between these processes and thefatigue behavior of the present alloy. A 
rotating bending test machine has been used to reach these goals. The fatigue 
experiments were performed under two different testing temperatures, 250 and 300 
"C, along with the room temperature experiments. Low plasticity burnishing 
technique was applied on part of the specimens as a mechanical means for enhancing 
the fatigue strength of the present alloy. 

The results of the present work show that burnishing processes has played a 
considered role in increasing the fatigue strength of the present alloy. The enhanced 
fatigue resistance of the burnished specimens at high and room temperature was 
largely due to overall increase in the strength of the surface layer and delayed fatigue 
crack initiation on the surface. 
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I. 1 1 ~  I KWU UC'l'ION 

High temperature fatigue in engineering materials is a problem faced in a large 
number of engineering and construction applications such as aerospace and aircrafi 
structures. Extensive research work has been made to investigate the role of surface 
enhancement processes in increasing the fatigue resistance of the engineering 
materials. These processes were generally found to enhance the mechanical 
properties of th'e machined elements. 

New surface enhancement technologies have been developed as mechanical means 
that can provide a layer of compressive residual stress of sufficient depth to 
effectively eliminate the bad influence of the aggressive environment. In general, all 
the currently available methods of surface enhancement develop a layer of 
compressive residual stress following mechanical deformation [I-61. The methods 
differ primarily in how the surface is deformed and in the magnitude and form of the 
resulting residual stress and cold work distributions developed in the surface layers. 
For instance, laser shock peening QSP) has been demonstrated to produce a 
pronounced increase in fatigue life of samples containing deep foreign object damage 
(FOD). Unfortunately, laser shocking is extremely expensive to perform, and slow 
and difficult to incorporate into aircraft manufacturing and overhaul shop 
environments, such as corrosion and high temperature oxidation [I-31. Conventional 
air-blast shot peening (ASP) is routinely applied to a wide variety of aircraft 
components. High velocity impact of each particle of shot produces a dimple with a 
region of compression in the center. Typical compressive residual stress distribution 
reach a maximum approaching the alloy yield strength and extend to a depth of 0.05 
to 0.5 mm [4,5]. Tlie magnitude of compression achieved depends primarily upon the 
mechanical properties of the alloy. The depth of the compressive layer and the 
degree.of cold working depend upon the peening parameters including shot size, 
vefocity, coverage and impingement angle. Because each shot impacts the surface at 
a random location, peening for suficient time to achieve uniform surface coverage 
results in many multiple impacts producing a highly cold worked surface layer [6] .  

Low plasticity burnishing (LPB) is a surface enhancement process with significant 
economic and physical attributes that make it attractive for component 
repair/rehrbishment applications in aging aircraft [3 1. More recently, low plasticity 
burnishing (LPB) has been demonstrated to provide comparable depth and 
magnitude of compressive residual stress at far lower cost than for LSP. The LPB 
process can be performed easily on conventional turning or milling machine tools at 
costs and speeds comparable to conventional machining operations such as surface 
milling. 

The present study aims mainly to investigate the effect of low plasticity burnishing 
technique on the high temperature fatigue of 7075 aluminum. The study also presents 
the fatigue results under two different temperatures along with room temperature 
results. Furthermore, fracture examinations were made in order to gain more 
knowledge regarding the fracture mechanism of material under investigation. 



2. EXPERIMENTAL PROCEDURE 

2.1. Material, Test Specimen and Mechanical Fatigue Testing 

The material used in this investigation was 7075 aluminum alloy (7075Al). The 
successful development ~f this outstanding member of the 7XXX series was made 
scissile by the beneficial effect of Chromium, which greatly improved the stress- 
corrosion cracking resistance of sheet made fiom this alloy. The chemical 
composition of the present alloy is given in Table 1. In this alloy, Zinc and 
Magnesium both have high solid solubility in aluminum and develop unusually high- 
precipitation-hardening characteristics. Copper additions of 1 to 2 wt.% increase the 
strength properties of Al-Zn-Mg alloys to make the high-strength aircraft aluminum 
alloys [7,8]. In addition, this alloy can be easily worked and machined to a mod 
surface finish which makes it applicable and widely used in the aircraft industry. It is 
also a heat treatable alloy and used in the T4 temper condition, which is a solution 
heat-treated and naturally aged to improve its mechanical strength [7]. 

Table 1 Chemical composition of the 7075Alminurn alloy used in the present study. 

Cylindrical test specimens were machined from the as extruded bars, The geometry 
of fatigue specimen and extra details regarding the test specimen as well as the test. 
machine is found elsewhere [9,IO]. Three sets of specimens with identical geometry 
were employed. The first set was tested in the as machined condition. The second 
and the third sets were subjected to solution treatment by heating upto 495 OC, for 1 
and 3 hr., respectively, then water quenched and finally left at room temperature for 
at least 7 days prior fatigue tests. Burnishing processes has been applied on samples . 
from each group. 

The high temperature fatigue tests were conducted in open h a c e  using an Oho's 
Rotating Bending Fatigue Testing Machine (Model H7, Shimadzu Co., Kyoto, 
Japan). The specimens were subjected to bending fatigue stresses ranging fiom -75 
to -180 MPa at 250 and 300 "C (-1 2 OC). The bending fatigue stresses were 
calculated according to the applied bending moment and the diameter of gauge 
length of the specimen assuming that the specimen stays in eIastic condition 
throughout its life [9], The testing temperature was monitored using a thermocouple 
located at the center of the gauge length. Examinations of the fracture surfaces were 
done on the failed specimens by using scanning electron microscopy (SEM). 

Al 

Remainder 

2.2 Low Plasticity Burnishing Technique 

Cr 

0.3 

LPB technique is used as 'a mechanical means for producing a surface layer of 
compressive residual stress with significant magnitude and depth with minimal cold 
work. As a part of this st& the burnishing tool was designated and produced from 
tool steel and has been fitted on a general-purpose lathe. The process is shown in Fig. 
1. The burnishing procedure is performed as following. The specimen is held first in 

Fe 

0.25 

Element 

Weight (%) 

Zn 

5.6 

Mg 

2.5 

Cu 

1.6 



me turning machine whereas the burnishing tool is fixed, perpwdicularly on the 
specimen, in the tool post (shown in Fig. 1. The fiont ball, inside the burnishing tool, 
is supported by spring with sufficient pressure to keep its depth constant with 
specified col'd work. Dial gage is fixed at end of the spring to estimate the applied 
load. The ball is always in mechanical contact, with pre-determined force, with the 
surface to be burnished and is free to roll on the 'surface of the specimen. The front 
ball was made fiom high strength Nickel-Chromium alloy. A suitable mineral oil was 
used for the purpose of cooling and to improve the tribological behavior during the 
process. 

Table 2. The workng parameters used in the burnishing processes 
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Fig. 1 The low plasticity burnishing technique used in the present study, (a) 
A photo of the process, and (b) Schematic illustration of the technique 

It is well known in the LPB processes that each parameter has a significant effect on 
the resultant characteristics of the surface layer [4,11]. For example, preliminary tests 
that have been conducted in the present work have exhibited that serious effect on 
the surEace layer occurs at feed rates above 0.4 rnrnhev. In order to avoid surface 
deterioration, the optimal working parameters have been held constant throughout 
the burnishing processes. The optimum burnishing speed is found to be in the range 
fiom 20 to 28 mlmin for the 7XXX aluminum series. The burnishing feed should be' 
less than 0.2 mdrev. to cause considerable improvement in surface characteristics. 
Table 2 shows the working parameters used in the burnishing process for all the 
burnished specimens. Initial and final roughness of samples was estimated by using a 
Surftest-402 system. The average surface roughrless of the specimens; prior testing 
and burnishing, was found to be -2 pm, Ra. 



3. RESULTS AND DISCUSSION 

3.1 Fatigue Behavior 

The stress vs number of cycles to failure (S-N) curves, on semi-logarithm scale, for 
the 7075M are presented in Figs. 2 to 4. The specimens, as shown in the figures, 
were tested under bending fatigue stresses at high temperatures, T = 250 and T = 300 
O C ,  and at room temperature as well. It is evident fiom the analysis of the figures that 
similar trends are observed in the three figures. It is obvious that as the fatigue stress 
increases the fatigue life decreases and vise versa. In addition, the specimens tested 
at T = 30 O C  give longer fatigue lives than those tested at 250 and 300 OC. 

As would not expected, heat treatment of the machined specimens reduced their 
fatigue strength. As revealed in Fig 2-4, heat exposure prior testing greatly reduced 
fatigue strength relative to the as-machined condition at all cyclic lives. Fatigue 
strength reduction relative to the as-machined condition of 25-35% and 40-50% was 
observed in the heat-treated specimens for 1 and 3 hrs respectively. It is found that 
the application of heat treatment has greatly reduced the residual stresses developed 
as a result of extrusion. It is clear fiom the results that no indication of fatigue limit 
was obtained under the present condition. This finding is in agreement with the result 
obtained by other researchers [12- 141. 
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The S-N curves for the burnished and unburnished specimens are presented in Figs. 5 
and 6, from which it can be seen that LPB process has improved the fatigue strength 
for all cases. For example, the fatigue life at 78 MPa increased from -3x105 cycles, 
for unburnished specimens to -13x106 cycles for the burnished specimens with an 
increase of about half an order of magnhude. This increase in fatigue life is attributed 
to the compressive residual stresses acthe surface layer caused by burnishing. These 
induced residual compressive stresses %ill reduce and hinder the propagation of the 
surface cracks eventually leading to fkacture. The developed compressive stresses 
and frequently the strain hardening resulting from LPB will partia'l~y or completely 
compensate for the existing tensile stress within the specimen. This enhancement in 
fatigue life may also delay the crack growth by the residual compressive stresses 
induced in surface and subsurface layers. 

The effect of burnishing processes on the surface roughness of the original machined 
specimens and heat treated specimens for 1 and 3 hrs are shown in Table 3. The table 
shows the results of three repeat measurements made of two samples representing the 
conditions shown. The original surface roughness has been improved to be 1.2 y m, 
Ra. Heat exposure caused a very rough and non-uniform surface finish as indicated. 
Fig. 7 shows typical surface roughness of heat-treated specimen prior and &er 

' burnishing. As seen significant improvement in the roughness is obtained. The 
considerable improvement in surface roughness increased the structural homogeneity 
of the surface layer and also increased the residual compressive stresses. This 
increase in the strength of the surface layer increases consequently the fatigue 

- 
resistance of the material under investigation. 
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Fig 5 Comparison. between fatigue lives Fig 6 Comparison between fatigue 
for burnished and unburnished 7075Al lives of burnished and unburnished 
specimens tested at T= 250 OC 7075Al specimens tested at T=300 "C 



As seen from these results that burnishing treatment increased the fatigue life 
approximately up to half an order of magnitude relative to the as machined condition 
at all cyclic live. This enhancement in fatigue life is attributed to delay in crack 
growth by the residual compressive stresses induced in surface and subsurface layers 
as a result of the application of burnishing process. 

Table 3.  Surface roughness of 7O75Al specimens before and after burnishing 

Fig. 7 Surface roughness of specimen has been heat treated for 3 hrs, 
(a) unburnished and (b) burnished surfaces. 
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3.3 Fracture Characteristics . 

The fracture surface characteristics are presented in Fig. 8 and 9. The fracture 
surface, as shown, is associatedlvith the formation of striations. The size and density 
of striations indicate the amount of plasticity that undergoing throughthe crack 
growth. Evidence of the presence of a role of the LPB is observed. It is interesting 
also to note that the dmtile tranagrwlar- fracture modes were observed on the 
fracture surface. 

Roughness, (p m, Ra) 

As mentioned, fatigue tests in the present study were conducted under rotating 
bending stresses, thus the specimens are subjected to different stress gradients. It is 
well known that two differknt types of the internal stresses are generally existed in 
this type of fatigue specimens namely; tension and compression. These internal 
stresses change simultaneouslyL from tensioii to- compression and vise versa 
throughout the duration of the fatigue test. This action of transition from one to the 
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other causes an opening and closing of the formed crack mouth [9]. The upper part 
experiences tension whereas the lower part experiences compression. The maximum 
internal stresses are developed at the specimen surface. The crack will then initiate at 
the region where the maximum stresses will develop. So the presence of pits and/or 
inclusions resulted fiom the high temperature exposure, at such areas will generate a 
large amount of stress concentration and consequently will crack the surface. 

Fig. 8 SEM of a typical fatigue fracture of a burnished 
specimen tested at 250 O C .  Striations are observed on the 
fracture surface, X100. 

Fig. 9 SEM of the fiacture surfaces with high magnification, 
- striated fatigue feature, X2000. 

It is well established that the surface of a component is prone to bending fatigue. 
Fatigue failures usually start at the specimen surface because of direct interaction 
with the aggressive environment in addition to the development of maximum tension 
and compression stresses [15,16]. On the other hand, High temperature oxidation 



attack often produces pitting of the imposed surface of the tested material.' These 
act as a s o m e  of undesired defects and frequently produce a reduction in f$ie);e 
strength of the material. When oxidation and fatigue occurs simultaneously., the 
attack greatly accelerates the rate at which fatigue cracks propagate. However, when . 
oxidation attack^'occurs simultaneously with fatigue loading, a very pronounced 
reduction in fatigue strength results in 1171. Hence, a means that can strengthen the 
surface will normally increase the fatigue resistance. Since, the enviro&ent will 
change the mechanical and structure state of the sufiace layer, it is natural to expect 
that the fatigue properties of the present material are also affected. It is believed that ' 

the using of the LPB during the high temperature testing as surface enhancement will 
reduce the effect of the oxidation attack, particu'larly room temperature. LPB has 
been shown to arrest the existing cracks up to 0.5 mm deep and to improve foreign 
object damage (FOD) providing fill tolerance to 0.25 mm deep FOD in the present 
alloy. The surface finish produced by LPB is invariably superior to the original 
offering the krther benefit of improved eddy current inspection capability on LPB 
processed components. 

CONCLUSIONS 

1 - High temperature fatigue behavior of 707541 specimens was examined under 
different testing conditions. The results show that burnishing processes has played 
a considered role in increasing the fatigue life, up to half an order of magnitude, 
of the present alloy. The significant improvement in surface roughness, as a result 
of burnishing, increases the structural homogeneity of the surface liyer and also 
increases the residual compressive stresses. The enhanced fatigue resistance of the 
burnished specimens at high temperature was largely due to overall increase in the 
strength of the surface layer and delayed fatigue crack initiation on the surface. 

2- The fatigue lives of the lower temperature 250 OC exhibit the longer lives ovet than 
those tested under higher temperature 300 "C for all the three previous cases: The 
as-machined specimens show longer fatigue lives compared with the heat-treated 
specimens. It is expected that the heat treatment has give more degradation of the 
high temperature fatigue resistance of the alloy 

3.  Typical fatigue fractures was observed for the burnished specimens. Intense 
striations are found indicating the amount of plasticity that undergoing through the 
crack growth. It is believed that the using of the LPB prior high temperature testing 
as surface enhancement will reduce the effect of the oxidation attack. * > .  
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