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The fatigue lives of IN718 alloy treated by laser peening (LP) were examined at high temperature. 
The microstructural response of the fatigue specimens was revealed. The results show that LP can 
refine the grain size, and produce new dislocation structures. The mechanical twins in the high-power 
LPed specimens can interact with other dislocations to refine the grains. A special "dislocation-pre-
cipitate" entanglement in the high-temperature fatigue LPed specimens at 700 ℃ was helpful to form 
a more effective pinning effect on the dislocation movement and thus preventing the initiation and 
propagation of fatigue cracks. 
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1. Introduction
Inconel 718 nickel-based alloy (IN718 alloy) is widely

used in aeroengine manufacturing industry, owning to its 
good oxidation resistance, corrosion resistance and high-
temperature fatigue properties [1-3]. However, the fatigue 
failure still occurs in advance for the IN718 alloy parts under 
thermal-mechanical loading while working under ultimate 
temperature and high loading [4]. The research on the fa-
tigue properties of superalloy under high temperature and 
high loading has always been a hot topic [5-7]. In order to 
reveal the mechanism of high-temperature fatigue failure of 
IN718 alloy, many researches have been carried out on the 
fatigue properties of IN718 alloy [8-13]. It is worth noting 
that the microstructural characteristics have a very important 
influence on the fatigue crack growth behavior of IN718 al-
loy. It is well known that the main element of matrix in 
IN718 alloy is Ni while the main strengthening phase is γ"-
precipitate. However, IN718 can only work at a certain 
range of temperature (-253 ℃－700 ℃). With the increase 
of service temperature(＞700 ℃), the metastable γ"-precip-
itate will gradually coarsen and lose the coherent relation-
ship with the matrix. As a result, γ"-precipitate can transform 
to δ-precipitate. The δ-precipitate is brittle. Hence, the duc-
tility and other mechanical properties of IN718 alloy are re-
duced in a specific high-temperature environment. In addi-
tion, the effect of grain morphology on the properties of ma-
terials is also worthy of attention [14]. Schlesinger et al [15] 
analyzed the low-cycle thermo-mechanical fatigue crack 
growth behavior of IN718 by replica method. They dis-
cussed the mechanism of low-cycle thermo-mechanical fa-
tigue-damage and the orientation of failure grain boundary 
in the region where secondary cracks occurred. The results 
showed that fatigue cracks mainly propagated in the mode 
of transgranular, accompanied by local intergranular 

propagation, and the grains with consistent lattice and grain 
boundary were not easy to appear intergranular failure than 
the randomly oriented grains. Therefore, it is a feasible 
method to improve the properties of IN718 alloy at high tem-
perature by changing its original microstructures. It’s of 
great importance to find a proper technology to improve the 
fatigue properties of IN718 alloy by changing the micro-
structures.  

LP is a special high-energy peening technology, which 
uses laser-induced shock wave to produce plastic defor-
mation on the surface of the material, leading to the for-
mation of high amplitude compressive residual stress(CRS) 
and strengthening structure that contribute to improve the 
corrosion resistance, wear resistance and fatigue resistance 
[16-21]. The depth of the CRS affected layer is 3-4 times 
that of the traditional mechanical shot peening. The LP-in-
duced CRS inhibits the initiation and propagation of surface 
cracks by changing the stress state of the material surface. 
Many previous studies have shown that LP is of great help 
to improve the mechanical properties and fatigue resistance 
of material [22-24]. But what is more worthy of our attention 
is that LP can change the microstructure of material. Be-
cause of the plastic deformation layer induced on the surface 
of material by LP, more uniform, dense and stable nanocrys-
tals and dislocation entanglements can be generated on the 
material surface, which is helpful to improve the stability of 
high-temperature fatigue characteristics of LP process [25-
26]. Gill et al [27] exhibited that LPed specimens showed an 
increase in near-surface low angle misorientations (<15°), 
indicating the extent plastic deformation introduced by 
shock wave. In addition, LP induced high dislocation density 
in the near-surface of IN718 alloy. Telang et al [28] also 
found high dislocation density as well as deformation in-
duced twins in the IN718 alloy due to high strain rates (~106 
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s-1) of the LP process. Kattoura et al [29] believed that the 
severe surface plastic deformation due to LP treatment al-
tered the microstructures of the surface layer of material. 
The LP process induces an extreme increase in dislocation 
density causing formation of dislocation entanglements and 
slip bands. These changes caused high surface hardening. By 
using the technique of Electron Backscattered Diffrac-
tion(EBSD), it was confirmed that LP also significantly re-
fines the grains in the surface layer leading to a grain size 
gradient structure. Crystal defects, such as high-density dis-
location, dislocation tangles, dislocation cells, dislocation 
arrays, twins, dislocation walls, stacking faults and sub-
grains, are produced by LP in the LPed IN718 alloy. These 
crystal defects are proved to provide nucleation sites for γ', 
γ″ and δ-precipitate [30]. Our previous work showed a new 
formed substructure of submicron rhombic blocks with 
lengths in the range of 400-600 nm in the LP treated speci-
mens, which are beneficial for the stability of mechanical 
properties at high temperature [3]. 

The above researches have focused on the microstruc-
tural changes of IN718 alloy treated by LP at room temper-
ature. But the coupled service environment of cyclic loading 
and high temperature is very complex, and IN718 alloy has 
a very special strengthening structure. It is still unclear that 
how the microstructure of LP induced ultra-high strain-rate 
changes under the condition of high-temperature cyclic 
loading. In addition, how the interaction of the high-temper-
ature precipitates and dislocation affect the plastic defor-
mation of IN718 alloy also need further research. 

In this study, the microstructural response of IN718 al-
loy specimens treated by LP at different laser power densi-
ties and different service temperatures are systematically re-
searched, and the evolution of microstructures and the inter-
action between microstructures and precipitates are also ex-
plored. 

 
2. Material and experiments 
2.1 Experimental material 

The IN718 alloy was solution treated at 900 ℃ for 1 h, 
water quenched and then aged at 700 ℃ for 6 h, furnace 
cooled to 600 ℃ and aged at 600 ℃ for 8 h followed by air 
cooling. The specimens were cut into a dog-bone shape as 
shown in Fig.1. The chemical composition of IN718 alloy is 
shown in Table 1. Prior to the LP treatment, the surface of 
the specimens were polished with SiC paper first, then 
cleaned in deionized water. After that, ultrasound in ethanol 
was used to degrease the specimen surface, and then stored 
in a drying oven. 

 

Fig.1 Dimension of LPed specimens and sketch of LP path.

Table 1 Chemical composition of IN718 

Chemical composition Ni Cr C Si Mn S P Al 
(Wt./%) 52.50 19.25 0.058 0.149 0.165 0.001 0.011 0.44 

Chemical composition Cu Ti Mo B Nb+Ta Co Fe 
Remainder (Wt/.%) 0.044 1.10 2.98 0.003 4.93 0.135 

 

2.2 Principle and experimental procedure of LP 
A GAIA Nd:YAG laser machine(Thales Laser Ltd.) was 

used to conduct the LP processing. A pulse width of 15 ns 
and a wavelength of 1064 nm were adopted during the pro-
cessing while a repetition rate of 1 Hz was used. The spot 
diameter was 2.2 mm with a overlap rate of 50%. Both sides 
of the specimens were treated to achieve a stress balance. In 
this experiment, the laser power densities of 6.05 GW/cm2, 
6.58 GW/cm2 and 7.37 GW/cm2 were used corresponding to 
the laser energies of 4.6 J, 5.0 J and 5.6 J respectively. A wa-
ter curtain with the thickness of about 2 mm was utilized as 
transparent confining layer, while a professional aluminum 
foil with the thickness of 0.1 mm was used as absorbing 
layer to avoid thermal effects.  

 
2.3 Fatigue test 

Fatigue tests were performed in load-control mode on 
a MTS 809 servo-hydraulic machine with a load capacity of 
250 kN at both room temperature in air (25 ℃) and high 
temperature of 600 ℃, 700 ℃ and 800 ℃. The fatigue ap-
paratus is shown in Fig.2. A high-temperature fur-
nace(MTS653) which ranged from +100 ℃ to +1400 ℃ 
was used to heat the specimen.  

 
Fig.2 Specimen during high temperature fatigue and after cooling 
（a）High temperature furnace （b）Temperature-control device 
（c）Hot fracture （d）Cool fracture 
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The test frequency was 15 Hz, and the load ratio R was 
0.1. We adopted an initial stress value of 330 MPa on the 
specimens. Five specimens were used for each test parame-
ter. All the results have been at least duplicated and averaged 
to give a good statistical representation of the results. After 
fatigue test, the upper and lower fractures were released and 
ultrasonic cleaned for subsequent testing. 

 
2.4 Microstructural observations 

The surface grain structure near the fracture was ob-
served in our research, the observation equipment was 
Keyence VHX-1000 digital microscope, the corrosive solu-
tion used was 500 mL HCL, 35 mL H2SO4, 150 g CuSO4, 
and the corrosion time was 30 s. Surface microstructures of 
the non-LPed and LPed specimens were characterized by a 
JEM-2100 transmission electron microscopy (TEM) which 
was operated at a voltage of 200 kV. TEM thin foils were 
obtained from top surface of the specimens. Each TEM thin 
foil was mechanically polished to the thickness with 150 μm 
from the side opposite to the treated surface, followed by 
dimpling and ion milling from that side to observe the mi-
crostructural changes close to the very top surface (< 20 μm). 

 
3.  Results and discussion 
3.1 High-temperature fatigue life 
3.1.1 Effects of laser power density on fatigue life 

Comparison of fatigue life between LPed specimens 
and untreated specimens at different temperatures is shown 
in Fig.3.  

 

Fig.3 Comparison of fatigue life between LPed specimens and un-
treated specimens at different temperatures. 

It can be seen from Fig.3 that the fatigue life of the 
LPed specimens is significantly improved compared to the 
untreated specimens. The fatigue life of untreated specimen 
was 7.23×104 cycles at room temperature (25℃). However 
the fatigue lives of LPed specimens are 8.53×104, 9.28×
104 and 10.65×104 cycles corresponding to the laser power 
density of 6.05 GW/cm2, 6.58 GW/cm2 and 7.37 GW/cm2 
respectively, which are increased by 18.0%, 28.5% and 
47.4% respectively. Some previous researches showed that 
the depth of CRS in the subsurface of service parts was a key 
factor that affecting their service lives [31-32]. Hammersley 
et al. [33] claimed that the affected layer depth of IN718 al-
loy treated by LP could reach 1.2 mm, while this value was 

only 0.3 mm after shot peening. The subsequent results of 
high-cycle fatigue test further verified that the LP could gain 
a maximum fatigue life of 140% compared to the untreated 
one. The grain refinement and generation of high density of 
dislocation induced by LP are also crucial to the enhance-
ment of fatigue life [34-35]. The denser surface effectively 
inhibits the initiation and propagation of cracks, thus im-
prove the fatigue resistance of IN718 alloy. What’s more, it 
is observed that with the increase of laser power density, the 
fatigue life of the specimen also increases. In particular, the 
fatigue life is increased by nearly 47.4% compared with the 
untreated specimens under the laser power density of 7.37 
GW/cm2. The results show that the LP process with reason-
able laser power density can improve the gain effect of the 
fatigue resistance significantly. 

 
3.1.2 Effects of temperature on fatigue life 

Fig.3 also shows that the fatigue lives of the specimens 
fluctuate greatly at high temperatures. For untreated speci-
mens, the fatigue lives are increased by 18.0% and 59.3% at 
600 ℃ and 700 ℃ while compared with that at room tem-
perature. However when the temperature increases to 800 ℃, 
the fatigue life drops suddenly, which is 52.0% lower than 
that at room temperature. This phenomenon also occurs in 
the specimens treated by LP. For the LPed specimen with a 
laser power density of 6.05 GW/cm2, the fatigue lives are 
increased by 22.7% and 42.0% at 600 ℃ and 700 ℃ while 
compared with that at room temperature. However when the 
temperature increases to 800℃, the fatigue life drops sud-
denly, which is 46.9% lower than that at room temperature. 
For the LPed specimens with a laser power density of 6.58 
GW/cm2, the fatigue lives are increased by 30.2% and 
100.5% at 600 ℃ and 700 ℃ while compared with that at 
room temperature. However when the temperature increases 
to 800 ℃, the fatigue life is 44.8% lower than that at room 
temperature. For the LPed specimens with a laser power 
density of 7.37 GW/cm2, the fatigue lives are increased by 
36.2% and 107.3% at 600 ℃ and 700 ℃ while compared 
with that at room temperature. However when the tempera-
ture increases to 800 ℃, the fatigue life is 50.0% lower than 
that at room temperature. To sum up, temperatures of 600℃ 
and 700 ℃ are beneficial for improving the fatigue life of 
both LPed and untreated specimens, while higher tempera-
ture 800 ℃ may lead to deterioration of fatigue performance. 

 
3.2 Microstructures after high-temperature fatigue 
tensile 

In order to analyze the morphological change of grains 
before-and-after fatigue tensile, the fractures of untreated 
and LPed specimens after fatigue tensile at both room and 
high temperature (T=700 ℃) were observed respectively. 
The metallographic analysis is shown in Fig.4. 

It is noted that the grain size of the fracture in Fig.4(a) 
has increased to a certain extent after fatigue tensile while 
compared with the specimen before fatigue tensile. The rel-
evant theories of metallurgy exhibits that the deformation 
energy and the applied mechanical energy can drive the 
grain size to increase [36]. On the one hand, due to the oc-
currence of plastic deformation during the process of fatigue 
tensile, crystal defects, such as dislocation, will be generated 
substantially inside the grains. Then the crystal defects will 
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lead to lattice distortion of the grains and greatly increase the 
energy inside the grains, causing the grains to grow. On the 
other hand, due to the applied loading, the twin boundary in 
the grains will move, and the small-angle grain boundary 

undergo cyclic reciprocating movement under external load-
ing. However, the anisotropic elastic modulus of the grains 
will change the atomic energy of different grains, which 
causes the grains to move. 

 

 

Fig.4 (a) Morphology of fatigue fracture, (b) Enlarged view of fracture, (c) Fracture of untreated specimen at room-temperature, (d) Fracture 
of LPed specimens at room-temperature and (e) Fracture of LPed specimens at the temperature of 700℃（I=7.37 GW/cm2）. 
 

Comparing with Fig.4(c) and Fig.4(d), we can conclude 
that the grain morphology of the affected zone of fracture 
after LP was slightly different with that before LP. The 
grains in the fracture affected area of untreated specimens 
were orderly, while the grains in the fracture surface of LPed 
specimens were disorderly and finer. These fine and ran-
domly distributed grains will hinder the growth of crack, re-
duce the crack growth rate, and improve the fatigue life. 

The shear force required for crack initiation can be ex-
pressed as : 

2
1

m
N

2 −
= ）（

D
Gvτ                               (1) 

Where G is the shear modulus, vm is the effective surface en-
ergy of crack, and D is the grain size. From the Eq.(1), it is 
known that the Nτ decreases with the increase of grain size, 
the larger the grains are, the easier it is to crack. At the same 
time, with the increase of grain size, the number of trigemi-
nal grain boundary decrease, as a result, the crack growth 
will encounter less obstacles in the crack growth process, re-
sults in the decrease of crack growth resistance. On the con-
trary, if the grain size decreases, the contribution of grain 
boundary sliding to deformation increases, so that the crack 
tip is passivated, the rate of deformation increases, and the 
crack growth rate decreases [37]. Therefore, our research 
well explained the reason why the fatigue life of the LPed 
specimens is higher than that of the untreated specimens at 
room temperature. 

On the other hand, from Fig.4(d) and Fig.4(e), it can be 
found that the grain size after fatigue tensile at high temper-
ature is increased significantly compared with that at room 
temperature. In addition, a large amount of precipitated par-
ticles, including γ"-precipitate and γ'-precipitate are evenly 

dispersed in the grain interior and on the grain boundary, 
forming a coherent relationship with the matrix(γ-precipi-
tate), so as to achieve the strengthening effect on the IN718 
alloy. Even at high temperature, the effect of coherent 
strengthening still exists. Some carbides are dispersed in the 
grains as shown in Fig.4(e). These carbides play a role in 
hindering the free movement of dislocation during plastic 
deformation and generating work-hardening which reduces 
the probability of crack initiation effectively and delay the 
occurrence of microcracks. 

 
3.3 Microstructural characteristics of specimens be-
fore-and-after high-temperature fatigue tensile  
3.3.1 Analysis of dislocation configuration before-and-af-
ter LP 

In order to further explore the microscopic dislocation 
configuration of IN718 alloy induced by LP and its evolu-
tion at high-temperature, the surface structure of untreated, 
LPed specimens at room and high temperature (700 ℃) were 
carried out by TEM observation, the TEM results is shown 
in Fig.5.  

Fig.5(a) shows clear grain boundary and grain structure, 
the grains are fine and uniform. After LP treatment, the grain 
size is decreased as seen in Fig.5(b), and in some specific 
regions, twin region with the same direction appeared, and 
the distance between the twins was almost equal. It is well 
known that the CRS induced by LP can hinder the initiation 
and propagation of fatigue cracks and improve the fatigue 
properties of material. The CRS is often the result of micro-
plastic deformation and microstructural changes [38-39]. 
Therefore, it can be reasonably assumed that one of the rea-
sons of the effect of structure strengthening in IN718 alloy 
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induced by LP is the mixed effect of twin structure and dis-
location. 

 

Fig.5 TEM figures on the top surface of different specimens. 
(a) Untreated, (b) LP treated（I=7.37 GW/cm2）, (c) LP treated + 
heat exposure and (d) Local amplified view of Fig.5(c). 

The distance between twins is closely related to the 
size L of the refined structure and is a function of shear 
stressτ (Eq.(2)): 

τ/10GbL =                                 (2) 
Where G is the shear modulus, b is the Burgers vector 
[40]. Obviously, the magnitude of shear stress directly af-
fects the spacing between the twin striation. The smaller 
the spacing of twin striation, the finer the microstructures 
formed by interweaving dislocation. The visualized 
structure of subgrains has appeared in Fig.5(b), and the 
refined grains are direct reason for improving the fatigue 
resistance of IN718 alloy. Fig.5c is the grain configura-
tion of the LPed specimens after heat exposure, and 
Fig.5(d) is an enlarged figure of its characteristic region.  

It can be seen from Fig.5(c) that the dislocations are 
slipping and climbing under high temperature, and the 
dislocation develops in a direction from the grain bound-
ary to the inside of the grains, then forms a unique "array" 
region. These transgranular dislocation arrays interact 
with the grain boundary, and then inhibits the growth of 
grain boundary to a certain extent. The above phenome-
non also explains the fundamental reason why the grain 
size of the LPed specimens after heat exposure is still 
smaller than the size of substrate. On the other hand, the 
enhancement of dislocation activities consumes a large 
amount of stacking-fault energy, which weakens the 
power of grains growing. This is also an important factor 
to suppress grains coarsening. At the same time, the high 
temperature promotes the development of dislocation 
from the high-energy state to the low-energy state. The 
dislocation tangles expand gradually, and the dislocation 

density tends to decrease. Therefore, the dislocation den-
sity will decrease with time at 700 ℃ . 

3.3.2 Microstructures of high-temperature fatigue speci-
mens under different laser power densities 

(1) Microstructures of grain boundary near the fatigue frac-
ture 

Since the grain boundary is an extremely important re-
gion during the process of high-temperature fatigue, so the 
microstructure at the typical grain boundary is first observed. 
It is found from Fig.6 that there are a large number of differ-
ent dislocation structures distributed around the grain 
boundary at 700 ℃. As shown in Fig.6(b,c,d), the disloca-
tion density in the LPed specimens is greater than that in the 
untreated specimens. Most of the dislocation movement re-
sults in dislocation pile-up at grain boundary, and larger la-
ser power density leads to more severe dislocation pile-up.  

 

Fig.6 Microstructures around the grain boundary in the subsurface 
of specimens after fatigue at 700 ℃.(a)Untreated, (b) I=6.05 
GW/cm2, (c) I=6.58 GW/cm2 and (d) I=7.37 GW/cm2. 

In fact, the grain boundary acts as an obstacle during 
the dislocation movement. When the dislocation moved to 
the grain boundary, it is easy to gather around the grain 
boundary. As the process of deformation continues, the new 
dislocation will continue to gather and the dislocation pile-
up is formed eventually. In particular, the particles of γ'' 
strengthened phase with a size of about 250 nm are found in 
the LPed specimens with laser power density of 7.37 
GW/cm2. As shown in Fig.6(d), many dislocation are gath-
ered around the γ'' strengthened phase. In addition to the co-
herent distortion of the matrix, the γ'' strengthening phase 
can also interact with the movement of dislocation, hinder-
ing the movement of dislocation effectively, which helps to 
reduce the process of plastic deformation and reduce the fa-
tigue crack growth rate. 

(2) Microstructures inside grains near the fatigue fracture  
In order to reveal the effect of dislocation movement on 

high-temperature fatigue properties, the characteristics of 
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dislocation movement inside the grains were observed. In 
Fig.7(a), the dislocation distribution of the untreated speci-
mens is more dispersed and uniform, the dislocation density 
is lower than that of the LPed specimens. However, within 
the grains of the LPed specimens, the configuration of dis-
location is more complicated, and the interaction between 
the dislocation is more obvious. The obvious structure of 
dislocation cells and a certain number of dislocation slip 
bands can be seen in Fig.7(b). In particular, the dislocation 
slip bands exhibit multi-directional characteristic. Accord-
ing to the analysis, the strong plastic deformation of the ma-
terial surface leads to a unidirectional slip bands in the pro-
cess of LP. Then the subsequent plastic deformation during 
the process of fatigue tensile forms a slip bands in the an-
other direction. The density of the dislocation line is higher 
than that of the untreated specimens significantly in Fig.7. 
In addition, the structure of dislocation walls(DLWs) can be 
observed in Fig.7(d).  

Fig.7 Microstructures inside grains in the subsurface of specimens 
after fatigue at 700 ℃. (a)Untreated, (b) I=6.05 GW/cm2, (c) I=6.58 
GW/cm2 and (d) I=7.37 GW/cm2. 

Although the material surface will produce slippage 
proliferation of dislocation after LP, the slippage of these 
dislocation is incomplete. The original structure of disloca-
tion will move and slip, when the material treated by LP un-
dergo high-temperature and plastic deformation of cyclic 
loading again. And the slip dislocation will form dislocation 
walls and dislocation cells through the rearrangement in the 
process of continuous tangling and climbing. It can also be 
found in Fig.7(d) that the dislocations cross the grain bound-
ary and divide the original grains twice in some irregular 
grains. As we all know, the dislocation within the grains will 
encounter different obstacles when it moving, and the grain 
boundary is an important factor hindering its movement. At 
low temperatures, the dislocation will slip across the barrier, 
only when the applied stress is greater than the internal stress 
caused by the barrier. At high temperature, the process of 
thermal activation is more active, and it is easier for the dis-
location to cross these barriers under thermal activation. As 

the power density of LP increases, the coupling effect of ex-
ternal stress and thermal activation assists dislocation slip 
through grain boundary smoothly. In summary, the disloca-
tion structure of the specimens with the combined action of 
high-temperature and cyclic loading after high-temperature 
fatigue tensile is more complicated than the specimens be-
fore high-temperature fatigue tensile, and the number of dis-
location increases significantly. 

(3) Twin structures inside grains near the fatigue fracture
Twins is another important form in the plastic defor-

mation of IN718 alloy. The dislocation configuration analy-
sis of IN718 alloy after LP shows that the deformation twins 
with same direction have been found in some specific re-
gions. The width of these twins is about 1 μm, and the inter-
weaving of twins and dislocation play a certain role in the 
refinement of grains. In the LPed specimens with laser 
power density of 7.37 GW/cm2, some twin striation with a 
width of about 0.47 μm are observed even at high tempera-
ture, as shown in Fig.8(d).  

Fig.8 Twins inside grains in the subsurface of specimens after fa-
tigue at 700℃.  
(a) Untreated, (b) I=6.05 GW/cm2, (c) I=6.58 GW/cm2 and (d)
I=7.37 GW/cm2.

It is worth noting that the observed twin striation show 
the morphology of wide at the top and narrow at the bottom. 
It can be speculated that the stress in the mechanical twins is 
much greater than the stress of the surrounding matrix, and 
causing the band structure to deform. The width of the twins 
at high temperature is smaller than that at room temperature, 
which shows that the number of twins will gradually de-
crease as the temperature continues to increase. Then the dis-
location gradually change from dislocation lines(DLs) and 
dislocation tangles to dislocation walls, dislocation 
cells(DCs) and other structures, and become the main micro-
structure in fatigue fractures eventually. Of course, in our 
research, we only found the twin structure in the LPed spec-
imens with laser power density of 7.37 GW/cm2, but no trace 
of twins was found in the specimens treated by LP with low 
power density, which is related to the degree of plastic 
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deformation induced by high-pressure shock-wave and the 
magnitude of strain rate. Usually, the greater the strain rate 
is, the easier it is to form twins during the plastic defor-
mation. Because with the increase of strain rate, the plastic 
deformation methods such as cross-slip and the slip of grain 
boundary are difficult to proceed, resulting in local stress 
concentration, then promoting the production of twins. The 
LP with high power density is often accompanied by a 
higher strain rate, and it is easier to promote the formation 
of twin structures, which explains the reason reasonably why 
the twin striation appear only in the LPed specimens with 
laser power density of 7.37 GW/cm2. Of course, the twins 
introduced by early plastic deformation have an important 
influence on the subsequent mechanical behavior of the al-
loy, which can adjust the orientation of grains, then improv-
ing the high-temperature mechanical properties of the mate-
rial. 

(4) Precipitates inside grains near the fatigue fracture 
Fig.9 exhibits precipitates inside grains in the subsur-

face after LP at different laser power densities under 700℃. 
From Fig.9, it is noted that there were different dislocations 
and precipitates inside grains of LPed specimen. Among 
them, long δ-precipitate was found in the LPed specimens 
with a laser power density of 6.05 GW/cm2, which was 
formed by the secondary growth and transformation of the 
strengthening γ''-precipitate at high temperature. The previ-
ous researches have shown that a small amount of δ-precip-
itate can improve the resistance of intergranular crack prop-
agation, and transform intergranular fracture at high temper-
ature into a mixed fracture mode of intergranular and trans-
granular [41].  

 
Fig.9 Precipitates inside grains in the subsurface of LPed speci-
mens after fatigue at 700 ℃. 
 (a) I=6.05 GW/cm2, (b) I=6.58 GW/cm2, (c)I=7.37 GW/cm2, (d) 
HR-TEM of Fig.9(a), (e) HR-TEM of Fig.9(b) and (f) HR-TEM 
of Fig.9(c). 

A small amount of δ-precipitate distributed along the 
grain boundary can also become an obstacle to slippage, and 
hinder the movement of dislocation during plastic defor-
mation eventually, thus generating dislocation pile-up, and 
reducing the relaxation rate of CRS. However, with the tem-
perature continues to increase, a large amount of δ-precipi-
tate precipitates and grows, which will reduce the number of 
strengthening γ''-precipitate with coherent distortion. The 
large δ-precipitate is prone to embrittlement and crack under 
the effect of external stress, forming a crack source. 

Therefore, the researchers often try to increase the dissolu-
tion temperature of γ''-precipitate and γ'-precipitate to hinder 
the transition from γ''-precipitate to δ-precipitate in the de-
velopment of a new type of IN718 alloy. This method can 
change the precipitation behavior of γ''-precipitate and γ'-
precipitate and improve their stability. In addition to the 
coarsening δ-precipitate, a large number of randomly dis-
tributed γ''-precipitate can be seen in Fig.9(c), which are en-
tangled with a large number of dislocation to form a unique 
entanglement of "dislocation-precipitate". The unique entan-
glement is helpful to further pinning the moving dislocation 
to form dislocation entanglements with higher density at 
high temperature. Further more, high-power TEM showed 
that the number of ordered structure is different under the 
different laser power density, especially, the number of or-
dered atomic arrays is larger at high laser power. 

 
3.3.3. Microstructural characteristics of fatigue speci-
mens at different temperatures 

(1) Microstructures of grain boundary near the fatigue frac-
ture  

As can be seen in Fig.10, a large number of dislocation 
structure are found in the fatigue fracture at both room and 
high temperature, and the dislocation density is much higher 
than that before high-temperature fatigue tensile. The dislo-
cations are proliferated with the development of plastic de-
formation and move along with the direction of stress under 
the action of fatigue loading. However, when the disloca-
tions move to the grain boundary, they are hindered by the 
grain boundary and quickly accumulated around the grain 
boundary, forming temporary stress concentration. The phe-
nomenon of dislocation pile-up around the grain boundary 
was observed at each temperature in the Fig.10. However, 
the degree of dislocation pile-up is more obvious at 600 ℃ 
and 700 ℃, as shown in Fig.10(b, c). This is probably be-
cause the high temperature activates the dislocation move-
ment better, making it more active under the same stress of 
external loading. Of course, some previous researches also 
believed [42] that the change of high-temperature sliding 
mode is one of the important reason for changing the fatigue 
properties of IN718 alloy. For example, part of the plane 
sliding is transformed into wavy sliding in the free precipi-
tation state, as a result, a more evenly distributed slip region 
is formed, which allows the material to harden and increase 
its fatigue life. However, the fatigue properties of the mate-
rial does not increase infinitely with the increase of temper-
ature. Macroscopic fatigue properties has shown that the fa-
tigue properties of IN718 decreased significantly at 800℃, 
as shown in Fig.3. Although the dislocation pile-up in 
Fig.10(d) is still obvious, but the growth of grains, the weak-
ening of grain boundary, and the coarsening and recovery of 
precipitate are important factors to reduce the high-temper-
ature mechanical properties of the material at 800 ℃. 
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Fig.10 Microstructures near grain boundary in the subsurface of 
LPed specimens (I=7.37 GW/cm2） after fatigue at different tem-
peratures.  
(a) Room temperature, (b) T=600 ℃, (c) T=700 ℃ and (d)
T=800 ℃.

(2) Microstructures inside grains near the fatigue fracture
It is generally believed that there are two main reasons

for the increase of fatigue resistance of LPed specimens at 
high temperature. One is that high-amplitude CRS induced 
by LP. Another is that stable micro-strengthening structures 
are formed, including high density of dislocations, disloca-
tion tangles and the significantly increased slip bands.  

In Fig.11, typical substructures like dislocation tangles, 
the ordered combination of dislocation walls, and subgrains 
(Fig.11(c)) are observed. These substructures are stable even 
at high temperature. 

In theory, the grain size can be reduced or the disloca-
tion density can be increased by plastic deformation, then 
improving the strength of solid solution and the degree of 
precipitation hardening of the alloy [43]. 

2
1

2
1-

fppptsss0f

−
++++= ρασσσσ Gbkd  (3) 

Where fσ  is the strength, 0σ  is the friction stress, sssσ  is 

the stress of solid-solution strengthening, pptσ  is the stress 
of precipitation strengthening, k is the Hall-Petch constant, 
dfp is the average free travel of dislocation, α is the constant, 
G is the shear modulus, b is the burgers vector, ρ is the dis-

location density. The first three terms ( pptsss0 σσσ ++ ) in 
the Eq.(3) are constants. Therefore, the solid-solution 
strength of the material is positively related to the disloca-
tion density. In our research, the material can still maintain 
a high dislocation density even at high temperatures, which 
is an important factor for the excellent fatigue properties of 
IN718 alloy at high temperatures, especially at 700 ℃. 

Fig.11 Microstructures inside grains in the subsurface of LPed 
specimens(I=7.37 GW/cm2) after fatigue at different tempera-
tures. (a)Room temperature, (b) T=600 ℃, (c) T=700 ℃ and (d) 
T=800 ℃. 

Many previous researches [44-45] have reported that 
the fatigue life of nickel-based alloy under high temperature 
has increased compared with that under room temperature. 
These researches suggested that the γ"-precipitate is acti-
vated by the cross-slip mechanism when the temperature in-
creases, which greatly increases the effect of dislocation pin-
ning. The strengthening of γ"-precipitate also increases the 
precipitation strengthening stress pptσ  at high temperature, 
which better hinders the deformation of single dislocation 
slip region. The slip mode is changed from plane slip to 
wave slip when the temperature rises, which makes the dis-
tribution of slip region more uniform, and the fatigue life of 
the material will also increase. 

(3) Twin structures inside grains near the fatigue fracture
Fig.12 shows the twin structures inside grains near the

fatigue fracture at different service temperatures when the 
laser power density is 7.37GW/cm2.  

It can be seen from the figure that the twin structures 
with clear outline are found in the specimens at room tem-
perature, 600 ℃ and 700 ℃. It is consistent that the mor-
phology of the twins is deformed, then shows a morphology 
of narrow at the top and wide at the bottom, which indicates 
that the internal stress of the twins is much greater than that 
of the surrounding matrix material. The width of twins var-
ies from 0.47 μm to 3 μm, the largest width is the twins at 
room temperature with a width of 3 μm, and the smallest 
width is the twins at 700 ℃ with a width of 0.47 μm. When 
the temperature increases to 800 ℃, the twins disappeared 
basically. With the increase of temperature, the scale of 
twins showed a trend of decreasing gradually. Therefore, the 
number and width of the mechanical twins are closely re-
lated to the temperature. 
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Fig.12 Twin structures inside grains near the fatigue fracture of 
LPed specimens (I=7.37 GW/cm2) at different service tempera-
tures .(a) room temperature, (b) T=600 ℃, (c) T=700 ℃ and (d) 
T=800 ℃. 

At room temperature, the twins with large-scale struc-
ture will become an obstacle to the movement of dislocation. 
In particular, the twin boundary works like the grain bound-
ary. When the dislocation moved to the twin boundary, they 
will accumulate and form stress concentration. At 600 ℃ 
and 700 ℃, the width of twins is smaller than that at room 
temperature, as shown in Fig.12(b, c). But at the same time, 
the dislocation density did not decrease, and the distribution 
of dislocation structure is more uniform. With the tempera-
ture increases, the activation energy of the slip system de-
creases gradually, the dislocation activities became easier, 
and the dislocation slip dominates the entire deformation 
process. When the service temperature increases to 800 ℃, 
the mechanical twins disappear gradually, and the disloca-
tion pile-up is difficult to achieve. Finally, the dislocation 
disperses in the grains, as shown in Fig.12(d). On the one 
hand, the existence of twin boundary is an obstacle to the 
movement of dislocation, on the other hand, it is an im-
portant factor for the refinement of grains. Under the com-
bined action of high thermal activation energy and cyclic 
loading, the movement of dislocation and the proliferation 
of new dislocation lead to a large number of dislocation tan-
gles, then forming dislocation walls and dislocation cells 
gradually. These new dislocation structure and twin inter-
weave to form a series of new grain boundary, and divide 
the original coarse grains into smaller grains gradually. 
Therefore, the appearance of twin structure not only has a 
certain resistance to the plastic deformation in the fatigue 
process, but also change the original distribution system of 
grains, then forming more stable structure of subgrains, and 
improving the high-temperature fatigue characteristics of 
the material effectively. 

(4) Precipitates inside grains near the fatigue fracture 
The high-temperature precipitate of the specimens at 

different temperatures was characterized by TEM, as shown 
in Fig.13. It can be seen from the figure that the high-

temperature precipitate of the specimens is mainly the or-
dered γ"-precipitate at 600 ℃ and 700 ℃, while the high-
temperature precipitate is mainly the coarsened δ-precipitate 
particles at 800 ℃. The different precipitates has great influ-
ence on the slip characteristics of IN718 alloy during high-
temperature fatigue. First of all, the influence of γ''-precipi-
tate with different size on the relative slip characteristics is 
different significantly. The previous researches have shown 
that compared with the microstructure of larger γ''-precipi-
tate, the microstructure of smaller γ''-precipitate showed 
more obvious multi-system slip-tendency [46]. Compared 
Fig.13(a) with Fig.13(b), it can be seen that the size of γ''-
precipitate at 600 ℃ is slightly smaller than that at 700 ℃, 
so the γ''-precipitate at 600 ℃ has more and more dense slip 
bands. The denser and longer the region of slip bands is, the 
plastic deformation of alloy is more serious. In addition, too 
many slip bands are easy to cut the strengthening γ''-precip-
itate and make it lose the ordered structure, thus losing the 
coherent relationship with the matrix γ-precipitate, and re-
ducing the strengthening effect on the matrix finally. 

Of course, the interaction between the γ''-precipitate 
and the growing dislocation will form local dislocation pile-
up in some special regions, such as grain boundary, twin 
boundary and carbide. The local dislocation pile-up will hin-
der the movement of dislocation, then forming the hardening 
effect of these regions. The local dislocation pile-up also 
conducive to reduce the probability of fatigue crack initia-
tion in the process of high-temperature fatigue, then slowing 
down the fatigue crack growth rate , and extending the fa-
tigue life of service parts. 

 

Fig.13 Precipitates inside grains near the fatigue fracture of LPed 
specimens (I=7.37 GW/cm2) at different service temperatures. 
(a)T=600 ℃, (b) T=700 ℃, (c) T=800 ℃, (d) HR-TEM of 
Fig.13(a), (e) HR-TEM of Fig.13(b) and (f) HR-TEM of Fig.13(c). 

However, the original precipitated strengthening γ''-
precipitate are coarsened and transformed into δ-precipitate 
gradually when the temperature increases to 800 ℃, as 
shown in Fig.13(c). But too much δ-precipitate will reduce 
the coherent distortion of γ''-precipitate and reduce the high-
temperature fatigue performance of the material. In addition, 
it can also be observed from high-power TEM that the num-
ber of steady-state nanostructures are decreased with the in-
crease of temperature at 800 ℃. In conclusion, the relatively 
stable strengthening precipitate can be obtained near 700 ℃ 
in IN718 alloy, which help to improve the high-temperature 
fatigue performance of the specimens. The number of 
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beneficial precipitates decrease with the increase of temper-
ature, and the high-temperature fatigue life of the specimens 
decreases accordingly. 

4. Conclusion
The microstructures of IN718 treated by LP after high-

temperature fatigue tensile, and the microstructural charac-
teristics before-and-after high-temperature fatigue tensile 
were characterized in detail by using transmission electron 
microscopy (TEM). The microstructural characteristics be-
fore-and-after high-temperature fatigue tensile include the 
microstructure in surface grain boundary region and inside 
grains near the fatigue fracture, also include the twin struc-
ture and high-temperature precipitates inside grains near the 
fatigue fracture. The main conclusions are as follows: 

(1) The TEM results showed that a large number of dis-
locations were deposited near the grain boundary of the ma-
terial in the high-temperature fatigue fractures, and the de-
gree of the deposition was increased with the increase of the 
laser power density. A variety of new dislocation structures, 
such as dislocation walls and dislocation cells, were formed 
in the grains of the LPed specimen after high-temperature 
fatigue. The interaction between these structures and the 
original dislocations was an important reason to improve the 
local working hardening and the high-temperature fatigue 
properties of the material. The structure of mechanical twins 
in the high-power LPed specimens can adjust the grain ori-
entation, and the interaction with other dislocation structure 
can refine the coarse grains to a certain extent. However, the 
twin boundaries were disappeared gradually at 800 ℃, and 
the degree of dislocation pile-up was smaller than that at 
600 ℃ and 700 ℃. 

(2) The special "dislocation-precipitate" entanglement
among the strengthening particles of γ"-precipitate and a 
large number of dislocations in the high-temperature fatigue 
specimens at 700 ℃ was helpful to form a more effective 
pinning of the dislocation movement and the effect of hard-
ening. The entanglement was beneficial to prevent the initi-
ation and propagation of fatigue cracks. However, the coars-
ened δ-precipitate at 800 ℃ reduced the coherent distortion 
of γ''-precipitate and reduced the high-temperature fatigue 
properties of the material. 
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