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Abstract: In view of the high sensitivity to microstructure evolution of higher harmonics generated by the nonlinear 
ultrasonic method, the tensile damage in the stainless steel AISI 316L was evaluated by nonlinear ultrasonic Lamb 
wave. The effect of different degree of tensile deformation on nonlinear ultrasonic response in 316L was analyzed by 
considering the microstructure evolution and the test results. First, the power-law relation of nonlinear ultrasonic 
parameter and plastic strain is proposed. Meanwhile, martensitic transformation and the increasing of dislocation 
density can be observed in the micrographs of specimens with the increase of plastic deformation. Then, the same 
variation tendency of intergranularly averaged Kernel Average Misorientation (KAM  , as well as the relative 
nonlinear ultrasonic parameter, demonstrated that the nonlinearity due to tensile damage is controlled by the evolution 
of microstructure that directly affects higher order elastic constant of stainless steel 316L. Furthermore, based on 
continuous damage mechanics, the method quantitatively characterizes the degradation of mechanical properties was 
proposed with a functional relation of damage variable and relative nonlinear parameter. The method proposed in this 
study provides a theoretical basis for online monitoring of the damage status of in-service equipment. It is of great 
significance for residual life assessment, structure integrity assessment, and service life extension of equipment. 
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1. Introduction
As a typical type of steels used in pressure vessels, austenitic stainless steels are widely employed in nuclear energy,

petrochemical and other fields [1, 2]. It is inevitable to appear the different degrees of degradation on the damage and 
mechanical properties of the stainless steel components during the processing and service stages. Plastic damage 
caused by irreversible deformation due to the tensile or compressive stress exceeding the elastic limit of the 
components is the most common damage type in engineering practice, and it is also one of the essential reasons for 
the failure of engineering equipment. Effective characterization and evaluation of the state of plastic damage are, 
therefore, of great importance to ensure safe operation, predict the residual life, and promote life-extension of 
equipment. 

Ultrasonic testing technology is widely adopted for assessing the damage in engineering components due to its 
unique advantages of wide applicability, convenient detection, and high reliability [3, 4]. A transmissibility-based 
processing method was proposed with the phased ultrasonic array A-scan data to identify and size the surface cracks 
in stainless pipes with circumferential welds [5]. Ben et al.[6] used the Lamb wave produced by ultrasonic pulse 
generator at a particular frequency dealing with the damage identification in composite materials without using any 
analytical models. They concluded that the ultrasonic methods using Lamb wave have the potential to provide more 
information than frequency response methods since their sensibility to the local effects of damage. For accurate and 
high-resolution reconstruction of the wall thickness loss in isotropic plates, Rao et al.[7] studied the guided wave 
tomography algorithms and introduced a method based on full waveform inversion. However, the above ultrasonic 
testing techniques based on the linear wave theory, which could detect the macro defects (inclusions, cracks, etc.  
with the measurement of the wave velocity, attenuation and scattering coefficient, are not available for the detecting 
the micro-nano scale defect since the evolution of microstructure cannot cause the change of the linear parameters 
[8] Once the macro defects appear on the service component, the cracks will propagate further if the external loading
imposes continuously, which shows that the actual bearing capacity of the service component has been significantly 
weakened [9]. Therefore, effectively detecting and evaluating the early damage of materials in time has important 
practical significance. 

There are many studies suggest that nonlinear ultrasonic technique has high sensitivity to the early microstructure 
evolution around the internal damage of metal components [10, 11]. The early damage of metallic materials is mainly 
due to the microstructure evolution at micro/nano scale, such as slip line enrichment, dislocation initiation and 
proliferation, cavity nucleation and growth at grain boundaries[12], etc. When the high-intensity ultrasonic wave 
input into the specimen and interacts with internal micro defects, the displacement and stress-strain relationship of 
the particle at the defect will change, resulting in the distortion of the ultrasonic waveform and the generation of high-
order harmonic signals [10]. The detection mechanism and the generation of high-order harmonic are shown in Figure 
1. Thus, the wave distortion has been considered for evaluating the microscopic damage since the value of the
distortion intensity was depended on the variation of microstructure. The quantitative measurement of this wave 
distortion is given by nonlinear ultrasonic parameter β [13], as shown in Eq.(1  

2
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where k is the wavenumber, x is the propagation distance. A1, A2 are the amplitudes of the fundamental and the second 
harmonic, respectively. 
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Figure 1. High-order harmonic generation 
There is a lot of growing interest in detecting and evaluating the early plastic damage of metal components with 

the nonlinear ultrasonic wave. Herrmann et al. [14] studied the acoustic nonlinearity of Ni-based alloy experienced 
plastic deformation with Rayleigh wave. They found that the acoustic nonlinearity increased significantly in the initial 
plastic deformation stage. In another work, the tensile damage of the mild steel was investigated with nonlinear 
longitudinal wave and linear wave[15]. It was found that the nonlinear parameters showed a general upward trend 
when the load was within the steel’s tensile strength, while the longitudinal wave velocities and attenuation 
coefficient did not show an obvious regularity. Using the nonlinear Lamb wave, Pruell et al. [16] demonstrated that 
the nonlinear parameters increase with the plastic strain increase in aluminum alloy when the phase velocity matches 
the group velocity. A similar response that the nonlinear parameter varies with the plastic deformation was observed 
by Viswanath et al. [17] and Zhang et al. [18] on the common steel for pressure vessels. Their microstructure analysis 
of different deformed stainless steels showed that the increase of nonlinear parameter during deformation was related 
to dislocation density. Although all studies above show that the acoustic nonlinearity of metallic materials depend on 
the damage state and the microstructural characteristics, few studies focus on the relationship between the evolution 
state of microstructure and the ultrasonic nonlinearity during the damage process. Besides, the papers about using 
the nonlinear ultrasonic method to evaluate the mechanical properties of the components in service and predict the 
residual life are even rarer. 

This study focuses on investigating the nonlinear ultrasonic response of plastically deformed stainless steel 316L. 
Meanwhile, this paper attempts to quantify the degradation of mechanical properties of the material during the process 
of tensile by establishing the relationship of the damage variable with the ultrasonic nonlinear parameter, which 
would be helpful for predicting the residual life of similar materials with nondestructive testing technology. 

2. Experimental procedure
2.1 Specimen preparation

The typical steel for pressure vessel, AISI 316L, was used in this presented work. The chemical composition of 
each material tested by the Bruker Tasman Q4 spectrograph is provided in Table 1 with the corresponding standards 
[19]. According to Chinese standard [20], the specimen was machined into the flat dog-bone-shaped with a thickness 
of 4mm, gauge length of 80mm and total length of 260 mm. The specific dimensions are shown in Figure 2. In order 
to avoid the influence of residual stress generated in the process of specimens preparation on ultrasonic detection, all 
samples underwent the same heat treatment process to remove residual stress. 
Table 1 Chemical composition of the materials (wt.%). 

Material C Si Mn Mo P Cr Ni S 

316L 0.021 0.0524 1.179 2.125 0.026 16.91 10.25 0.003 

ASTM 
A959[19] 

≤

0.030 
≤1.00 ≤2.00 2.00～3.00 ≤0.045 16.00～18.00 10.00～14.00 ≤0.030 
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Figure 2. Dimension of flat dog-bone specimen (all dimensions are in mm .  

2.2 Tensile tests 
As shown in Figure 3, all tensile tests were performed on the ZwickRoell-Z250 with tensile rate of 1 mm/min. The 

monotonic tensile test for obtaining the mechanical property of the experimental materials and cyclic loading tensile 
tests (with 10 cycles and total strain of 50%  for obtaining the damage variable of the material during the deformation 
were carried out. The tensile curves are shown in Figure 4, which can be seen the yield strength and tensile strength 
of the material were 271.3 MPa and 605.27 MPa, respectively. There is little difference between the material 
properties obtained by single tensile and cyclic tensile tests, so the subsequent analysis can match the damage degree 
of the cyclic tensile test with the sample under the same tensile degree.  

For producing the tensile damage of different degrees, the interval tensile strain is divided into 7 times according 
to the strain value corresponding to tensile strength (5％-10％-15％-20％-25％-30％-40% . After each tensile test, 
the specimen shall be subjected to nonlinear ultrasonic test. Then, considering the effect of residual strain, the tensile 
test shall be carried out to the next strain value on the specimen. The necking stage is not considered in strain division, 
this is because only the relation between early damage caused by plastic deformation and nonlinear ultrasonic wave 
is studied in this paper.  

Figure 3. The experimental equipment used in this study (ZwickRoell-Z250 
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Figure 4. The stress-strain rupture curves and cyclic tensile curves of 316L 

 
2.3 Nonlinear ultrasonic measurement 

Figure 5(a  and 5(c  show the RITEC SNAP RAM-5000 high power ultrasonic system and the frame diagram of 
the Lamb wave-based nonlinear ultrasonic testing system. The system outputs a high-voltage tone burst signal of 20 
cycles at the excitation frequency of 2.25 MPz, while a center frequency of 2.25 MHz piezoelectric transducer 
(Olympus V403  was used as the transmitter. The 5MHz piezoelectric transducer (Olympus V405  acted as the 
receiver for obtaining the fundamental wave and second harmonic components. Glycerol was used for coupling 
between transducer and wedge, also wedge and specimen（the oblique angle of the wedge is 27°[21]）, while using 
a customized fixed device (shown in Figure 5(b   to give a constant pressure on the wedge for each measurement.  
 

  
(a)            (b) 
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（c） 

Figure 5. (a  RITEC SNAP RAM-5000 high power ultrasonic system （b）Fixed device of the nonlinear ultrasonic 
testing (c  Frame diagram of the Lamb wave-based nonlinear ultrasonic testing system 

 
The phase velocity and group velocity dispersion curves of Lamb waves for the 4 mm thick stainless steel 316L, 

drawn by MATLAB 2014b, are shown in Figure 6. In order to excite the second harmonic of the Lamb wave as well 
as to avoid the separation of the harmonic packet and the fundamental packet in the propagation process, the phase 
velocity and the group velocity of the selected mode pair need to be matched [22]. Thus, the synchronous S2-S4 
mode pair have been selected for higher harmonic measurement in this study.  

 

 
(a    Group velocity curve                      (b    Phase velocity curve 

Figure 6. The dispersion curves of the 4mm thick 316L 
As described in Eq.(1 , the wavenumber k is constant in the measurement while the wave propagation distance x 

(i.e., the test distance between transducers  changes continuously with the tensile specimen under different degrees. 
It could be concluded that the ultrasonic nonlinear parameters 𝛽 ∝ 𝐴2/(𝑥𝐴1

2 ). Therefore, the relative nonlinear 
parameter β’ was defined as Eq.(2 .  

'
2 / ( )2

1A xA      (2  

The normalized nonlinear parameter can be described as (β’/β0 , where β0 is the nonlinear parameter of the original 
specimen. The linear increase of the normalized nonlinear parameter with x is presented in Figure 7, which indicates 
the cumulative effect of second harmonic and confirms that the material nonlinearity dominates the instrumental 
nonlinearity in this testing. To avoid wave overlap caused by short test distance and ensure no abrupt structure in the 
test section, the initial test distance is set as 80 mm. The subsequent tests were carried out at the marked position. For 
the reliability of the experimental results, each experiment was repeated 5 times. 
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Finally, the time domain signal measured during the testing was digitally processed and subjected to fast Fourier 
transform (FFT  in order to obtain the amplitude of the fundamental frequency A1 and second-harmonic frequency 
A2. The normalized nonlinear parameter (β’/β0  can be calculated with the Eq. (2  and β0.  

 

Figure 7. The relationship between the propagation distance and normalized nonlinear parameter 
  2.4 Observation of microstructures. 

In order to characterize the damage evolution behavior of the 316L in the tensile process, TEM and SEM-EBSD 
observations were performed on samples cut from the center of the four tensile specimens with different plastic 
damage (0%, 10%, 20%, 40% .  

The TEM specimens were polished to 100 micros thickness by electric spark cutting and mechanical polishing, 
and then were subjected to twinjet electro-polishing using 5% perchloric acid alcohol solution. The TEM observation 
was performed on Tecnai G2 F20 (FEI, USA  at an electric voltage of 200 kV. According to the study [23], the 
dislocation density could be obtained from the TEM micrograph by drawing the grids. In this presented measurement, 
the grids consist of 4 horizontal lines and 4 vertical lines, and then the intersection of the dislocation line and each 
grid line is counted. Substituting the number of intersections into the following Eq.(3  [24], the dislocation density 
can be obtained.  

1 h v

h v

n n
t L L


 

   
 

 
 

         (3  

where t is the thickness of the foil (200nm in this study , nh and nv are the number of intersections on the horizontal 
line and vertical line, respectively, and Lh and Lv are the length of the horizontal line and vertical line, respectively.  

All EBSD samples before observation were polished with 600#, 800# and 1200# sandpaper successively and then 
were polished with a solution containing 0.5um diamond particles for 30 minutes to remove scratches. The polished 
samples were subjected to normal temperature vibration corrosion polishing with 0.05um silica suspension on 
Buehler Automet polishing machine for 4-8 hours. The EBSD scanning was performed on ZEISS Sigma 300VP 
attached to Symmetry Scanning Electron Microscope at 70° tilting condition. An area of 300 × 300 μm was 
considered for EBSD scans for all the samples using a step size of 0.6 μm.  

Two types of important intragranular misorientation parameters, KAM (Kernel Averaged Misorientation  and 
GROD (Grain Reference Orientation Deviation , can be obtained by EBSD scan. KAM, defined as average 
misorientation between the measurement point and the surrounding adjacent points which belong to the same grain, 
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represents the orientation gradient at local points inside the grain. GROD is defined as the misorientation between 
the measurement point and its internal reference point of the grain and is used to characterize the degree of orientation 
inhomogeneity inside the grain. Figure 8, Eq. (4  and Eq. (5  show the definition of KAM and GROD which have 
been programmed into the post-processing software of EBSD and can be obtained directly [25]. The intragranular 
misorientation parameters have been widely used for grain distortion analysis and damage evaluation of the expiring 
metallic structural materials [26]. In addition, the intergranularly averaged KAM and GROD (i. e. KAM and GROD, 
the average value of all grain in the observation area  are proved in some studies that they show a good linear 
correlation with the macro uniaxial plastic deformation [27, 28].  

 
Figure 8. The definition of KAM and GROD [29]. 

( 1, ) ( 1, ) ( , 1) ( , 1)
( , ) ( , ) ( , ) ( , )

1KAM( , )= ( )
4

a b a b a b a b
a b a b a b a ba b               (4  

( , )GROD( , )= c d
refc d                         (5  

where 𝜃(𝑎,𝑏)
(𝑎−1,𝑏)is the angle of misorientation between (a-1, b  and (a, b . 

 
3. Results and discussions 

3.1 Characteristics of plastic deformation in nonlinear ultrasonic tests 
The variation of the average value of β’ (five measurements per point  calculated by Eq.(2  with the plastic 

strain is plotted in Figure 9, which shows clearly that the relative nonlinear ultrasonic parameter increases with the 
increasing plastic strain. A power-law relation between β’ and plastic strain obtained in this study, shown as the fitting 
line and the Eq.(6 , is basically consistent with the result presented by Viswanath et al.[17] in studying the AISI 304 
stainless steel. It is seen that initially up to 20% plastic strain there is a slow increase in relative nonlinear parameter 
β’ but started increasing rapidly from 20%, the β’ for the 316L specimen with 40% plastic strain is about 3.2 times 
of that for the initial specimen.  

' 7 2 6 45.848 10 3.008 10 4.102 10p p                   (6  
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Figure 9. Variation of the relative nonlinear parameter β’ with different plastic strain. 

3.2 Mechanical properties of plastically deformed specimen 

The true stress-strain curves of 316L from 10 cyclic loading and unloading tensile test are shown in Figure 10. The 
yield strength of samples with different degrees of deformation can be obtained from the engineering stress-strain 
curves in Figure 4, while Young’s modulus E can be calculated from the unloading section of true stress-strain curves 
of each tensile test ( E=σ/ε, only the first 40% data of unloading section was used to avoid the effect of back stress 
relaxation [30] and take the average of the two experimental value as the result). With that, the damage variable D of 
316L, which can be calculated by Eq.(7) [31], is listed in Table 2. 

                  
0

1 i
i

E
D

E
                 (7) 

where E0 and Ei represent the Young’s modulus of the original specimen and the specimen after ith tensile test, respectively.  
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Figure 10  The true stress-strain curves of the 316L from 10 cyclic and unloading tensile test  
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From Table 2, the yield strength σ0.2 of the material increases significantly with plastic strain. Combined with the 
metallographic observation shown in Figure 12, some changes in the microstructure of austenitic materials occur 
during the tensile process, which include the formation of martensitic phase transformation and the decreased grain 
particle size. It has been proved that lath martensite is a kind of high strength structure [32, 33]. The generation of 
phase transformation of the material changes the internal microstructure of grain and increases the resistance of 
dislocation movement, and then causes the yield strength of the specimen to increase continuously during plastic 
deformation with the grain refinement.  

Table 2. Mechanical properties of 316L with various plastic strain 

The ith 
tensile test 

Plastic strain εp 
(%) 

Yield strength 
σ0.2 (MPa) 

Young’s modulus 
Ei (GPa) 

Damage 
variable Di 

0 0 269.95 178.26 0 
1 5 398.19 178.62 -0.002 
2 10 462.1 174.69 0.02 
3 15 508.42 171.35 0.039 
4 20 540.65 170.02 0.046 
5 25 563.36 169.37 0.05 
6 30 579.51 166.37 0.067 
7 35 591.64 164.69 0.076 
8 40 600.5 160.33 0.101 

 
As shown in Figure 11, Young’s modulus decreases with the increase of plastic strain while the corresponding damage 

variable increases. According to continuum damage mechanics(CDM) [34], the initiation and growth of voids and micro-
cracks during tensile tests lead to the decrease of effective bearing area, and thus cause a reduction of effective elastic 
modulus. In the tensile process of 25%-40%, the change of damage variable is slightly larger than that of the first 20%. 
Therefore, the nonlinear equation was used to fit the relationship between damage variable D and plastic strain εp, and the 
fitting formula is shown in Eq.(8 . Besides, it should be pointed out that the young’s modulus of the original is less than 
the commonly known value for the 316L (about 190 GPa , which might be caused by the use of non-standard specimens. 

 
Figure 11. The variation of Young's modulus and damage variable with plastic strain 
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426.197 2.405 4.063 10 0.0059D                   (9  

Combined with Eq.(6  and Eq.(8 , we correlated the relative nonlinear parameter and the damage variable of 316L 
specimens with the same plastic strain, and the relationship was shown in Eq.(9 . Considering the material’s tensile 
strength, the formula is only applicable within 40% plastic deformation. Quantitative identification and evaluation of 
plastic damage in the failure process of the component by nonlinear ultrasonic test have a certain reference value for 
nondestructive testing technology to analyze metal material failure and predict the service life of equipment. 

 
3.3 Observation of microstructures and damage evolution analysis 

To study the relationship between microstructure evolution and ultrasonic nonlinearity as the plastic damage 
accumulation in 316L, the microstructures of the four different plastic strains (0%, 10%, 20%, and 40%  were 
examined in this section. 

 
(a) initial specimen 

 
(b) 10% plastic strain  

 
(c  20% plastic strain  

 
(d  40% plastic strain  

Figure 12. Metallographic observation of specimens with different plastic strains 

The metallographic observation, shown in Figure 12, indicates that the microstructure of the original specimen is 
austenite. From the sample with plastic deformation of 10%, it can be seen that the grain size is relatively small, 
and some grains are broken due to tensile action. In the sample with 20% plastic strain, it is observed that the grain 
is gradually elongated. Compared with the initial pattern, the grain size is significantly smaller, and the microstructure 
began to undergo phase transformation. As the deformation continues to increase, the degree of grain fragmentation 
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also increases. A large number of lath martensite structures can be obviously observed in the sample with plastic 
strain of 40%.  
3.3.1 TEM observations 

The representative TEM micrographs of the specimens with different plastic strains have been shown in Figure 13 which 
describe the evolution of dislocations during the deformation. Figure 13(a  shows that only a few dislocation lines are 
scattered in the original specimen. The dislocation density is low, which is about 0.747×1014m-2 according to Eq.(3 . As 
the plastic deformation increases to 10%, the dislocation lines in the sample increase significantly, and some complex 
dislocation configurations such as dislocation winding begin to appear. The dislocation density calculated with Figure 13(b  
is about 1.78×1014m-2. For the specimens with 20% and 40% plastic strain, the winding of dislocation lines is more 
complex and gradually forms a cellular structure. The calculation method of dislocation density by TEM photos is no longer 
applicable considering the formed dislocation cells and shear band shown in Figure 13(c  and (d . Therefore, based on the 
rheological method, this paper takes the dislocation density of the original specimen and 10% plastic strain specimen as 
the reference, and uses the flow stress formula (Eq.(10   to calculate the dislocation density 𝜌 of the samples with 20% 
and 40% plastic strain. The calculation results are 3.11×1014m-2 和 4.58×1014m-2, respectively.  

sGb             (10  

where 𝜎 is the flow stress (the value of σ is defined as 1.15 times of the average value of yield strength and tensile 
strength of the material , 𝜆 is a constant related to the material (0.3 ，G is the shear modulus (76 GPa , bs is the magnitude 
of the Burger vector (2.5 nm . 

 
(a) initial specimen 

 
(b) 10% plastic strain  

 
(c  20% plastic strain  

 
(d  40% plastic strain  

Figure 13. The TEM micrographs of 316L tensile specimens with different plastic strains: (a  0%, (b  10%, (c  20%, (d  
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3.3.2 EBSD observations 

Figure 14 shows the IPF images, KAM and GROD maps observed by EBSD scan of the different plastic strains 
specimens. The IPF image shows the grain size of sample with 10% plastic strain became smaller, and the grains of 20% 
and 40% plastic strain samples showed obvious elongation and fragmentation along the loading direction. Overall, 
according to the qualitative analysis in Figure 14, the value of KAM and GROD increase significantly with the increase 
of macro plastic deformation. Due to the different orientations of individual grains in the observation area, the local 
deformation of crystalline materials is non-uniform. Therefore, in this paper, intergranularly averaged KAM and GROD 
are used to quantitatively characterize the deformation degree at grain scale. Figure 15 shows the evolution law of the two 
intragranular misorientation parameters of 316L specimens during plastic deformation. When the specimen was stretched 
to 10% plastic deformation, KAM increased with a slow growth, while the greater plastic deformation lead to a rapid 
increase of the value. As for GROD, it is generally linear with plastic deformation. Both KAM and GROD establish a 
positive correlation with macro plastic deformation, which verifies the two-dimensional tensile model of polycrystalline 
materials proposed by Rui et al. [35], shown in Eq.(11) and Eq.(12). From Eq.(11), the KAM values is directly correlated 
to the EBSD scanning step s and average geometrically necessary dislocation density �̅�Gnd

𝑒 . The further suggests that, 
the KAM values can be used as an approximate measure of the real dislocation density if the step s is constant. From 
Eq.(12), the GROD values are not affected by the above variables. Thus, the GROD can be used for measuring of plastic 
deformation of specimen. 

* eGrainA A GrainB B
Gnd*

GrainA GrainB Grian

S KAM S KAM 24KAM
S S ππD

p
ssbs 


   

  
 

 (11) 

** PGrainA A GrainB B

GrainA GrainB

S KAM S KAM 2GROD
S S 3

 
   

 
 

              (12) 

where 𝜀𝑃 is the macro plastic strain and DGrian
∗  is the average grain size, SGrain A and KAMA are area and the average 

misorientation of grain A，respectively. * and **  are the proportionality coefficient which are independent of grain 

orientation.  
 

IPF 
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Figure 14. The IPF images, KAM and GROD maps obtained from EBSD scans of the different plastic strains specimens 

0.0 0.1 0.2 0.3 0.4
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

 KAM
 GROD

Plastic strain

I
n
t
e
r
g
r
a
n
u
l
a
r
l
y
 
a
v
e
r
a
g
e
d
 
K
A
M
（

d
e
g
r
e
e
）

 

1

2

3

4

5

6

7

I
n
t
e
r
g
r
a
n
u
l
a
r
l
y
 
a
v
e
r
a
g
e
d
 
G
R
O
D
 
(
d
e
g
r
e
e
)

 
Figure 15. Variation of KAM and GROD values with the plastic strain 

 

 

Figure 16. Comparison of variation trend of the β’/β0, normalized KAM and normalized dislocation density with plastic 
strain. 
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To study the relationship between the evolution state of microstructure and the ultrasonic nonlinearity of 316L during 
the damage process, the relative nonlinear parameter β’, KAM and dislocation density of the sample with different plastic 
strain were normalized respectively, and the variation of them were plotted in Figure 16. Although it can be seen that the 
variation trend of dislocation density is roughly consistent with the nonlinear parameter, it should be noted the increase of 
nonlinear dislocation density is greater than that of the other two parameters, and the slope of the curve changes at the 
strain of 20%. This may be due to the different calculation methods of dislocation density between the first two samples 
and the latter two samples. The complex microstructure such as dislocation entanglement and phase transition cannot be 
performed by the method of calculating dislocation density from TEM micrograph, which leads to a smaller calculation 
result. 

As an approximate measure of dislocation density, KAM  could more accurately characterize the microstructure 
evolution at the grain scale (including the dislocation proliferation, phase transformation etc.  by obtaining the information 
regarding strain distribution of local grain. Figure 16 clearly shows that the variation of the normalized KAM values 
follow the same trend as β’/β0 basically, as well as the amplitude. Combined with the observation of microstructures, it can 
conclude that the damage in 316L due to tensile is controlled by the microstructure changes such as the dislocation 
proliferation, martensitic transformation and phase boundaries etc. which directly affects nonlinear response of materials. 
From the damage evolution mechanism, it further demonstrated that the nonlinear ultrasonic parameter β can accurately 
evaluate the plastic damage and state of microstructure evolution of 316L. 
4. Conclusion 

In this paper, the nonlinear ultrasonic Lamb wave was used to evaluate the tensile damage of an austenitic stainless 
steel 316L. The nonlinear ultrasonic response of the specimen under different plastic deformation shows the sensitivity of 
the nonlinear ultrasonic parameter β to the early plastic damage and mechanical degradation of metal components. By 
observing the microstructure evolution during the damage process, the relationship between tensile damage and 
ultrasonic nonlinear response is discussed. The following remarks are obtained from the investigations mentioned above.  
(1) As the tensile damage of stainless steel 316L increases, the nonlinear ultrasonic parameter using Lamb wave 

increases monotonically. A power-law relationship between the relative nonlinear ultrasonic parameter β’ and 
plastic strain, shown in Eq.(6 , is presented. 

(2) The effects of different degrees of tensile test on the evolution of the microstructures were examined. During the tensile 
process, grain refinement and generation of martensitic transformation can be observed in the metallographic pictures 
of the material. From the TEM micrographs, it is seen that plane dislocations density increase rapidly during the 
initial deformation. When the plastic deformation reaches 20%, there are many complex dislocation patterns, 
such as dislocation winding and dislocation cell structure, and so on. KAM values, as a parameter for describing 
the strain distribution of grains, can approximately characterized the distribution of dislocation when the 
scanning step s is certain. Meanwhile, the same variation trend of KAM values and the normalized nonlinear 
parameter along with the increase of plastic strain, demonstrates the nonlinearity due to tensile damage is 
controlled by the evolution of microstructure that directly affects higher order elastic constant of stainless steel 
316L. This proves that the tensile damage of stainless steel 316L can be evaluated by nonlinear ultrasonic 
parameter from the damage mechanism. 

(3) Combined with the results of the cyclic tensile test, it can conclude that microstructure evolution, such as grain 
refinement, martensitic transformation and dislocation proliferation, are the main reasons for the increase of yield 
strength of 316L specimen after plastic deformation. The functional relation of damage variable D- relative nonlinear 
parameter β’ was proposed in this study based on the CDM by fitting the experimental values of the two 
parameters. It is of important reference value for NDT technology to evaluate mechanical properties quantitatively 
and predict service life. 
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