
摘要：本文使用岛津公司 USF-2000A超声波疲劳试验机，对合
金结构钢 SNCM439的三个样品进行超声波疲劳试验，并配合
岛津公司 EPMA电子探针对断裂横截面进行分析，观察结构钢
中引起疲劳断裂的夹杂物并确定其元素。
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高强度钢是一类比普通结构钢强度更高的材料，众所周知，
对于大多数结构金属材料，，在施加至 106次荷载之前，疲劳
强度会降低，从 107次开始之后达到疲劳极限强度，此时在此
应力或者应力幅度下无限次循环也不会发生疲劳断裂。然而，
通过研究发现，对于硬化或表面处理的高强度金属材料，内部
夹杂物会成为疲劳断裂的根源，在 108至 109次循环时也会导
致断裂。另一方面，近年来，工业产品的功能性和耐久性要求
越来越高，根据这一趋势，金属材料成型工业产品也必须满足
严格的高强度要求。因此，传统的最大负荷周期为 107次的测
试现在是不够的，超过 109个周期的疲劳试验已经成为必需的。
然而，对于一般的液压疲劳试验机，这样的疲劳试验将需要相
当长的时间。例如，在 10赫兹的频率下进行 109个周期的试验，
理论上需要大约 3.2年。本试验使用的超声波疲劳试验系统能
够在 20 kHz的频率下进行试验，在约 14小时内完成 109个循
环的试验。因此，该测试系统是一个非常有效率的测量系统，
用于超过 109个循环的疲劳试验。

本试验中，利用 USF-2000A 超声波疲劳试验机对 SNC- 

M439进行疲劳试验，在相同应力幅度的条件下测试其破坏时
循环次数，并且通过电子探针分析其断裂面夹杂物元素，分析
其断裂因素。通过实际的疲劳试验，该系统对检测内部夹杂物
是非常有效的。 

■实验部分
1.1 仪器
USF-2000A超声波疲劳试验机  辐射温度计  电涡流位移传

感器  EPMA电子探针显微分析仪
1.2 样品尺寸与分析条件
样品名称：SNCM439

应力振幅： 900MPa

间歇操作：振动时间 300ms

                 停歇时间 200ms

最大循环次数：1*1010

样品数量：3

应力比：-1

频率：20kHz 

■试验介绍
我们使用 USF-2000A超声波疲劳测试系统进行测量。图 1

为超声波疲劳测试系统，其中包括有电涡流位移传感器，风冷
装置与辐射温度计。 疲劳试验结束后取图 3（光学显微镜图像）
样品断裂截面。使用图 2中 EPMA-8050G 电子探针显微分析
仪对截面中的夹杂物进行分析。

材料试验 USF-2000A

利用超声疲劳检测系统检测金属材料中的
夹杂物
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Generally it is known that with most structural metal 
materials the fatigue strength lowers until a load is applied 
106 times, and from 107 times onward the fatigue limit is 
reached, at which no fatigue fracture will occur. However, 
it is also revealed that with high-strength metal materials 
that are hardened or surface treated, internal inclusions 
become an origin of a fatigue fracture and cause a fracture 
even at 108 to 109 cycles. When a fracture occurs from the 
inside, it is considered that the fatigue strength depends 
on the size and kind of internal inclusions. Consequently, 
to evaluate the fatigue strength of high-strength metal 
materials, it is important to know the size and kind of 
inclusions present in the metal materials. There are some 
methods for inclusion detection, such as mirror polishing 
and observing the surface of the specimen; however, no 
one can tell whether a fatigue fracture starts from the 
detected inclusion. Therefore, to detect inclusions which 
lead to an internal fracture, it is best to actually carry out a 
fatigue test*1. However, a fatigue test exceeding 109 
loading cycles at 10 Hz will take approx. 3.2 years. The 
ultrasonic fatigue testing system used for this experiment 
enables testing at a frequency of 20 kHz, achieving a test 
with 109 cycles in about 14 hours. Such a system is very 
effective to detect internal inclusions through actual 
fatigue testing. 
In this experiment, we performed the detection of 
inclusions in an SNCM439 specimen using the ultrasonic 
fatigue testing system, USF-2000A, and observed the 
inclusions using the electron probe micro analyzer, EPMA, 
to identify their elements. 

F. Yano, T. Ono 
 

 Inclusion Detection by Ultrasonic Fatigue 
Testing 

Fig. 1 shows the testing system configuration. Table 1 
gives the testing equipment used and Table 2 gives the 
test conditions. The stress amplitude that could cause an 
internal fracture was assumed to be 900 MPa based on the 
previous report*2. The testing results are listed in Table 3. 
The number of cycles to failure was in the range of 2.91 × 
107 to 6.27 × 108, indicating a difference of more than 
tenfold at the maximum. All fractures were originated 
from internal inclusions. For reference, a photo (optical 
microscope image) of the fractured surface of specimen 
#3 is shown in Fig. 2. In the case of a fracture originating 
from an inclusion, a condition referred to as a "fish eye"*3 
is observed on the fractured surface, which indicates the 
progression of fracture in a circular pattern with the 
inclusion at the center. 
 

Table 1  Testing System 
 

Testing system : Ultrasonic Fatigue Testing System USF-2000A
Thermometer : Radiation thermometer 
Displacement meter : Eddy current displacement sensor 

 
Picture of the Test 

 

 
Photo of the Fractured Surface (Optical Microscope) 

 
Table 2  Test Conditions 

Specimen : SNCM439 
Stress amplitude : 900 MPa 
Maximum cycles : 1 × 1010 
Number of specimens : n = 3 
Stress ratio : −1 
Frequency : 20 kHz 
Intermittent operation : Oscillation time: 300 ms, 

non-oscillation time: 200 ms
 

Table 3  Test Results 

Specimen Stress amplitude  
[MPa]

Number of 
cycles to failure

1 900 6.27 × 108

2 900 1.06 × 108

3 900 2.91 × 107
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Specimen : SNCM439 
Stress amplitude : 900 MPa 
Maximum cycles : 1 × 1010 
Number of specimens : n = 3 
Stress ratio : −1 
Frequency : 20 kHz 
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图 1 超声波疲劳试验系统

图 2 EPMA-8050G电子探针显微分析仪
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■试验结果与分析
3.1试验结果

表 1 试验数据

样品 应力幅度 [MPa] 疲劳加载次数

#1 900 6.27 × 108

#2 900 1.06 × 108

#3 900 2.91 × 107

由上述的试验条件所得试验结果数据为表 1，循环次数为
2.91×107～ 6.27×108，最大值相差十倍以上，所有疲劳断裂
均由内部引起。作为参考，图 3显示了断裂面（光学显微镜图像），
其中夹杂物作为引起断裂的根源，可以在图像中看出类似“鱼眼”
状的黑点呈现被包围状的处于断裂面中心，这也可以进一步说
明，断裂的形式是以圆形扩散的模式进行的。

3.2 电子探针显微分析图像
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 Observation and Analysis of Inclusions with an 
Electron Probe Micro Analyzer 

To examine the fractured surface condition as well as the size 
and kind of inclusions in metal materials after a fatigue test, 
we used the electron probe micro analyzer, EPMA-8050G. Fig. 
3, Fig. 4 and Fig. 5 show respective observation images 
(secondary electron images) of the fractured surfaces and 
inclusions on specimens #1, #2 and #3. On all specimens, the 
fracture was developed from an internal inclusion, indicating 
that inclusions are the origin of fatigue fractures. The size 
(major diameter) of the inclusion obtained from the images is 
listed in Table 4. Table 3 and Table 4 together indicate that 
the larger the inclusion size is, the smaller the number of 
cycles to failure, suggesting that fatigue strength is affected 
by the size of the inclusion. 
Following the above observation, we performed a mapping 
analysis to determine the constituent elements of inclusions 
on the specimens. The mapping analysis results of the 
inclusion of specimen #1 are shown in Fig. 6. Image (a) in Fig. 
6 shows the secondary electron image which is suitable for 
grasping the profile of the inclusion. Image (b) helps to 
understand the relative composition of constituent elements. 
In this backscattered electron image, the smaller the mean 
atomic number the darker it appears and the larger the 
brighter. Images (c) to (f) show the distribution images of O, 
Al, S, and Mn and indicate that these elements are contained 
in inclusions at high concentrations. From these results, the 
inclusions proved to be alumina (Al2O3) and manganese 
sulfide (MnS). Inclusions in specimens #2 and #3 were also 
found to be mainly alumina and manganese sulfide. 

 
Observation Image of an Inclusion in Specimen #1 

(Secondary Electron Image) 

 
Observation Image of an Inclusion in Specimen #2 

(Secondary Electron Image) 

 
Observation Image of an Inclusion in Specimen #3 

(Secondary Electron Image) 

Table 4  Size of Inclusions 
Specimen # Specimen #1 Specimen #2 Specimen #3

Size (Major Diameter) 
of Inclusions 16 μm 20 μm 22 μm 

 

 

Mapping Analysis Results of Specimen #1 
(a) Secondary Electron Image,  

(b) Backscattered Electron (Composition) Image,  
(c) O-distribution Image, (d) Al-distribution Image,  
(e) S-distribution Image, (f) Mn-distribution Image 

 

 Conclusion 
In this experiment, we performed the detection of inclusions 
in metal materials using an ultrasonic fatigue testing system. 
Actual fatigue testing is the best way for detecting inclusions 
which may cause an internal fracture and an ultrasonic 
fatigue testing system is an effective means to drastically 
shorten the testing time. In addition, we analyzed the 
inclusions using an electron probe micro analyzer to 
determine the size and constituent elements of each 
inclusion. From this, we confirmed that the size of inclusions 
may be affecting the variation in the number of cycles to 
failure and that observation of the fractured surface is 
indispensable in ultrasonic fatigue testing.  
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图 3 断裂截面

图 4 样品 #1夹杂物显微观察图（二次电子图像）

图 6 样品 #3夹杂物显微观察图（二次电子图像）

图 7 样品 #1映射分析

图 5 样品 #2夹杂物显微观察图（二次电子图像）
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Observation Image of an Inclusion in Specimen #1 
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Observation Image of an Inclusion in Specimen #3 
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Mapping Analysis Results of Specimen #1 
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 Conclusion 
In this experiment, we performed the detection of inclusions 
in metal materials using an ultrasonic fatigue testing system. 
Actual fatigue testing is the best way for detecting inclusions 
which may cause an internal fracture and an ultrasonic 
fatigue testing system is an effective means to drastically 
shorten the testing time. In addition, we analyzed the 
inclusions using an electron probe micro analyzer to 
determine the size and constituent elements of each 
inclusion. From this, we confirmed that the size of inclusions 
may be affecting the variation in the number of cycles to 
failure and that observation of the fractured surface is 
indispensable in ultrasonic fatigue testing.  
 

 
 
 
References 
*1 Yoshiyuki Furuya, Saburo Matsuoka, Takayuki Abe: Tetsu-to-

Hagane, Vol. 88 (2002) No. 10 (in Japanese) 
*2 Application News No. i258 
*3 Yoshiaki Akiba, Keisuke Tanaka, Akira Nakatsu: Transactions of the 

JSME (Part A) Vol. 70 No. 695 (2004-8) (in Japanese) 

 
 

 

Application 
News 

No. i259 

First Edition: Jul. 2017

 
 
 

For Research Use Only. Not for use in diagnostic procedure. 

This publication may contain references to products that are not available in your country. Please contact us to check the availability of these 
products in your country. 
 
The content of this publication shall not be reproduced, altered or sold for any commercial purpose without the written approval of Shimadzu.  
Company names, product/service names and logos used in this publication are trademarks and trade names of Shimadzu Corporation or its  
affiliates, whether or not they are used with trademark symbol “TM” or “ ”. Third-party trademarks and trade names may be used in this  
publication to refer to either the entities or their products/services. Shimadzu disclaims any proprietary interest in trademarks and trade names  
other than its own. 
 
The information contained herein is provided to you "as is" without warranty of any kind including without limitation warranties as to its  
accuracy or completeness. Shimadzu does not assume any responsibility or liability for any damage, whether direct or indirect, relating to the  
use of this publication. This publication is based upon the information available to Shimadzu on or before the date of publication, and subject  
to change without notice. 

© Shimadzu Corporation, 2017

www.shimadzu.com/an/ 

 Observation and Analysis of Inclusions with an 
Electron Probe Micro Analyzer 

To examine the fractured surface condition as well as the size 
and kind of inclusions in metal materials after a fatigue test, 
we used the electron probe micro analyzer, EPMA-8050G. Fig. 
3, Fig. 4 and Fig. 5 show respective observation images 
(secondary electron images) of the fractured surfaces and 
inclusions on specimens #1, #2 and #3. On all specimens, the 
fracture was developed from an internal inclusion, indicating 
that inclusions are the origin of fatigue fractures. The size 
(major diameter) of the inclusion obtained from the images is 
listed in Table 4. Table 3 and Table 4 together indicate that 
the larger the inclusion size is, the smaller the number of 
cycles to failure, suggesting that fatigue strength is affected 
by the size of the inclusion. 
Following the above observation, we performed a mapping 
analysis to determine the constituent elements of inclusions 
on the specimens. The mapping analysis results of the 
inclusion of specimen #1 are shown in Fig. 6. Image (a) in Fig. 
6 shows the secondary electron image which is suitable for 
grasping the profile of the inclusion. Image (b) helps to 
understand the relative composition of constituent elements. 
In this backscattered electron image, the smaller the mean 
atomic number the darker it appears and the larger the 
brighter. Images (c) to (f) show the distribution images of O, 
Al, S, and Mn and indicate that these elements are contained 
in inclusions at high concentrations. From these results, the 
inclusions proved to be alumina (Al2O3) and manganese 
sulfide (MnS). Inclusions in specimens #2 and #3 were also 
found to be mainly alumina and manganese sulfide. 
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Table 4  Size of Inclusions 
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Mapping Analysis Results of Specimen #1 
(a) Secondary Electron Image,  

(b) Backscattered Electron (Composition) Image,  
(c) O-distribution Image, (d) Al-distribution Image,  
(e) S-distribution Image, (f) Mn-distribution Image 

 

 Conclusion 
In this experiment, we performed the detection of inclusions 
in metal materials using an ultrasonic fatigue testing system. 
Actual fatigue testing is the best way for detecting inclusions 
which may cause an internal fracture and an ultrasonic 
fatigue testing system is an effective means to drastically 
shorten the testing time. In addition, we analyzed the 
inclusions using an electron probe micro analyzer to 
determine the size and constituent elements of each 
inclusion. From this, we confirmed that the size of inclusions 
may be affecting the variation in the number of cycles to 
failure and that observation of the fractured surface is 
indispensable in ultrasonic fatigue testing.  
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表 2 夹杂物尺寸

样品 #1 #2 #3

夹杂物尺寸（外径 μm） 16 20 22

为了检查疲劳试验后金属材料的断裂表面状况以及夹杂物
的大小和种类，我们使用电子探针显微分析仪 EPMA-8050G。
图 4、图 5和图 6分别显示了试样 1、2和 3上断裂表面和夹杂
物的观察图像（二次电子图像）。在所有的试件上，断裂是由
内部夹杂发展而来的，这表明夹杂是疲劳断裂的根源。从图像
中获得的夹杂物尺寸（大直径）如表 2所示。结合表 1和表 2

可以说明，夹杂物尺寸越大，失效循环次数越少，表明疲劳强
度受夹杂物尺寸的影响。

3.2 电子探针显微分析图像
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■结论
在本实验中，我们使用超声波疲劳测试系统来检测金属材

料中的夹杂物。实际疲劳试验是检测可能导致内部断裂的夹杂
物的最佳方法，而超声疲劳试验系统是大幅度缩短试验时间的
有效手段。此外，我们还利用电子探针显微分析仪对其中的夹
杂物进行了分析，以确定其大小和组成元素。由此，我们证实
了夹杂物的尺寸可能会影响失效循环次数的变化，并且在超声
疲劳试验中，观察断裂表面是非常有意义的。

在上述观察之后，我们进行了映射分析，以确定试样上夹
杂物的组成元素。试样 #1夹杂物的映射分析结果如图 7所示。
图 7中的图像（a）表示出了能清晰表现出夹杂物轮廓的的二次
电子图像。图像（b）为该夹杂物的背散射电子图像，有助于
理解组成元素的相对组成。在图像中，平均原子序数越小，它
看起来越暗，反之越亮。图像（c）到（f）显示了 O、Al、S和
Mn的分布图像，表明这些元素在夹杂物内的浓度含量。结果表
明，夹杂物为氧化铝和硫化锰。2号和 3号试样中的夹杂物也
主要是氧化铝和硫化锰。
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