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摘要：本文利用岛津公司的 AG-X Plus电子万能试验机，配合全自动引伸计 SIE-560SA、宽度规 SGW-5与特制夹具建立一个单轴拉
伸试验与一个面内反向加载试验，分别获得材料相关性能数据。通过所得数据对部件进行 CAE分析。通过 CAE分析结果得出结论，
采用岛津 AG-X Plus电子万能试验机实测数据成功实现复杂形状汽车零件冲压成形高精度仿真的实例，其中通过平面内反向加载的试
验结果其数据更是大大提高了与实际冲压成形零件的轮廓精度符合率。

关键词：包辛格效应  单轴拉伸试验  面内反向加载试验  CAE分析

为了提高运输机械的燃油效率，要求降低车辆的重量。使用
高强度钢作为减轻重量的一种方法已引起注意，因为可以用较薄
的材料设计车身。然而，在使用高强度钢时，冲压成形后容易产
生形状缺陷，修改制造模具所需的时间和成本过高是一个问题。
尽管回弹是形状缺陷的一个因素，但近年来，随着CAE（Computer 

Aided Engineering）分析技术的进步和个人计算机计算速度的提
高，回弹现象预测的精度也有所提高。CAE分析作为一种缩短开
发时间、实现大幅度降低成本的技术，在冲压模具生产中也得到
了广泛的应用。

一般金属材料的性能值（默认值）预先记录在 CAE分析中使
用的冲压成形模拟分析软件中，并且可以使用这些值进行简单的

分析。但是，如果不进行修正，使用默认值直接进行模拟分析，
结果与冲压成形产品的实际形状尺寸会出现较大差异。这就意味
着，为了获得高精度的冲压成形模拟，必须使用材料试验机获得
各种精确性能值，并将这些值应用到模拟分析中。

如本文所述，利用单轴拉伸试验和面内反向加载试验获得的
材料性能精确数据。

采用岛津 AG-X Plus电子万能试验机进行试验、数据计算。
介绍了一个利用实测数据，成功实现复杂形状汽车零件冲压成形
高精度仿真的实例，大大提高了仿真分析与实际冲压成形零件的
轮廓精度符合率。

■实验部分
1.1 仪器
AG-X Plus电子万能试验机  SIE-560SA全自动引伸计   

SGW-5应变式宽度规
1.2 分析条件 

单轴拉伸控制方式：应变控制
单轴拉伸试验速率：0.005 /s

试验温度：室温
面内反向加载控制方式：位移控制
面内反向加载试验速率：1mm/min

传感器容量：100KN

引伸计标距：50mm

试样参数：按照 JIS Z 2241制作成哑铃形 5

平面内方向加载应变：+3%和 -3% 

■试验介绍
2.1单轴拉伸试验：
采用岛津万能试验机、自动伸长仪、宽度计等进行单轴拉伸

试验，获得了拉伸强度、弹性模量和 R值等拉伸性能数据。
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Acquisition of Material Property Values by 
Uniaxial Tensile Test 

Tensile property data, including the tensile elastic modulus, 
tensile strength, and r-value of high tensile strength steel, were 
acquired by a uniaxial tensile test using a Shimadzu Autograph 
universal testing instrument, automatic extensometer, and 
width meter. Fig. 3 shows the scene of the uniaxial tensile test, 
and Table 1 shows the test conditions. The average of the r-
values of specimens taken along the 0°, 45°, and 90° directions 
was also calculated and applied in the simulation. 
 

 
Fig. 3  Scene of Uniaxial Tensile Test 

 
Table 1  Test Conditions of Uniaxial Tensile Test 

Instrument : Shimadzu Autograph universal testing 
instrument 

Extensometer : SIE-560SA (GL=50) 
Width meter : SGW-5 
Test speed : 0.005 /s 
Testing machine 
control method 

: Strain rate control 

Software : TRAPEZIUM X (single) 
Specimen shape : JIS Z 2241 Dumbbell-shaped 5 

 
 

Acquisition of In-Plane Reverse Loading Test 
Data 

An in-plane reverse loading test of a high tensile strength steel 
sheet was conducted using the Shimadzu Autograph universal 
testing instrument and Bauschinger effect measurement jig. 
Fig. 4 shows the scene of the in-plane reverse loading test, and 
Table 2 shows the test conditions. In this test, the in-plane 
reverse loading strain was set to +3 % and -3 %. 
The Bauschinger effect measurement jig has a mechanism that 
makes it possible to attach a dedicated contact type 
extensometer, enabling accurate measurement of the strain 
generated in test specimens. An option that supports strain 
measurements using a strain gauge is also available with the 
Bauschinger effect measurement jig. 
Fig. 5 shows the tensile-compressive stress-strain curve obtained 
by the in-plane reverse loading test. A press-forming simulation 
analysis considering the influence of the Bauschinger effect is 
possible simply by exporting the data necessary in the 
simulation using a standard function of the testing machine 
control software, and inputting the data to the simulation 
software. 

  
Fig. 4  Scene of In-Plane Reverse Loading Test 

 
Table 2  Conditions of In-Plane Reverse Loading Test 

Instrument : Shimadzu Autograph universal testing 
instrument 

Jig : Bauschinger effect measurement jig 
Comb grip pressure : 5 MPa 
Extensometer : SG-50-50 (dedicated device for Bauschinger 

effect measurement jig) 
Test speed : 1 mm/min 
Software : TRAPEZIUM X (control) 
Stress reversal strain : 3 %  -3 % 

 

 
Fig. 5  Stress-Strain Curve Obtained by In-Plane Reverse Loading 
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2.2面内反加载试验：
利用岛津万能试验机和包辛格效应测试夹具，对一种高强

度钢板进行了平面内反向加载试验。包辛格效应测量夹具可以
附加一个专用的接触式引伸计 SG-50-50，能够精确测量试样
中产生的应变。除此以外，此套测试夹具也可配合相应的电阻
片式应变仪测试其样品应变值。

3.2通过所得数据导入 CAE计算进行对比
使用三组分析条件：模拟软件默认值、使用高强度钢单轴

拉伸性能数据、使用单轴拉伸性能数据和面内反向加载数据。
其结果分别如下

3.3 试验结果分析
图 1,2,3 分别示出了实际面板的每个测量点与理想形状

的偏差量和模拟结果。如果实际结果与模拟结果的偏差在
±0.5mm以内，则表示测量点的数字显示在蓝色框中，如果偏
差量大于±0.5mm，则测量点的数字显示在红色框中。在这些
结果中，实际面板和模拟面板之间的差异在测量点 1、2、13

和 14处趋于较大，这些测量点位于零件边缘。可以看到最大
的有 1mm的差值。

 
 

图 1 使用默认值偏差结果

图 2 使用单轴拉伸性能数据偏差结果

图 3 使用单轴拉伸性能数据和面内反向加载数据的偏差结果

■结果与讨论
3.1 面内反向加载试验结果
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simulation using a standard function of the testing machine 
control software, and inputting the data to the simulation 
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Fig. 4  Scene of In-Plane Reverse Loading Test 

 
Table 2  Conditions of In-Plane Reverse Loading Test 

Instrument : Shimadzu Autograph universal testing 
instrument 

Jig : Bauschinger effect measurement jig 
Comb grip pressure : 5 MPa 
Extensometer : SG-50-50 (dedicated device for Bauschinger 

effect measurement jig) 
Test speed : 1 mm/min 
Software : TRAPEZIUM X (control) 
Stress reversal strain : 3 %  -3 % 

 

 
Fig. 5  Stress-Strain Curve Obtained by In-Plane Reverse Loading 
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Results of Press-Forming Simulation and 
Profile Accuracy Coincidence Rate 

In order to compare the profile accuracy of a press-forming 
simulation and an actual press-formed product (actual panel), 
the coincidence rate of the simulation and the actual panel was 
evaluated at the 18 points shown in Fig. 6. Fig. 7 shows the 
relationship between the actual panel and the pressing direction. 
The profile accuracy coincidence rate is defined as the ratio of 
points where the difference between the actual panel and the 
simulation result is within ±0.5 mm, and is calculated using the 
following equation. 
 
Profile accuracy coincidence rate (%) = NP / 18 × 100 Eq. (1) 
 

NP :  Number of points having error with actual panel of within 
±0.5 mm 

 

In the press-forming simulation, analyses were carried out under 
the following three conditions. 
 
[Analysis condition ] 
Use default values registered as standard values in the press-
forming simulation software. 
 

[Analysis condition ] 
Use uniaxial tensile property data of high tensile strength steel. 
 

[Analysis condition ] 
Use uniaxial tensile property data and data obtained by in-plane 
reverse loading test of high tensile strength steel. 

 
Fig. 6  Profile Accuracy Measurement Points 

 

 
Fig. 7  A-A’ Section and Pressing Direction 

Simulation Using Default Values 
Fig. 8 and Fig. 9 show the simulation results for analysis 
condition . Fig. 8 shows the amount of deviation from the ideal 
shape at each of the measurement points for the actual panel 
and the simulation result. If the deviation between the actual 
and simulation results is within ±0.5 mm, the number indicating 
the measurement point is shown in a blue box, and if the amount 
of deviation is larger than ±0.5 mm, the measurement point 
number is shown in a red box. (The same notation is also used in 
the following Fig. 10 and Fig. 12.) In these results, the difference 
between the actual panel and the simulation tended to be large 
at measurement points 1, 2, 13, and 14, which are located at the 
edges of the part where blank-holding was applied. A maximum 
difference of 1 mm can be seen. 
Fig. 9 shows contour figures, which visually represent the 
amount of difference from the ideal shape for actually-produced 
panel and the simulation result. The degree of coincidence of the 
actual part shape (actual panel) and the ideal shape and 
coincidence of the simulation result and the ideal shape are 
expressed by color, where warmer colors represent a larger error 
to the positive direction and cooler colors represent a larger error 
to the negative direction in comparison with the ideal shape. 
Differences between the actual panel and the simulation result 
are apparent, even visually, as points which do not coincide can 
be seen at various places. The profile accuracy coincidence rate 
of the actual panel and the simulation result was 28 %.  

 
Fig. 8  Deviation of Profile Accuracy for Analysis Condition  (Use 

of Default Values) 
 

 
Fig. 9  Profile Accuracy Contour Figures for Analysis Condition  

(Use of Default Values) 
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Simulation Using Uniaxial Tensile Test Property 
Data 

Fig. 10 and Fig. 11 show the simulation results for analysis 
condition . At measurement points 1 and 2, the amount of 
difference between the actual panel and the simulation result is 
similar to that in the simulation using the default values. However, 
the profile accuracy coincidence rate has improved to 50 %. Points 
which improved in comparison with the simulation using the 
default values could not be seen in the contour figures in Fig. 11. 

 
Fig. 10  Deviation of Profile Accuracy for Analysis Condition  

(Use of Uniaxial Tensile Property Data) 
 

 
Fig. 11  Profile Accuracy Contour Figures for Analysis Condition  

(Use of Uniaxial Tensile Property Data) 

 
Simulation Considering Uniaxial Tensile Test 
Property Data and Bauschinger Effect 

Fig. 12 and Fig. 13 show the simulation results for analysis 
condition . The amount of difference between the actual panel 
and the simulation result increased at measurement points 1 and 
2, but decreased at points 13 and 14. In addition to this, the 
number of measurement points where the amount of difference 
was held to within ±0.5 mm also increased, and as a result, the 
profile accuracy coincidence rate improved to 61 %. Comparing 

the simulation result using the default values and the result 
using the uniaxial tensile property data in the contour figures in 
Fig. 13, a particularly large improvement could be observed on 
the front side. Based on these facts, it was found that applying 
not only material property data obtained by the uniaxial tensile 
test, but also data obtained by an in-plane reverse loading test 
considering the Bauschinger effect is important for achieving 
high accuracy in press-forming simulation analysis. 

 
Fig. 12  Deviation of Profile Accuracy for Analysis Condition  

(Use of Uniaxial Tensile Property Data and In-Plane Reverse 
Loading Test Data) 

 

 
Fig. 13  Profile Accuracy Contour Figures for Analysis Condition  

(Use of Uniaxial Tensile Property Data and In-Plane Reverse 
Loading Test Data) 

 
Conclusion 

This study clarified the fact that high accuracy can be achieved 
in press-forming simulations of automotive parts by applying 
material property values of high tensile strength steel obtained 
using the Shimadzu Autograph universal testing instrument, 
various extensometers and widthmeters, and the Bauschinger 
effect measurement jig. 

 
Autograph and TRAPEZIUM are trademarks of Shimadzu Corporation in Japan and/or other countries. 
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■结论
本研究使用岛津电子万能试验机 AG-X Plus，使用包辛格

效应试验系统对高强度钢在汽车部件 CAE计算分析中的所需的
分析数据进行测试，使用该数据与使用默认数据取得的结果进
行比较，可以表明使用包辛格效应对高强度钢的测试分析具有
重大意义。

由图 2和图 3可以分析对比出计算与分析条件同是单轴拉
伸条件下有无考虑包辛格效应的的模拟结果差异。在测量点 1

和 2，实际面板和模拟结果之间的差异量增加，但在测量点 13

和 14，差异量减少。除此之外，差量保持在±0.5mm范围内
的测量点数量也增加了，轮廓精度符合率提高到 61%。另一方
面，使用图 3中的单轴拉伸性能数据和面内反向加载数据与默
认值模拟结果比较，在部件前侧有特别大的改进。基于这些事
实，发现应用单轴拉伸试验获得的材料特性数据并加上考虑包
辛格效应的面内反向载荷试验所获得的数据，对于实现冲压成
形模拟分析的高精度是十分重要的。
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