
材料试验 AG-X plus

复合材料冲击后压缩试验

摘要：本文使用岛津公司 AG-X plus电子万能试验机，根据 ASTM D7137和 JIS K7089两种测试标准要求，采用位移速度控制方法对
受到冲击后的复合材料样品进行压缩试验。试验证明，岛津公司 AG-X plus可满足试验标准的各项指标要求。

关键词：复合材料   剪切试验

碳纤维增强复合材料 (CFRP：Carbon fiber reinforced plastic)
与金属材料相比，比强度和比刚度较高，因其重量轻可节约燃料，
所以被广泛应用于航空和航天领域。但是，CFRP 在纤维方向有
着优势，但与纤维垂直的方向及层间的强度较低，如在 CFRP 层
压板上施加压力，与纤维平行的方向可能会产生基质裂纹或发生
层间剥离。并且 CFRP 的韧性较低，抗冲击能力较弱。也就是说，
对 CFRP 层压板施加冲击负荷时，虽然并未发生外伤，但其内部
可能已发生了基质破裂或层间剥离。现实中可能对 CFRP 造成冲

击负荷的示例有：工具掉落到 CFRP 制造的航空器机翼上，或在
着陆时有碎石冲撞到机翼上等情况。因而，需要假设发生此类现
象为前提进行试验。冲击后压缩试验（CAI：Compression after 

impact）即为其中之一。在冲击后压缩试验中，我们对样片施加
指定的冲击载荷，通过非破坏性检查对样片的损伤程度进行检查，
其后使用该样片进行压缩试验。本文向您介绍按ASTM D7137（JIS 

K 7089）进行冲击后压缩试验的示例。

■实验部分
1.1 仪器
AG-X plus电子万能试验机  冲击后压缩试验夹具  

1.2 分析条件 

速度控制方式：位移速度控制
试验温度：室温
加载试验速率：1.25mm/min

传感器容量：250KN

软件：TRAPEZIUM X

试验夹具：冲击后压缩试验夹具

■试验介绍
2.1冲击试验
在冲击试验中使重量为 5kg，径距为 16mm的半球状前端的

钢球锤头，掉落至样片的中央，以对样片造成冲击。样片用 4 点
铰接夹进行固定。由于标准中规定尽量避免二次冲击，因而试验
中采用了防止二次冲击的结构。按照标准推荐的对每 1mm的样
片厚度施加 6.67J的冲击能量。本次试验中为了进行比较，对每 

1 mm的样片厚度分别施加 6.7、5.0、3.3、1.7 J 共 4 个等级的
冲击能量。      

2.2非破坏性检查
冲击试验后，使用非破坏性检查装置对层压板内发生的层间

剥离面积及最大径距进行测量。在冲击后压缩试验的非破坏性检
查中，通常使用超声波探伤装置。根据标准规定，在超声波探伤
试验后，如果样片宽度的一半以上发生损伤，对整个截面的影响
过大，需要降低冲击能量。图 2 为超声波探伤的试验状况。图 3

为采用冲击能量 30.5 J进行冲击试验后的样片。由此可知，样片
中央位置出现凹痕，但无法确认层间剥离导致的损伤区域。图 4 

为各冲击能量下的超声波探伤结果。其中白色部分是发生层间剥
离的区域。颜色越亮，表示剥离越严重。与图 3 比较可知，中央
的凹痕以外的地方也发生了层间剥离，由此说明无法根据外部损
伤确认内部损伤。还可知冲击能量越大，损伤面积就越大。根据
超声波探伤试验得到的图像计算损伤面积和最大径距。以冲击能
量 30.5 J 为例，计算损伤面积和最大径距后的图像如图 5所示。
图 6 和图 7 为冲击能量对应的损伤面积和最大径距。

表 1  样品信息
尺寸 (mm) : 100X450X4.36

层压方法 : (45/0-45/90)

材质 : T800，22525-21

表 2  冲击试验条件
冲击能量 (J) : 30.5，22.9，15.2，7.6

试验次数 : n=4

图 1 冲击试验
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 Introduction
Carbon fiber reinforced plastic (CFRP) has a higher 
specific strength and rigidity than metals, and is used in 
aeronaut ics and as t ronaut ics to improve fue l 
consumption by reducing weight. However, CFRP only 
exhibits these superior properties in the direction of its 
fibers, and is not as strong perpendicular to its fibers or 
between its laminate layers. When force is applied to a 
CFRP laminate board, there is a possibi l ity that 
delamination and matrix cracking will occur parallel to 
its fibers. Furthermore, CFRP is not particularly ductile, 
and is known to be susceptible to impacts. When a 
CFRP laminate board receives an impact load, it can 
result in internal matrix cracking and delamination that 
is not apparent on the material surface. There are many 
situations in which CFRP materials may sustain an 
impact load, such as if a tool being dropped onto a 
CFRP aircraft wing, or small stones hitting the a CFRP 
wing during landing. Consequently, tests are required 
for these scenarios. One of these tests is compression 
after impact (CAI) testing. CAI testing involves 
subjecting a specimen to a prescribed impact load, 
checking the state of damage to the specimen by a 
nondestruct ive method, and then performing 
compression testing of that specimen. This article 
describes CAI testing performed according to the ASTM 
D7137 (JIS K 7089) standard test method.

 Measurements Taken Before Compression After 
Impact Testing

(1) Impact Test
The impact test involved dropping a 5 kg steel ball 
striker formed with a 16 mm diameter hemispherical 
point in the middle of the specimen. The specimen is 
fixed in place with four toggle clamps. The standard 
test method states that avoiding a second impact is 
preferred, so impact testing was performed with a 
mechanism that prevented second impacts. The impact 
energy recommended in the standard test method is 
6.67 J per 1 mm of specimen thickness. For the 
purpose of comparison, the test was performed at four 
impact energies of 6.7, 5.0, 3.3, and 1.7 J per 1 mm 
thickness. Information on the specimen used is shown 
in Table 1. The test setup is shown in Fig. 1, and test 
conditions are shown in Table 2.

Dimensions [mm] : 100 × 150 × 4.56
Lamination Method : [45/0/–45/90] ns
Material   : T800, 2252S-21

Table 1  Specimen Information

Striker

Specimen
Toggle clamp

Fig. 1  Impact Test Setup

Impact Energy : 30.5, 22.9, 15.2, 7.6 [J]
No. of Tests : n = 4

Table 2  Impact Test Conditions

(2) Non-Destructive Inspection
After the impact test, the delamination area and 
maximum delamination length that resulted inside the 
laminate board were measured by nondestructive 
analysis. An ultrasonic flaw detection device is normally 
used for the non-destructive inspection step of CAI 
testing. The standard test method states that if 
ultrasonic flaw detection shows damage is present 
across more than half the width of the specimen, edge 
effects cannot be ignored and lowering the impact 
energy should be considered. Fig. 2 shows the setup for 
ultrasonic flaw detection.

Fig. 2  Ultrasonic Flaw Detection

图 3 冲击后的图片（30.5J）
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Fig. 3 shows the specimen after an impact test 
with an impact energy of 30.5 J. Fig. 3 shows an 
indentation in the middle of the specimen, but 
does not show the area of damage caused by 
delamination. Fig. 4 shows the results of ultrasonic 
flaw detection at each impact energy. The white 
areas in Fig. 4 are regions of delamination. Brighter 
areas show greater delamination. Comparison with 
Fig. 3 shows that delamination also occurs in areas 
other than the indentation in the center of the 
spec imen, and the extent of interna l damage 
cannot be determined based on external damage. 
The re su l t s  a l so  show tha t  the damage a rea 
increases as the impact energy increases.

Fig. 3  Specimen After Impact Test (30.5 J Impact Energy)

30.5 J 22.9 J

15.2 J 7.6 J

Fig. 4  Results of Ultrasonic Flaw Detection at Each 
Impact Energy

The damage area and maximum damage length are 
calculated from the images obtained by ultrasonic 
f law detection. As an example, images used to 
calculate the damage area and maximum damage 
length after an impact energy of 30.5 J are shown in 
Fig. 5. Fig. 6 shows the relationship between damage 
area and impact energy, and F ig. 7 shows the 
relationship between maximum damage length and 
impact energy.
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Fig. 5  Images of Damaged Area and Maximum Damage Length

Fig. 6  Relationship between Damage Area and Impact Energy
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Fig. 7  Relationship between Maximum Damage Length and 
Impact Energy
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Impact Energy [J]
Compression-After-

Impact Strength
[MPa]

Compressive Elastic
Modulus After
Impact [GPa]

30.5 162.9 57.2

22.9 203.3 56.4

15.2 246.4 56.0

7.6 308.6 56.3
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 Measurement System for Compression After 
Impact Testing

Two strain gauges must be attached to the front 
and back of the specimen. A specimen with strain 
gauges attached is shown in Fig. 8. The specimen 
shown in Fig. 8 is compressed at up to 10 % its 
expected compressive strength following impact in a 
longi tud ina l  d i rect ion, and the CAI test ing i s 
performed after confirming the difference between 
front and rear strain gauges is within 10 %. Test 
conditions are shown in Table 3. The test setup is 
shown in Fig. 9, and test equipment used is shown 
in Table 4.

Fig. 8  Specimen

Test Speed : 1.25 mm/min
No. of Tests : n = 4

Table 3  Test Conditions

Fig. 9  Test Setup

Testing Machine : AG-Xplus
Load Cell : 250 kN
Test Jig : Compression after impact test jig

Table 4  Experimental Equipment

 Test Results
Examples of stress-strain curves at each impact energy 
are shown in Fig. 10. The compression-after-impact 
strength and mean compressive elastic modulus after 
impact are shown for each impact energy in Table 5. 
The standard test method states the compressive elastic 
modulus after impact should be calculated in the range 
of 0.1 % to 0.3 % strain. However, the breaking strain 
of one or more specimens was 0.3 % after the 30.5 J 
impact energy, and so for these specimens the elastic 
modulus was calculated from a linear region. Fig. 10 
and Table 5 show the smaller the impact energy the 
larger the compression-after-impact strength. They also 
show the compressive elastic modulus after impact is 
almost constant regardless of impact energy.
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Fig. 10  Stress-Strain Curve

Table 5  Test Results (Mean)

图 5 探伤面积与最大径距示例

图 8 样片

图 2 超声波探伤

图 7 冲击能量对应最大径距

图 6 冲击能量对应损伤面积

图 9 试验装置

图 4 各冲击能量的探伤结果

Impact Energy [J]
Compression-After-

Impact Strength
[MPa]

Compressive Elastic
Modulus After
Impact [GPa]

30.5 162.9 57.2

22.9 203.3 56.4

15.2 246.4 56.0

7.6 308.6 56.3

Application
News

No.i254

 Measurement System for Compression After 
Impact Testing

Two strain gauges must be attached to the front 
and back of the specimen. A specimen with strain 
gauges attached is shown in Fig. 8. The specimen 
shown in Fig. 8 is compressed at up to 10 % its 
expected compressive strength following impact in a 
longi tud ina l  d i rect ion, and the CAI test ing i s 
performed after confirming the difference between 
front and rear strain gauges is within 10 %. Test 
conditions are shown in Table 3. The test setup is 
shown in Fig. 9, and test equipment used is shown 
in Table 4.

Fig. 8  Specimen

Test Speed : 1.25 mm/min
No. of Tests : n = 4

Table 3  Test Conditions

Fig. 9  Test Setup

Testing Machine : AG-Xplus
Load Cell : 250 kN
Test Jig : Compression after impact test jig

Table 4  Experimental Equipment

 Test Results
Examples of stress-strain curves at each impact energy 
are shown in Fig. 10. The compression-after-impact 
strength and mean compressive elastic modulus after 
impact are shown for each impact energy in Table 5. 
The standard test method states the compressive elastic 
modulus after impact should be calculated in the range 
of 0.1 % to 0.3 % strain. However, the breaking strain 
of one or more specimens was 0.3 % after the 30.5 J 
impact energy, and so for these specimens the elastic 
modulus was calculated from a linear region. Fig. 10 
and Table 5 show the smaller the impact energy the 
larger the compression-after-impact strength. They also 
show the compressive elastic modulus after impact is 
almost constant regardless of impact energy.

0
0

50

100

150

200

250

300

350

0.1 0.2 0.3

Strain [%]

0.4 0.5 0.6

St
re

ss
 [M

Pa
]

CFRP (30.5 J)

CFRP (22.9 J)

CFRP (15.2 J)

CFRP (7.6 J)

Fig. 10  Stress-Strain Curve

Table 5  Test Results (Mean)

2.3测试系统
需要在样片的正反面各选 2 处粘贴应变仪。图 8 为已粘贴

应变仪的样片。在冲击后压缩试验中，图 8中所示的试件在纵向
方向先进行压缩到 10%的预期抗压强度，在确认前和后应变仪
之间的差值在 10%以内后再进行 CAI测试。试验速度 1.25mm/

min，共测试 4个样品。图 9 为试验状况。

区域
号码

面积率
（%）

绝对面积
(mm2)

1 99.9988 3326.2400

NO. 距离（mm）
1 73.03
2 75.50
3 61.37
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■结论
我们对样品施加了 4种等级的冲击能量后进行了压缩试验。

根据结果可知，施加的冲击能量越大，冲击后压缩强度就越小。
并且，与无损伤状态比较后发现，即使是微弱的能量（此次试
验中的 7.6 J 相当于 5 kg 的物品从 0.15 m 高处掉落的能量）
也会降低强度，因此进行冲击负荷试验尤为重要。使用本试验
系统按照 ASTM D7137（JIS K 7089）进行冲击后压缩试验，
可以有助于进行 CFRP 的评估。

图 11 损伤面积与压缩强度的关系

图 10 应力 -应变曲线图

图 12 最大径距与冲击后压缩强度的关系
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The  re l a t i on sh ip  be tween damage a rea  and 
compression-after-impact strength is shown in Fig. 11, 
and the relationship between maximum damage 
length and compressive elastic modulus after impact is 
shown in Fig. 12. Fig. 11 and Fig. 12 show the smaller 
the damage area or maximum damage length, the 
larger the compression-after-impact strength. As a 
reference, the compressive strength of a specimen 
tested without applying any impact energy was 
388 MPa.
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Fig. 11  Relationship between Damage Area and Compression-
After-Impact Strength
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Fig. 12  Relationship between Maximum Damage Length and 
Compression-After-Impact Strength

 Conclusion
CAI testing was performed on specimens at four 
different impact energies. As shown by the results, 
the la rger the impact energy the smal le r  the 
compression-after-impact strength. Also, even a small 
amount of impact energy (in this experiment, an 
impact energy of 7.6 J amounted to 5 kg dropped 
from 0.15 m) reduced the compression-after-impact 
strength compared to the undamaged compressive 
s t rength ,  showing the impor tance of  tes t ing 
scenarios for impact loading. Shimadzu's testing 
system was used successfully to perform CAI testing 
according to ASTM D7137 (JIS K 7089), and can be 
used for evaluation of CFRP materials.
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different impact energies. As shown by the results, 
the la rger the impact energy the smal le r  the 
compression-after-impact strength. Also, even a small 
amount of impact energy (in this experiment, an 
impact energy of 7.6 J amounted to 5 kg dropped 
from 0.15 m) reduced the compression-after-impact 
strength compared to the undamaged compressive 
s t rength ,  showing the impor tance of  tes t ing 
scenarios for impact loading. Shimadzu's testing 
system was used successfully to perform CAI testing 
according to ASTM D7137 (JIS K 7089), and can be 
used for evaluation of CFRP materials.

Impact Energy [J]
Compression-After-

Impact Strength
[MPa]

Compressive Elastic
Modulus After
Impact [GPa]

30.5 162.9 57.2

22.9 203.3 56.4

15.2 246.4 56.0

7.6 308.6 56.3
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 Measurement System for Compression After 
Impact Testing

Two strain gauges must be attached to the front 
and back of the specimen. A specimen with strain 
gauges attached is shown in Fig. 8. The specimen 
shown in Fig. 8 is compressed at up to 10 % its 
expected compressive strength following impact in a 
longi tud ina l  d i rect ion, and the CAI test ing i s 
performed after confirming the difference between 
front and rear strain gauges is within 10 %. Test 
conditions are shown in Table 3. The test setup is 
shown in Fig. 9, and test equipment used is shown 
in Table 4.

Fig. 8  Specimen

Test Speed : 1.25 mm/min
No. of Tests : n = 4

Table 3  Test Conditions

Fig. 9  Test Setup

Testing Machine : AG-Xplus
Load Cell : 250 kN
Test Jig : Compression after impact test jig

Table 4  Experimental Equipment

 Test Results
Examples of stress-strain curves at each impact energy 
are shown in Fig. 10. The compression-after-impact 
strength and mean compressive elastic modulus after 
impact are shown for each impact energy in Table 5. 
The standard test method states the compressive elastic 
modulus after impact should be calculated in the range 
of 0.1 % to 0.3 % strain. However, the breaking strain 
of one or more specimens was 0.3 % after the 30.5 J 
impact energy, and so for these specimens the elastic 
modulus was calculated from a linear region. Fig. 10 
and Table 5 show the smaller the impact energy the 
larger the compression-after-impact strength. They also 
show the compressive elastic modulus after impact is 
almost constant regardless of impact energy.

0
0

50

100

150

200

250

300

350

0.1 0.2 0.3

Strain [%]

0.4 0.5 0.6

St
re

ss
 [M

Pa
]

CFRP (30.5 J)

CFRP (22.9 J)

CFRP (15.2 J)

CFRP (7.6 J)

Fig. 10  Stress-Strain Curve

Table 5  Test Results (Mean)

■结果与讨论
3.1试验结果
图 10 为受各冲击能量后，样品的压缩应力 -应变曲线图；

表3为各冲击能量对应的冲击后压缩强度和压缩弹性率的对应值。
冲击后压缩弹性率按照标准中的规定，以应变 0.1 %～ 0.3 %的
范围进行计算。但是，此次测量的冲击能量 30.5 J 的样片中存在
断裂应变小于 0.3 %的情况，针对此类样片，需要根据应力应变
曲线中的线性范围计算弹性率。由图 10 和表 3可知，冲击能量
越小，冲击后压缩强度就越大。并且，冲击后压缩弹性率并不取
决于冲击能量的大小，而几乎为固定值。图 11 为损伤面积与冲
击后压缩强度的关系；图 12 为损伤的最大径距与冲击后压缩强
度的关系。由此可知，损伤面积或最大径距越小，冲击后压缩强
度就越大。另外，作为参考信息，不受冲击样品的进行试验，其
压缩强度为 388MPa。
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表 3  试验结果（平均）

冲击能量 (J)
冲击后的压缩强度

(MPa)
冲击后压缩弹性率

(GPa)

30.5 162.9    57.2

22.9 203.3 56.4

15.2 246.4 56.0

7.6 308.6 56.3
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