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This standard is issued under the fixed designation D 6115; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This test method determines the number of cyd¥s (
for the onset of delamination growth based on the opening
mode | cyclic strain energy release ra),(using the Double
Cantilever Beam (DCB) specimen shown in Fig. 1. This test
method applies to constant amplitude, tension-tension fatigue
loading of continuous fiber-reinforced composite materials.

When this test method is applied to multiple specimens at i L
variousG-levels, the results may be shown a&aNcurve, as b
illustrated in Fig. 2.

1.2 This test method is limited to use with composites
consisting of unidirectional carbon fiber tape laminates with
single-phase polymer matrices. This limited scope reflects the
experience gained in round robin testing. This test method may
prove useful for other types and classes of composite materials,
however, certain interferences have been noted (see Section 6.5D 2734 Test Method for Void Content of Reinforced Plas-
of Test Method D 5528). tics

1.3 The values stated in Sl units are to be regarded as D 3171 Test Method for Constituent Content of Composite
standard. The values provided in parentheses are for informa- Materials
tion only. D 3878 Terminology for Composite Materials

1.4 This standard does not purport to address all of the D 5229/D 5229M Test Method for Moisture Absorption
safety concerns, if any, associated with its use. It is the Properties and Equilibrium Conditioning of Polymer Ma-
responsibility of the user of this standard to establish appro-  trix Composite Materials
priate safety and health practices and determine the applica- D 5528 Test Method for Mode | Interlaminar Fracture

Piano hinge

Insert
FIG. 1 DCB Specimen with Piano Hinges

bility of regulatory limitations prior to use. Toughness of Unidirectional Fiber-Reinforced Polymer
Matrix Composites
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E 1049 Practices for Cycle Counting in Fatigue Analysis  3.3.14 h—thickness of DCB specimen.
E 1150 Definitions Relating to Fatigtie 3.3.15 N—number of elapsed fatigue cycles.
3. Terminology 3.3.16 l\_la—application dep_endent value dfl at which
' delamination growth onset will occur.
3.1 Terminology D 3878 defines terms relating to high- 33,17 N',*—number of fatigue cycles for the valueRf,,,
modulus fibers and their composites. Terminology D 8834t N =1 to decrease by 1 %.
defines terms relating to plastics. Terminology E 6 defines 3318 N,V'S—number of fatigue cycles at which the onset
terms relating to mechanical testing. Terminology E 456 angyf delamination growth is observed.
Practice E 177 define terms relating to statistics. Definition 33,19 N°,”—number of fatigue cycles for the value®f,.,
E 1150 defines terms relating to fatigue. In the event of conflickt N = 1 to decrease by 5 %.
between terms, Terminology D 3878 shall have precedence 3.3.20 P—applied load.
over the other terminology standards. 3.3.21 P,—value of load at the onset of delamination
3.2 Definitions of Terms SpeCifiC to This Standard: grow‘[h from the insert in the quasi-static tests.
3.2.1 crack opening mode (Mode -Bfracture mode in 3.3.22 P,,,.,—maximum cyclic load.
which the delamination faces open away from each other and 3.3.23 R—ratio of minimum and peak load®.,, /P

max

in which these faces do not undergo any relative sliding. 3.3.24 SD—standard deviation.
3.2.2 cycles to onset of delamination growth,-Nthe num- 3.3.25 U—strain energy.

ber of fatigue cycles elapsed until the onset of delamination 3 3.26 Vv, —fiber volume fraction, %.

growth from an implanted thin insert. 3.3.27 5—load point deflection.

3.2.3 fatigue delamination growth onset relationship, 3,328 5. —value of displacement at the onset of delamina-
G—N—the relationship between the peak cyclic value of strainjon growth from the insert in a quasi-static test.

energy release rate to the number of fatigue cycles until the 3.3.295__._—maximum value of cyclic displacement.

onset of delamination growttN,. 3.3.30 5,,,.o—Mean value of cyclic displacement.

3.2.4mode | interlaminar fracture toughness, G-the 3.3.31 §,,,,—minimum value of cyclic displacement.
critical value of G for delamination growth because of an 3 3 32 A—effective delamination extension to correct for
opening load or displacement. rotation of DCB arms at delamination front.

3.2.5strain energy release rate, -Gthe loss of strain 3333 \], —average value ok from the quasi-static tests.
energy,dU, in the test specimen per unit of specimen width for

an infinitesimal increase in delamination lengthg, for a 4. Summary of Test Method
delamination growing under a constant displacement. In math- 4.1 The Double Cantilever Beam (DCB) shown in Fig. 2 is
ematical form: described in Test Method D 5528.

~1du
G= b ey

where:
U
b
a

total elastic strain energy in the test specimen,
specimen width, and

delamination length.

3.3 Symbols:

3.3.1 a—delamination length.

3.3.2 ag—initial delamination length. ?

3.3.3 b—width of DCB specimen. I

3.3.4 C—compliance 3/P, of DCB specimen. }

3.3.5 CV—coefficient of variation, %. i

3.3.6 da—infinitesimal increase in delamination length. Na

3.3.7 dU—infinitesimal increase in strain energy. N, Cycles to delamination growth onset
3.3.8 E;,—modulus of elasticity in the fiber direction. FIG.2 G-N Curve

3.3.9 G—strain energy release rate.

3.3.10 G,.—opening mode | interlaminar fracture tough-

4.2 The DCB specimen is cycled between a minimum and

ness. . . maximum displacement,,;,, and ., at a specified fre-
teguf.ll Biclay—average values of Gfrom the quasi-static 4, ency. For linear elasticity and small deflectiopga(< 0.4)

. . . the displacement ratid, i/ dmax 1S identical to theR-ratio.
3.3.12 Gy —maximum or peak cyclic mode I strain en- the nymper of displacement cycles at which the onset of

ergy release rate.l ionshi h i , delamination growth occurdl,, is recorded. The mode | cyclic
3.3.13 G-N—relationship between the cyclic strain energy gyqin energy release rate, for example the maximum value,

release rate and the number of cycles to onset of delaminatigd i calculated using a modified beam theory or other

growth. methods described in Test Method D 5528. By testing several
— specimens a relationship is developed betwegp Gnd N,
3 withdrawn. for the chosen frequency.
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5. Significance and Use a 1% decrease in the maximum cyclic load; ar®) the

5.1 Susceptibility to delamination is one of the major Number of cycles until the compliance has increased by 5 %,
weaknesses of many advanced laminated composite structur®”a (this is approximately equivalent to a 5 % decrease in the
Knowledge of a laminated composite material’s resistance t§@ximum cyclic load). The three techniques gave different
interlaminar fracture under fatigue loads is useful for producfesults but theN™™, value is typically the lowest of the three
development and material selection. Furthermore, a measuré"i’_du‘?S5 and is recommended for generating a conservative
ment of the relationship of the mode | cyclic strain energycriterion for avoiding onset of fatigue delam|nat|on. growth in
release rate and the number of cycles to delamination growtiurability and damage tolerance analyses of laminated com-
onset, G-N, that is independent of specimen geometry Orpo_5|te structures. Because (_)f the o_IlfﬁcuItle_s in visually moni-
method of load introduction, is useful for establishing designforing the end of a delamination during a fatigue test, the visual

allowables used in damage tolerance analyses of composifgethod is not included in this test method.
structures made from these materials. 6.4 The test frequency may affect results. If the test fre-

5.2 This test method can serve the following purposes: —duency is high, heating effects may occur in the composite. To

5.2.1 To establish quantitatively the effects of fiber surfacedvoid these effects, frequency should be chosen to be between
treatment, local variations in fiber volume fraction, and pro-1 @nd 10 cycles per second (Hz) and should be chosen such that
cessing and environmental variables GaN of a particular there is no temperature change of the specimen. Other test

composite material. frequencies may be used if they are more appropriate for the
5.2.2 To compare quantitatively the relative valuesseN  @pplication. The test frequency shall be reported.
for composite materials with different constituents. 6.5 The displacement rati®, / 8a, May have a large

5.2.3 To develop criteria for avoiding the onset of delami-&fféct on the results. Because the DCB specimen cannot be
nation growth under fatigue loading for composite damagédested in compression the displacement ratio must remain

tolerance and durability analyses. within the following range: 0= 8;,/3max < 1. The displace-
ment ratio shall be reported. Large deflections may be consid-
6. Interferences ered by using the corrections given in the Annex of Test

6.1 Linear elastic behavior is assumed in the calculation oMethOd D 5528_' . . .
G used in this test method. This assumption is valid when the 6-6 The application to other materials, lay-ups and architec-
zone of damage or non-linear deformation at the delaminatiof'res is described in Test Method D 5528.
front, or both, is small relative to the smallest specimen,, Apparatus

dimension, which is typically the specimen thickness for the _ _ . .
DCB test. 7.1 Testing Machine-A properly calibrated test machine

6.2 As the delamination grows under fatigue, fiber bridgingSha” be used that can be operated in a displacement control

observed in quasi-static testing (see Test Method D 5528) marér)ode. The testing machine shall confor.m to the (equirements
also occur. Fiber bridging inhibits the fatigue delamination®f Practices E4 and E 467. The testing machine shall be
growth resulting in slower growth rates than if there was nofduiPPed with grips to hold the loading hinges, or pins to hold

bridging. This results in artificially high threshold values wherethe loading blo<_:ks, that are bo_nded to t_he specimen._
the delamination ceases to grow or grows very sldWly. _7.2 Load Ind|cator—The testing machine load sensing de-
addition, the rate of change of the delamination growth rat&/ic€ shall be capable of indicating the total load carried by the

versus the peak cyclic strain energy release rate for the DCB {§St specimen. This device shall be essentially free from
very high. Therefore, small variations in the peak cyclic straininertia-lag at the specified rate of testing and shall indicate the

energy release rate will result in large changes in the delam{@d with an accuracy over the load range(s) of interest of

nation growth rate. For these two reasons, this test method doddthin +1 % of the indicated value. The peak cyclic load shall

not monitor the fatigue delamination growth rate. Instead, thi!°t Pe less than 10 % of the full scale of the load cell. Section
test method monitors the number of cycles until the onset of-2 details how to estimate the expected peak cyclic load. If the

delamination growth from the end of a thin insert. A value ofcurrent load cell capacity of the test stand is too large, a low

G may be defined such that delamination growth will not occurl®@d capacity load cell may be placed in series. _

until N, cycles have elapsed, wheté, is defined by the 7.3 Opening Displacement IndicaterThe opening dis-

application, Fig. 1. placement may be estimated as the crosshead separation or
6.3 Three definitions to determine the number of Cyde@ctuator displacement provided the deformation of the testing

until the onset of delamination growth were used during arf"@chine, with the specimen grips attached, is less than 2 % of
investigative round robin. These includet) the number of e maximum cyclic opening displacement of the test speci-

cycles until the delamination was visually observed to grow af"€"- If not, then the opening displacement shall be obtained

the edgeN,'S (2) the number of cycles until the compliance from a properly calibrated external gage or transducer attached

had increaged by 1 %(:_(this is approximately equivalent to to the specimen. The displacement indicator shall indicate the
@ crack opening displacement with an accuracy of withih %

of the indicated value once the delamination occurs.

e _ . o 7.4 Micrometers—As described in Test Method D 5528.
Martin, R. H. and Murri, G. B., “Characterization of Mode | and Mode Il
Delamination Growth and Thresholds in AS4/PEEK Compositésgmposite
Materials: Testing and Desig(®th Volume), ASTM STP 1059, S. P. Garbo, Ed.,, ———————
1990, pp. 251-270. > Preliminary data from D30.06 round robin.
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8. Sampling and Test Specimens tested quasi-statically, note an average value of the constants in
8.1 The test specimen dimensions and load introduction arll the compliance calibration expression, for exampig,|
as described in Test Method D 5528. from the modified beam theory. The parameters for compliance

8.2 An estimate of the values ., during the long USing the other data reductions in Test Method D 5528 may
duration tests may be required to determine if a smaller load@/S0 be used. The average values @f {&,c],, and the average
cell is required, per Section 7.2. If quasi-static tests wer&/alue of the critical load point displacement for delamination
conducted on identical specimens to those to be fatigue teste@0Wth at the end of the inser,|],,, may also be noted to aid
avalue ofP, may be estimated by assuming the lowest valu€n determining parameters for the subsequent fatigue test.

of peak cyclic strain energy release rate will be 10 %Ggf Or, 11.2 Measure the width and thickness of each specimen to
Pmax= \/0.1P,, whereP,, is the value used to calcula@. the_ nearest O._05 mm (0.002 in.) at _the mld—pomt and at 25 mm
If this data is not availabl®,,,, may be determined thus: (1 in.) from either end. The variation in thickness along the
. length of the specimen shall not exceed 0.1 mm (0.004 in.).
p _b [hEy [01G] (2y  The average values of the width and thickness measurements
e a 96 shall be recorded.
where: 11.3 Mount the load blocks or hinges on the specimen in the
h = specimen thickness and grips of the loading machine, making sure that the specimen is
E,, = lamina modulus of elasticity in the fiber direction. ~aligned and centered.

Because of the low loads associated with these tests it may 11.4 The end of the specimen opposite the grips may require
be necessary to increase the thickness of the specimens Byipporting before loading. The supported end may rise off the
using more plies. support as the load is applied. For laminates that are exces-

8.3 Itis recommended that void content and fiber volume beively long, the specimen may need to be supported during
reported. Void content may be determined using the equatiorigading.
of Test Method D 2734. The fiber volume fraction may be 11.5 Determine the initial delamination length,, and
determined using a digestion per Test Method D 3171. record it in Table 1. If the end of the insert cannot be easily

8.4 Sample Size-The minimum number of specimens re- seen while the specimen is unloaded then a small displacement
quired if the development of @—N curve is required, is based may be applied to open up the specimen. This displacement
on that for anS—Ncurve given in Practice E 739 and appearsmust not exceed the mean cyclic displacemépf,,, to be

as follows: used in the fatigue test, calculated later. The exact location of
Tvoe of Test Minimum Number of the end of the insert may also be determined after the test by
w Specimens splitting the specimen open.

Preliminary and exploratory 610 12 11.6 Various values 0By, Must be determined to give a

Research and development testing of components 61012 completeG—N curve, if required, withN ranging between the

g”d_s"ucﬁufesbl 12 t0 24 values specific to the application of the data. Start the first test

esign allowables (0] .
Re,ifbmty data 12 t0 24 at aGy,x = 50 percent [G],,. If the specimen geometry for

the quasi-static tests are identical to those for the fatigue tests

For statistically significant data, the procedures outlined inye maximum cyclic displacemert,,., may be obtained from
Practice E 122 should be consulted. The method of samplingye quasi-static tests as: ax

shall be reported. ,
S max __ Glmax _

9. Calibration Buf  Go 0.5 ©)

9.1 The accuracy of all measuring equipment shall have \yhere p_]. is the average value of critical displacement for
certified calibrations that are current at the time of use of thgyaj-static delamination growth from the end of the thin insert
equipment. obtained from the quasi-static tests. Alternatively, for applica-

tions where quasi-static data on identical specimens is not

10. Conditioning ; :
o o available an approximate value f8y,,, may be calculated as
10.1 Standard Conditioning ProcedureCondition in ac-  ¢qj10ws: Given that

cordance with Procedure C of Test Method D 5229/D 5229M

unless a different environment is specified as part of the _P?ac _ & ac @
experiment. Store and test specimens at Standard Laboratory 2b da — 2c% oa
Atmosphere of 23+ 3°C (73 + 5°F) and 50+ 10 % relative then
humidity. 2

10.2 Drying—If G-Ndata are desired for laminates in a dry 2 _ 2alClay 05(Giclay (5)
condition, use Procedure D of Test Method D 5229/D 5229M. e 8[%&”
11. Procedure where [C],, is the value of compliance calculated from the

11.1 Quasi-static Tests-The expression relating compli- delamination length of the fatigue specimen. Record the
ance to delamination length must be determined first using Tesalculated value 08,,,,in Table 1.
Method D 5528. Specimens from the same batch that will be 11.7 From the chosen displacement ratio 8pgd, calculate
used for the fatigue tests should be used. For all specimerteie minimum and mean cyclic displacement vallgs,, and



A8y D 6115 - 97 (2004)

[ DCB FATIGUE DATA REPORTING SHEET | Lab: [ Date: |
Material: Producer: Panel No.: Max Cure Temp: FAW: I A\
Max Ah (mm) Insert Material Insext Thickness
Hinge Type Hinge Size: Block Size: Surface prep.: Adhesive:
Test. Temp.: Test %RH: Froqueucy R ratio
[STATICDATA SUMMARY | [Gelw 1AL [ e ]
Specimen [N [ 2 Sne Pau @ N=1 [ N™ N'* Nt
No.
[ Number of specimens tesied TA B ]

TABLE 1 DCB Fatigue Data Reporting Sheet

dmean respectively. The test frequency shall be between 1 and 0.104
10 Hz unless the application requires a different test frequency.
Start the fatigue test and recorg, R as soon as the values of 0.102 5% /
displacement are correct. Enter this value with the number of compilance |~ | S ,.J‘
cycles at which it was measured in Table 1. If necessary, reduce / :
the frequency to ensure that the displacement ratio is correct 0.100
and then increase the frequency to the desired amount. (mm/N) /
Note 1—It is important to achieve the correct displacement ratio as 0.098 1% A /
quickly as possible to avoid delamination onset after too many cycles have Fesng- afﬁf"d
elapsed. /"‘Hb"‘ ‘
11.8 The onset of delamination growth will be determined 0.096 :
by monitoring a decrease in the compliance. 0 5000 10000 15000 20000 25000

N, Cyclos

11.8.1 Compliance Monitoring—Record the slope of the _
FIG. 3 Compliance Increase Versus Cycles

displacement-load curve (compliance) and the number of
cycles elapsed on a routine basis. It is advantageous to use a

data acquisition system for this purpose. It is beyond the scope 11.10.2 The test has exceeded the maximum number of

of this test method to recommend a system. If a particulagycles desired. A residual test may be conducted according to
method is used, report the exact system used. If the compliangest Method D 5528, if required.

values cannot be determined during the test, the test should be11.11 If an alternative method for monitoring the onset of
stopped at the mean load, unloaded to the minimum displacetelamination growth is used, such as crack growth gages
ment while taking a trace of the displacement versus loathonded to the specimen edges, data should be collected
curve. The specimen should then be reloaded to the meaitcording to the principles, accuracy, and magnification as set
displacement and the fatigue test continued. out in detail above.

Note 2—Ensure that the increase in compliance or the drop in peak 11.12 If a completeG-N curve is required, further tests

load is caused by delamination growth, and not by drifting of the mearShould be run at different maximum cyclic displacements.
load.

11.9 Plot the compliance versus the elapsed cycles and noilez' Calculations

in Table 1 the number of cycles to @va 1 percent and a5 12.1 Maximum Cyclic Strain Energy Release Rate

percent increase in the complianceNat 1, Fig. 3. Calculations—From the values 06,5, Pmax @ atN=1 and
11.10 Stop the test after the first of the following eventsthe averaged compliance constalit| calculate the actual test
occurs: Gimax for each specimen from Eq 6:
11.10.1 The compliance has increased to above 105 % of its  BPrax® max
value atN = 1. Gimax = 2b(a + Al ©



A8y D 6115 - 97 (2004)

The other expressions for determining,&in Test Method 13.2 Materia—Complete identification of the material
D 5528 may also be used. tested; including prepreg manufacturer, material designation,

12.2 Correction Factors—If required, the correction factors manufacturing process, fiber volume fraction, and void con-
specified in Test Method D 5528 must be applied. tent. Include the method used to determine fiber volume

12.3 Log-normal distributior—If a G—-N curve has been fraction and void content.
generated use a log-normal distribution as presented in Practice13.3 Coupon Data—Average nominal thickness and width
E 739 for the representation of constant amplitude life data. Tof each specimen, and maximum thickness variation down the
accomplish this, substitut® for o or € in Practice E 739 and length of the beam, type and thickness of insert.
N (cycles to delamination growth onset) fof in Practice 13.4 Test Procedure-Type of load introduction (piano
E 739, the cycles to life. hinges or blocks) and dimensions, drying procedure, relative
12.4 Weibull Distribution—The two parameter Weibull dis- humidity, test temperature, test frequency and displacement
tribution is commonly used to represent constant amplitudéatio.

fatigue life data and may be used to representGhél data if 13.5 Test Results-Curves of Compliance versus elapsed
generated. A two parameter Weibull distribution density func-cycles. The number of cycles elapsed to give a 1 % and 5 %
tion for fatigue life may be expressed as: compliance increase for each specimen. Gh&lcurve and the
B/ N\B1 N \B values of the curve fits and the Weibull parameters, @-a\
f(N) =2 (T‘ ) exr{—(; ) ] (7)  curve was generated.

13.6 If a post-mortem check of the tested specimen reveals
any tears, folds, or irregular shape at the end of the insert (that
is, the insert is not straight and parallel) where the delamination
FN) = 1— exp[_(ﬂ )B] ®) initiated, then no valid initiation value may be reported.

A 13.7 Report the number of specimens tested.

The Weibull distribution cumulative function for fatigue life
may be given by:

It is recommended that the Weibull scale and shape para
eters, A and B, be determined using the maximum likelihoo
technique, refer to Practice E 739.

[4. Precision and Bias

14.1 No precision statement for this test method can be
offered at this time. Work is in progress to establish a precision
statement using E 691. Bias cannot be determined since there

13. Report ) X
. . ) is no reference material.
13.1 Arecommended data reporting sheet is shown in Table

1. The report shall include the following (reporting of items 15. Keywords

beyond the control of a given testing laboratory, such as might 15.1 composite materials; delamination; double cantilever
occur with material details or panel fabrication parametershbeam; frequency; maximum cyclic strain energy release rate;
shall be the responsibility of the requester): mode [; onset of fatigue delamination growth
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