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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organizations, governmental and non-governmental, in
ISO, alsa take part in the work ISQ collabarates closely with the International Electrotechnical

liaison with

Commission

International

The main tas

(IEC) on all matters of electrotechnical standardization.
Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part’3.

k of technical committees is to prepare International Standards. Draft Internatiohal” Standarg

by the techmical committees are circulated to the member bodies for voting. Publication as an In

Standard req

Attention is d
patent rights

ISO 15024 v
reinforcemer]

Annex A forn

uires approval by at least 75 % of the member bodies casting a vote.

rawn to the possibility that some of the elements of this International Standard may be the
ISO shall not be held responsible for identifying any or all such patent rights.

as prepared by Technical Committee ISO/TC 61, Plastics;)Subcommittee SC 13, Comp
t fibres.

s a normative part of this International Standard. Annexes B and C are for information only.

s adopted
ernational

subject of

bsites and

© ISO 2001 - All rights reserved


https://standardsiso.com/api/?name=e48427649e2fbf8f960900adb9ba8586

INTERNATIONAL STANDARD

ISO 15024:2001(E)

Fibre-reinforced plastic composites — Determination of mode |
interlaminar fracture toughness, Gic, for unidirectionally reinforced

materials

1 Scope

1.1 Thi§ International Standard specifies a method for the determination of modé|l interlam
toughnesg (critical energy release rate), G,c, of unidirectional fibre-reinforced plastic composites ug
cantilever peam (DCB) specimen.

1.2 ltis

2 Nomn

The follow
this Intern
publication
investigatg
undated r
maintain r

SO 291:1
ISO 1268
ISO 4588:

ISO 5893:
traverse) -

3 Terms and definitions

For the pu

applicable to carbon-fibre-reinforced and glass-fibre-reinforced thermosets and thermoplasti

native references

ng normative documents contain provisions which, through reference in this text, constitute
s do not apply. However, parties to agreements based on this International Standard are e
the possibility of applying the most recent editions of the normative documents indicate
pferences, the latest edition of the normativé.document referred to applies. Members of
pgisters of currently valid International Standards.

D97, Plastics — Standard atmospheres for conditioning and testing

all parts), Fibre-reinforced plastics — Methods of producing test plates

1995, Adhesives — Guidelines for the surface preparation of metals

1), Rubber and plastics test equipment — Tensile, flexural and compression types (cor
— Description

rposes of this International Standard, the following terms and definitions apply.

inar fracture
ing a double

CS.

provisions of

ational Standard. For dated references, subsequent,amendments to, or revisions of, any of these

hcouraged to
d below. For
SO and IEC

stant rate of

3.1

mode | interlaminar fracture toughness
critical energy release rate

Gic

the resistance to the initiation and propagation of a delamination crack in unidirectional fibre-reinforced polymer
matrix composite laminates under mode | opening load

NOTE

It is measured in joules per square metre.

1) To be published. (Revision of ISO 5893:1993)
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3.2

mode | crack opening

the crack-opening mode due to a load applied perpendicular to the plane of delamination using the double
cantilever beam specimen shown in Figure 1

3.3

NL point

the point of deviation from linearity on the load versus displacement trace as shown in Figure 2

3.4

VIS point

the point of the-enset-of-delamination—asdetermined-by—visual-observation—at-theedgeof-thespeeimgn, marked
on the load-displacement trace as shown in Figure 2

3.5

5 %/ MAX point

the point whith occurs first on loading the specimen between:

a) the point of 5 % increase in compliance (Cs o,) from its initial value (C,) as showninyFigure 2;

b) the maximum load point as shown in Figure 2

3.6

PROP point$

points of disgrete delamination length increments beyond the tip of .the insert or starter crack tip marked on the
load-displacgment trace in Figure 2, points where the crack has beenarrested being excluded

3.7

delaminatiop-resistance curve

R-curve

a cross-plot |of G| for initiation and subsequent propagation values for mode | crack opening as a function of
delamination|length (see clause 10)

4 Principle

A mode | double cantilever beam (DCB) specimen, as shown in Figure 1, is used to determine G¢, the critical
energy releage rate, or interlaminar fracture toughness, of fibre-reinforced plastic composites. The test|method is
limited to zeo-degree unidirectional lay-ups only (see clause B.1). Data reduction yields initiation and spubsequent
propagation palues of G, for.mode | opening fracture toughness. A delamination-resistance curve, or R-curve, is
generated by plotting G| on_the ordinate as a function of delamination length plotted on the abscissa.

The aim of the test méthod is to determine initiation values for the composite material tested. Delaminatign typically
occurs betwgen plies. of dissimilar orientation in composite structures. However, in the DCB test the delamination
cracks are gfowh.between similar zero-degree unidirectional plies, resulting in fibre bridging after the delamination
crack initiatep.“This fibre bridging is an artifact of the DCB test and is not representative of the composife material

tested. Fibre bridging is considered to be the main cause for the observed shape of the R-curve, which typically
rises before reaching a roughly constant value of G, for long delamination lengths.

A crack-opening load is applied to the DCB specimen, perpendicular to the plane of delamination, through load
blocks or piano hinges under displacement control at a constant rate. The DCB specimen contains a thin, non-
adhesive starter film embedded at the midplane as shown in Figure 3, which is used to simulate an initial
delamination. The specimen is precracked by unloading the DCB specimen immediately after the first increment of
delamination growth from the insert, followed by re-loading. The onset of stable delamination growth is monitored
and the delamination initiation and propagation readings are recorded. The R-curve is plotted with the initiation
values from both the insert and the mode | precrack, and with the propagation from the precrack. Under certain
prescribed circumstances (see 9.2.7), an alternative wedge precracking procedure can be used but is not
recommended.
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b) Starter delamination using piano hinges
Key
b  Specimen width /, Distance from centre of loading pin (or piano hinge axis) to midplane of specimen
2h Specimen thickrness I, Distance from centre of loading pin (or piano hinge axis) to edge of logd block (or
ag Initial delamination length piano hinge)
a Total delamination length I3 Block length
Insert |3ngtn 1’1’ B:uul\ thiull\ncoo

I Specimen length
NOTE 1 Alternative loading arrangements are (a) load blocks and (b) piano hinges.

NOTE 2  The fibre orientation is parallel to the length /.

Figure 1 — Geometry for the double cantilever beam (DCB) specimen with a starter delamination
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jure shows case where 5 %\values follow maximum load, and reload curve has been offset 5 mm for darity.

— Load-displacement curve for a DCB test showing (1) initiation from the insert followed by
g and (2) re-initiation from the resulting mode | precrack followed by crack propagatign and
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1 60 + d

Key

1 Film insert
2 Fibre djrection
d Margin|to allow for initial trimming

Figure 3 — An example of test plate preparation showing the laminate structure, the dimensions and the
position of the film insert

5 Apparatus

5.1 Tesr machine

5.1.1 General

The tensile-testing machine shall comply with ISO 5893 and the requirements given in 5.1.2 to 5.1.5.

5.1.2 Speed of testing

The test machine shall be capable of maintaining the constant displacement rate required in 9.2.1 and 9.3.1, as
specified in ISO 5893.

© ISO 2001 — All rights reserved 5
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5.1.3 Fixtu
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re

The test machine shall be equipped with a fixture to introduce the load to the pins inserted into the load blocks or
with grips to hold the piano hinges. In each case, rotation of the specimen end shall be allowed. The axis of the
load-introduction fixtures shall be aligned with the loading axis of the test machine.

514 Load

and displacement measurements

The load cell shall be calibrated and shall have a maximum permissible error of +1 % of the indicated value. The
error in the displacement measurement, normally taken from cross-head movements corrected for any significant

loading-train

deflection, shall be no greater than £1 % of the indicated value.

51.5 Rechder

The test mad
a continuous

5.2 Load

Load blocks

hine shall allow the displacement and corresponding load to be measured and recorded, pre
basis.

pblocks or piano hinges

or piano hinges, as shown in Figure 1, may be used for introducingxthe load into the speci

shall be at I¢ast as wide as the specimen. For the load blocks in Figure 1,a),'the maximum value of

15 mm. The

5.3 Meas

5.3.1 Micr

nole to inset the loading pin shall be at the centre of /5.

iring apparatus

pmeter, or equivalent, capable of reading to 0,02 mmor less, suitable for measuring the th

the specimen. The micrometer shall have contact faces appropriate to the surface being measured (i.e

for flat, polish

ed surfaces and hemispherical faces for irregular surfaces).

5.3.2 Vernier calipers, or equivalent, capable of reading to 0,05 mm or less, for measuring the w

specimen.

5.3.3 Line
specimen to

5.4 Trave

ar scale (ruler), with 1 mm divisions; for measuring the specimen length and marking the eq
monitor the delamination crackigrowth.

ling microscope (optional)

ferably on

men. They
3 shall be

ickness of
flat faces

dth of the

ges of the

A travelling microscope may be\used to measure the delamination length. If used, it shall have a travgl range of

0 mm to 200

5.5 Non-3

A polymer fil
composites
composites

mm, have a magnification no greater than x 70 and be readable to 0,05 mm.

dhesiveinsert film

M of thickness not exceeding 13 um shall be used as a non-adhesive insert. For epoxy re
tured” at temperatures below 180 °C, a film of polytetrafluoroethylene (PTFE) is recomme

sin matrix
nded. For

thermoplastics), a film of polyimide is recommended (see clause B.2).

5.6 Ancill

5.6.1

ary equipment

gel or anhydrous calcium chloride.

5.6.2

agent of the polytetrafluoroethylene (PTFE) type is recommended (see clause B.2).

(] - o 4 I} 4000 0 LE 1 ) - 1 (H | - ) Jors H H
ured—at—temperatures —above 186" C—(forexampte—those—including—polyimide—or—bismaleimide

Desiccator, for storing the test specimens after conditioning, including a suitable desiccant such as silica

Mould release agent: When a polyimide film is used as the non-adhesive insert film, a mould release

5.6.3 Adhesive: A cyanoacrylate adhesive or epoxy adhesive of the two-component room-temperature-cure

type to bond

the load blocks or piano hinges to the test specimen (see clause A.1).
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5.6.4 Solvent: Organic solvent such as acetone or ethanol (see clause A.1).

5.6.5 Sandpaper (abrasive paper), with 500 grade grit or finer (see clause A.1).

566 W

6 Test

6.1 Tes

hite ink: Water-soluble typewriter correction fluid.

specimens

t plate preparation

A test plalle shall first be prepared in accordance with the part of ISO 1268 appropriate to the produ

used. The
5 mm for §

An even n
be placed
crack and
its preparg

If a polyim
laminate.

agent. Mo
layers. Ba
baked twig
agentis n

Figure 3 s
initial trimr

6.2 Spe
6.2.1
Machine t
the test p
configurat

specimeng

The thickn

of specimegn.

Pre¢ferred specimens

recommended plate thickness is 3 mm for 60 % by volume carbon-fibre-reinforced..cor
0 % by volume glass-fibre-reinforced composites.

umber of unidirectionally aligned layers shall be used (see clause B.1). The non-adhesive fil
at laminate mid-thickness during lay-up. The insert shall not exceed 13 ymj.inorder to sim
cause minimum disturbance of the individual plies of the laminate. Guidelines for the insert
tion are given in clause B.2.

ide film is used, the film shall be painted or sprayed with a mould rfelease agent before insq
Lld release agents containing silicone may contaminate thedaminate by migration through

king of the film will help to prevent silicone migration within.the composite. The film shall b
e for 30 min at 130 °C. Care shall be exercised in handling the film so that the coated lay
bt damaged or removed from the film.

hows an example of how the test plate can be cenfigured. The positioning of the insert shal
ning of the test plate.

cimen preparation

he test specimens from the(trimmed test plate, with their longitudinal axes parallel to the fibr
ate. Specimens shall bé_identified to indicate their original position in the test plate. T
on and dimensions_f(are’ illustrated in Figure 1. The dimensions and tolerances for t
are shown in Table-1) Specimen surfaces shall not be machined to meet the thickness reqy

ess and widthyof/individual specimens shall not vary by more than +1 % of the mean valug

Table 1 — Recommended specimen dimensions and tolerances

ttion process
hposites and

m insert shall
Lilate a sharp
material and

rtion into the

[he film shall be cut to the proper size for insertion into the laminate before applying the njould release

he individual
b coated and
er of release

allow for the

e direction in
ne specimen
he preferred
irement.

for that type

Unit Carbonfibre | Glassfibre | Tolerance |
Width » mm 20 20 +0,5
Minimum length / mm 125 125 —
Thickness 24 mm 3 5 +0,1

6.2.2 Alternative specimens

Other specimen thicknesses may be used, depending on the tensile modulus of elasticity and the anticipated
interlaminar fracture toughness of the specimen. Guidelines for choosing a specimen thickness that will yield
negligible displacement corrections based on the anticipated interlaminar fracture toughness are given in
clause B.3.
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Other specimen widths between 15 mm and 30 mm may be used. Increasing the length of the specimen is not
critical. However, shortening is not recommended because it will reduce the maximum delamination length that can
be investigated and thus yield too few data points for the analysis.

6.3 Checking and measurement of the test specimens

After machining the specimens, check that they are free from twist and warpage, and free from machining damage.
Check that the cut edges are suitably smooth to allow preparation for monitoring the crack length in accordance
with clauses B.4 and B.5.

Measure and record the length / of each specimen to the nearest millimetre. Measure the width 54 to the nearest

0,02 mm at t
three points
measuremer

Record the 1

Nree evenly spaced points along the length. Measure the thickness 2/ to the nearest 0,02 m
along the centreline of the specimen, and at two additional points near the edgec(at 1
t point, to check for tapering of the specimen.

nean thickness and width of each specimen and check that the values are wijthin the rang

Table 1. Che¢ck also that the variations along the specimen are within the range given’ in Table

specimens n

Measure the
length meas
distance of tf

bt meeting these requirements.

length of the insert at both side edges of the specimen. Record the\average value, but if
irements differ by more than 1 mm on the two edges this shall be-fioted in the report. The

6.4 Attachment of loading points

Bond the logd blocks or piano hinges for load introduction on the(surfaces at the end of the specimen
insert has been placed, as shown in Figure 1. The load-introduction fixtures shall be well aligned with the

specimen, a
the load bloc]

6.5 Meas

For the mea
specimen, e
be marked a

d with each other, and held in position with clamps while the adhesive sets. Requirements f|
ks or piano hinges are given in clause A.1.

irement of delamination length

surement of the delamination lengths, marks shall be drawn at 5 mm intervals along the e
tending at least 55 mm beyond. of the tip of the insert. Additionally, the first 10 mm and last
1 mm intervals.

7 Number of specimens

A minimum n
and new spe|

8 Condit

umber of fiverspecimens shall be tested. Specimens found to be invalid (see 9.3.6) shall be
cimens tested.in their place.

ioning

m at these
he middle

e given in
. Discard

the insert
minimum

e tip of each insert edge from the near ends of the load blocks ot/piano hinges shall be 45 npm.

where the

pr bonding

dge of the
b mm shall

discarded

The specimens shall be dried using the drying temperature and duration recommended by the resin supplier. This
conditioning shall be performed after bonding of the load blocks or piano hinges. After conditioning, the specimens
may be stored in a desiccator for not more than 24 h before testing.

NOTE Conditioning is required to obtain baseline data on test specimens with a uniform moisture content, because the
interlaminar fracture toughness of polymer-matrix composites is sensitive to the amount of moisture present in the resin. Hence,
a dry condition is recommended for this International Standard. Guidelines for conditioning are given in clause B.6.
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9 Test procedure

9.1

9.11

Test set-up

(50 £ 5) % relative humidity].

9.1.2

to keep the beam perpendicular to the direction of the applied load.

The test shall be performed under standard conditions in accordance with ISO 291 [i.e. 23°C £ 2 °C,

Mount the specimen in the fixture of the test machine. Support the end of the specimen, if required, in order

9.1.3 For recommendations on further aspects of test preparation, see clause B.4.

9.2 Initjal loading

9.2.1 Ldad the specimen at a constant cross-head rate between 1 mm/min and 5 mm/min,

9.2.2 Re¢cord the load and the displacement values, continuously if possible. [Record the pogition of the
delaminatipn with an accuracy of at least + 0,5 mm (see clause B.5).

9.2.3 Ddiring loading, record the point on the load-displacement curve, or<record the load-displacement data
values, at| which the onset of delamination movement is visually observed-on the edge of the spgcimen (VIS,
Figure 2).

NOTE If the start of delamination growth is difficult to observe, a change of illumination conditions or the yse of a cross-
head speeq from the lower end of the range is recommended.

9.2.4 Stpp the loading after 3 mm to 5 mm of delamination-crack growth. If unstable delamination| growth from
the insert fis observed (see clause B.7), this shall be noted'in the report and loading shall be continqued until the
delaminatipn length has increased by 3 mm to 5 mm\beyond the arrest point. Note in the test [report if the
delaminatipn length is outside the range of 3 mm to_§-mm.

9.2.5 UIIoad the specimen at a constant cross-head rate of up to 25 mm/min.

9.2.6 After unloading, mark the position 6f the tip of the precrack on both edges of the specimen. N¢te in the test
report if tHe position on the two edges.differs by more than 2 mm and if the specimen is removed frgm the fixture
for this prqcedure.

NOTE Mismatch of greater than-2 mm between the two positions may be an indication of asymmetrical loading.

9.2.7 In|the atypical casethat the R-curve shows a decrease in apparent toughness with delaminatipn length (as
indicated in Figure 8), the-initial-loading process may be replaced by wedge precracking. Use of weng precracking
(see clause B.8) is notrecommended, since it may be difficult to produce a suitable precrack by wedge opening. Its
use shall be reported. In addition, the precrack may not always lie in the midplane of the specimen. Peviations of
the precrafk from-the midplane will invalidate the test results and shall also be reported.

9.3 Re- Uad;ng

9.3.1  The specimen shall be re-loaded at the same constant cross-head speed of 1 mm/min to 5 mm/min as the

initial loading, without stopping or unloading, until the final delamination length increment has been reached (see
9.3.3). The load and displacement values shall be recorded, including those for the unloading cycle. The position of
the delamination shall be pinpointed with an accuracy of at least + 0,5 mm on the edge of the specimen.

9.3.2 Record the load and displacement values at which the onset of delamination movement from the precrack
is observed on the edge of the specimen (VIS, Figure 2).

9.3.3 On continuation of the loading, record the load and displacement values at as many delamination length

increments as possible in the first 5 mm, ideally every 1 mm. Subsequently, record the load and displacement data
at every 5 mm, until the delamination crack has propagated at least 45 mm from the tip of the precrack, and again

© ISO 2001 — All rights reserved
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at every 1 mm increment of crack growth for the last 5 mm of delamination propagation, up to a total delamination
length of 50 mm beyond the tip of the precrack (see Figure 2).

9.3.4

9.3.5

Finally, unload the specimen at a constant cross-head rate of up to 25 mm/min.

in the report if these positions differ by more than 2 mm.

NOTE

Mismatch of greater than 2 mm between the two positions may be an indication of asymmetrical loading.

Mark the positions of the tip of the delamination crack after unloading on both edges of the specimen. Note

9.3.6 Any permanent deformation of the specimen after unloading shall be noted in the report. Deviations of the

delamination

fro a ne heo alidata tha tact raciilic AanA chall ha A~
argotCtrctC ot Trocourtoartt—osrarn— o110

m- th laominatewill 1o tod 1~ thna
TOTT T tric T otV i v tC Ot g

such cases,

10 Calcul

10.1 Interpretation of test results

midnla aof
LILLLAS I A= LR ASn v A~

b replacement specimen shall be tested.

ation of G|¢

Several initi

displacement curve. G, values corresponding to the points listed below shall be determined for testin
starter film gnd from the mode | precrack for each specimen. These initiatiof values are indicated on
R-curve shown in Figure 7. These values are determined as follows:

The NL poi
trace to obta
obtaining this

The VIS poi
insert, or fro
displacemen

the VIS point,

The 5 %/ M/
specimen. F
deviation dud
The intersec
the calculatid
case, the ma

PROP poin{
7 and 8). Da
points shall
the linear fit

e
:Lay be,influenced by statistical effects.

tion fracture toughness G, values are determined from the carresponding points on

t is determined by drawing a straight line through the inear portion of the load versus dis
n the point of deviation from linearity, or onset of nonslinearity (NL in Figure 2). Recommen
point are given in clause B.9.

report. In

the load-
g from the
the typical

placement
Hations for

ht is determined from the first visual observation that the delamination has moved from th¢ tip of the

m the mode | precrack, on the edge of the, specimen (VIS in Figure 2). The corresponding
data at this point are used for the calculation. A travelling microscope (5.4) may be used to

AX point corresponds to the values of the load and displacement which occur first on |
br the 5 % value, a straight {ine is drawn to determine the initial compliance C,, ignoring
to take-up of play in the loading system. A new line is then drawn with a compliance equal
ion of the new line with the load-displacement curve yields the load and displacement to b
n of G|, unless the,intersection is at a larger displacement than the maximum load point. |

ximum load and the-corresponding displacement shall be used for the calculation of Gc.

s are determined for each delamination length measured during propagation (PROP
a taken at points where the crack has been arrested are excluded. The minimum numbe
15. If\fewer points are used, this shall be noted in the report because the values detern

load and
determine

pading the
any initial
(0] 1,05 Co.
e used for
h the latter

n Figures
- of PROP
hined from

10.2 Data reduction

10.2.1 General

Either Method A (see 10.2.2) or Method B (see 10.2.3) shall be used for the data reduction. Both methods will give

equivalent re
0]
a

P

10

sults. The data required for the analysis are:

initial delamination length;
total delamination length (a = ay + measured delamination length increments);

load;
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load line displacement;
load line compliance 6/P;
width of specimen;

thickness of specimen.

10.2.2 Method A: Corrected beam theory (CBT)

Establish the relation between the delamination length and the compliance by plotting the cube-root of the
compliance, C'/3 [or (C/N)13 if load blocks are being used, where N is the load block correction desdribed below],
as a functfon of delamination length a for the reloading data (see Figure 4). The extrapolation of.a.lindar fit through
the data ir] the plot yields 4 as the x-intercept.

If the A-vglue from the fit is positive, a value of 4= 0 shall be used and this shall be noted/in the re

and the PROP points are used for the linear fit, but not for the NL or 5 % /MAX points.,lf'the VIS point
determinefl or clearly lies outside the range defined by the PROP points when pletted as in Figure

excluded

The critica

Gic 5

where
F
N

The Gic v
for the init

(ag in Figdre 1) whereas the delamination length for the initiation value from the precrack shall be

distance b

The large
significant
follows (fo

om the linear fit and this shall be noted in the report.

| energy release rate G is given by:
—3P5 x F or GIC = —3P5 X E
2b(a +|4]) 2b(axt|4) N

is the large-displacement correction (describedbelow);
is the load block correction.

blues corresponding to all initiation"and propagation points shall be calculated. The delami
ation value from the insert shall-betaken as the distance between the load line and the tip

etween the load line and the tip of the precrack (a in Figure 1).
Ldisplacement correction F' shall be applied for all specimens. This correction factor w

y if ola > 0,4. TheNarge-displacement correction F and the load block correction N are
[ piano hinges, M=A1):

ort. The VIS
has not been
4, it shall be

hation length
of the insert
taken as the

ill contribute
alculated as

F =1

N =1
where

I

I

is the distance from the centre of the loading pin, or of the piano hinge axis, to the midplane of the

specimen beam;

is the distance from the loading-pin centre to its edge (see Figure 1).

If large-displacement corrections which are less than 0,9 are found, this shall be noted in the report.
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(CIN)13

0 Delamination length, a
4 |

NOTE THe VIS point may be excluded from the linear fit (see 10.2.2).

Figure 4 — Linear fit used to determine the correction.4Ain the corrected beam theory methiod

10.2.3 Methpd B: Modified compliance calibration (MCC)
Establish thg relation between the delamination lengthCand the compliance by plotting the width-normalized cube
root of the gompliance (bC)'/3 [or (ACIN)!/3 if load blocks are used], as a function of the thickness-mormalized
delamination|length a/2h for the reloading data (see-Figure 5). The slope of this relation is defined as m.
The critical epergy release rate G¢ is giventby:

B (P (bC)*?
o= (5) (57" @

N

where factors F and N are. given by equations (2) and (3), respectively. The G,; values corresponfling to all
initiation and|propagation_values shall be calculated.

For the case|where<the’delamination length is measured in the horizontal direction (x in Figure 6) using & travelling
microscope (as described in clause B.5), the delamination length x may be used for plotting Figure 4 gr 5 and to
calculate G|d. In-this case, the large-displacement correction factor F is equal to 1. However, if end blockp are used

H 14 hina vy $ion £ $ora AL Lo rdan PP 1 28 aabani{2\ ara rac el £
|nStead Of pl "o IIIIIyUD, CUITTULUUIT TAUWUT O IV TTT aLLurudarivc witlht Tyuaturni \\J, arc 1oyuntcu 1ol UIC.

10.3 Data sheets, data plots and statistical calculation

All results corresponding to NL, VIS and 5 % /MAX points from the starter film, the mode | precrack, and PROP
values are used to draw a delamination-resistance curve (R-curve), consisting of a plot of G| versus delamination
length a for each specimen (see Figures 7 and 8). When quoting characteristic material values from testing, the five
replicates required (see clause 7), the arithmetic mean, the standard deviation o, and the coefficient of variation CV
of G, (CV = o/mean in %) corresponding to each VIS, NL and 5 % /MAX point shall be calculated.

A single test result sheet shall be used to report the test data obtained using the insert (values corresponding to

NL, VIS and 5 %/MAX points) and from the mode | precrack (values corresponding to NL, VIS, 5 %/MAX and
PROP points) for each specimen. Recommended test result sheets are included in clause C.2.
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(bCIN)1/3

(e)

O]
s

Thickness+snormalized
delamination length, a/2h

NOTE The VIS point may be excluded from the linear fit (see 10.2.3).
Figure 5|— Linear fit used to determine the slope m in the:modified compliance calibration (MGC) method

Figure 6 — DCB specimen under load showing the delamination length measured along the horizontal
direction, x, and along the curved coordinate scale fixed to the specimen, a
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E
= 2000
[9) |
Q] |
— O
O
1500 — o o ©
— 5% o PROP
— vis @
— NL @
1000 —
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o C | | | |
30 45 60 75 950
Delaminationflength (mm)
NOTE Inftiation G| values labelled NL, VIS and 5 %, and propagation valdes, PROP, are defined in clauge 3. Initial-

loading valued only are shown.

Figure 7 — Typical delamination-resistance curve (R-curve)-showing increasing delamination resistance
with delamination length

E
)
\é 300 —
O [
250 = NLe
—  mSee000  © o © °
200 5% PROP
5o
100
St
0:|III|IIII|IIII|IIII|IIII|IIII|IIII|
L0 45 50 55 60 65 70 75
Delamination length (mm)
NOTE Initiation G| values labelled NL, VIS and 5 %, and propagation values, PROP, are defined in clause 3. Initial-

loading values only are shown.

Figure 8 — Atypical delamination-resistance curve (R-curve) showing decreasing delamination resistance
with delamination length
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11 Precision

Table 2 shows the materials used and the precision data obtained in two international round-robin evaluations of
this test method. Initiation values quoted are NL values, which for the carbon-fibre-reinforced epoxy (CFRE)

material, were identical to VIS values. For the carbon-fibre-reinforced thermoplastic (CFRT) material,

the NL point

preceded the VIS point. The test procedure was a modification of that in this standard as these tests were

conducted continuously with no unloading step following the initial precrack. In all cases, the typical
obtained (see Figure 7).

Table 2 — Precision data abstracted from ASTM D 5528

R-curve was

It is noted in this ASTM standard that the data are limited to selected carbon-fibre-reinfarced materials, and variations may be (¢
materials. Further information is also given in reference [5] of the bibliography. The.precision measures of “repeatability” and
are defined jn ASTM D 5528 as:

Repeatability: Duplicate test results (obtained by the same operator usind/the same equipment on the same day) frof
laboratory f¢r the same material should be considered suspect if they differdy more than the “/” value for that material, where
is the average of the standard deviation for each participating laboratory.

Reproducibility: The average result reported by one laboratory for a'given material should be considered suspect if it differs fr|
measuremept of another laboratory, or from measurements in the.same laboratory taken by a different operator using differen
the same miaterial by more than the “R” value for that materialwhere R = 2.8s,, and s is the standard deviation from the me
participating laboratories.

J Average G, (CV), (CV)
Materi No. of labs | Tests per lab Insert S, Sp
kJ/m2 % %
CFRE 3 3 13'pr.n 0,085 0,015 17,6 0,014 16,5
polyimide
CFRT 9 5 7,5 um 1,182 0,126 10,8 0,111 9,4
polyimide
CFRT 9 5 13 pm 1,262 0,182 10,5 0,11d 8,7
polyimide
NOTE These results are selected from data first published in ASTM D 5528, to whichyreference should be made for further information.

reater for other
‘reproducibility”

h an individual
= 2.8sr and s,

bm the average
equipment, for
pn values of all

12 Test|report
The test rgport shall include the following information:
a) arefefence to this International Standard, indicating the method of analysis;

b) all dgtails necessary to” identify the material tested (e.g. laminate manufacturer, fibre mate
materfial, maximunt.cure temperature T,,., duration of curing #;);

c) the nymber of'specimens tested, the test date and the test laboratory;

d) the logation of each specimen on the test plate;

rial, polymer

e) the average thickness, average width, maximum thickness variation along the length, and length of each

specimen, the insert material used and the thickness and length of the insert, noting if the
measurements differ by more than 1 mm on the two edges;

f)  the type of starter film insert and mould release agent used;

g) the test and conditioning conditions used;

insert length

h) the type of load-introduction device used (blocks or hinges), their dimensions, details of their surface

preparation, if applicable, and the adhesive used for bonding them to the specimen;

© ISO 2001 — All rights reserved
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i) the type of precracking used (e.g. mode | or wedge opening), noting if the specimen was removed from the
fixture after precracking from the insert;

i) the displacement rates for loading and unloading for testing from the insert and from the mode | precrack;

k) the delamination length measured from the load line on both edges of the specimen after testing (unloading)
from the insert, noting if the delamination length measurements differ by more than 2 mm on the two edges;

I) if the CBT method was used, report the x-axis intercept A of the linear fit of the cube-root of the normalized
compliance, (C/N)1/3, versus the delamination length a, as well as the correlation coefficient 2 of the linear fit,
noting if the VIS value was excluded from the fit;

m) if the MCC method was used, report the slope m of the linear fit of the normalized cube-root of.thg corrected
compliamce, (bC/IN)'/3, versus the thickness-normalized delamination length a/2k, as well asthe porrelation
coefficient 12 of the linear fit, noting if the VIS value was excluded from the fit;

n) a copy df the load-displacement curve for each specimen;
0) a table ¢f G values and a plot of G| (with all values corresponding to the poirits) as defined in 1Q.1) versus
delamination length a (R-curve) for each specimen, including large-displacement corrections and Joad block

correctigns, if applicable, and noting if the large-displacement correction F is‘fower than 0,9;

p) the avenage value and the coefficient of variation for each set of values corresponding to the VIS, NL and
5 % /MAX points;

q) The valye of (Cs o, max — Co) x 100/Cy, i.e. the percent change“in compliance between the initial gompliance
Cp and the compliance at the 5 % or MAX point, whichever is~applicable;

r) any devjation from the prescriptions of this International Standard (e.g. concerning the dimensipns of the
specimens or the fibre orientation);

s) any obdervations on the test (e.g. deviation\lof the precrack or the delamination from the mjdplane or
occurrence of stick-slip, fibre-bridging, permanent deformation after unloading or sticking of the ipsert) that
may have affected the test procedure or the_results;

t) the results of material characterization'(e.g. fibre and void-volume fraction), if available.
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Annex A
(normative)

Preparation and bonding of the load blocks or piano hinges

The load blocks or piano hinges and the specimen shall first be lightly abraded. Use only sandpaper or grit blasting
because the loads required to delaminate the specimens used in this test are quite low. The blocks or hinges and
the specimens shall then be cleaned with a solvent. If bond failure occurs, it may be necessary to consult ISO 4588

for a morg sophisticated procedure. Bonding of the blocks or hinges shall be done immediately after the surface
preparation. In previous tests on similar specimens, a cyanoacrylate adhesive has been found.-adequate in most

cases. Altgrnatively, a tough, room-temperature-cure adhesive may be used. The surface preparation
of adhesive used shall be noted in the report.

and the type

© ISO 2001 — All rights reserved

17


https://standardsiso.com/api/?name=e48427649e2fbf8f960900adb9ba8586

ISO 15024:2001(E)

Annex B
(informative)

Recommendations for testing

B.1 Guidelines for specimen lay-up

This Interna
exhibit very |
ratio (D4)%/(
the upper ar

and hence may exhibit significant anti-clastic bending. Furthermore, multidirectional lay-ups typically ex

branching aw

B.2 Guide

A polymer fi

ttle anti-clastic bending. Hence, the plate bending stiffness components satisfy the conditi
D14D55) is much less than 1, D4, D4, and
d lower arm of the double cantilever beam

D,, being components of the bending-stiffness
.[ﬁ Multidirectional lay-ups may not satisfy this

ay from the specimen midplane, and hence are not recommended.

lines for starter film insert material and preparation

observed wi
polytetrafluo
180 °C (for e

B.3 Guide

If possible, th

2h > 8,2
where

2h s

Gc is

ag is

Eqy s

:Iethylene (PTFE) is recommended. For composites thatrare manufactured at temperatu

h aluminium films. For epoxy-matrix composites cured at témperatures below 180 °C, a {

kample polyimide or bismaleimide thermoplastics), a thin‘polyimide film is recommended.

lines for specimen thickness

e specimen thickness is chosen such that
13
5| Gic ag
Eq4

the thickness of the'specimen;
the anticipated maximum fracture toughness;
the initiahdelamination length (ag = 4 — I3 + [, for load blocks);

thestensile modulus of elasticity of the specimen in the direction of the fibres.

ional Standard has been developed for zero-degree unidirectional laminates only. Thet

e lay-ups
n that the
matrix for
condition,
hibit crack

m is recommended as the starter film to avoid problems with folding or crimping that have been

hin film of
Fes above

(B.1)

Application of this criterion requires prior knowledge of values of G for the material to be tested and, if available,
test results or data from published literature should be used. Specimen thicknesses determined using this criterion

should result

in a large-displacement correction factor F that is close to 1.

B.4 Test preparation

Preparation of at least one extra specimen is recommended (i.e. six instead of the minimum five) when (a) testing a
material for the first time or (b) the operator has no experience in visually detecting delamination onset for the
material being tested.

The load cell

18

and load-cell range can be chosen by assuming typical loads of less than 500 N.
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Applying a thin layer of water-soluble typewriter correction fluid (“white ink”) along the edges of the specimens after
conditioning will facilitate the observation of delamination growth. Some correction fluids use solvents that are
harmful to some types of matrix material, however, and it is recommended that the composition of the fluid be
checked before application.

Delamination growth may be followed by eye, or by using a travelling microscope. See clause B.5 for more details.

In transparent laminates, the delamination length may be followed inside the specimen by marking the specimen
across its width rather than at the edge.

B.5 Autpmation of defamination length measurement
on length measurement may be automated by installing a position sensor on the travelling microscope.
re x, marks are scribed on the specimen as specified in 6.5. The travelling microscope is th¢n positioned
mark and the position of the microscope noted. When the delamination front passes the gfid line of the
e, the delamination length will be the same as the position of the microscope:~The microgcope is then
he next mark and this process is repeated until the test is terminated.

Delaminat
To measu
at the first
microscop
moved to

B.6 Guidelines for conditioning
ISO 291 grescribes conditions for conditioning before testing, and fof)use during testing, that are typical of test
laboratory| climates. The only temperatures allowed in 1SO 291 are +23 °C and +27 °C, with a cprresponding

selection considerable
humidity d
88 h. The
compatibl

elevated t

bf humidities. If agreed, however, +20 °C may be used>All three temperatures may yield
ontent in the specimens, depending on the matrix_material, even after the recommendefl duration of
results from drying at elevated temperatures versus 1SO 291 may vary, and therefore| may not be
. Hence, it is recommended that specimens beltested with a minimum humidity content after drying at
mperatures (e.g. + 70 °C for epoxies, and one=day maximum storage in a desiccator).

B.7 Unstable delamination growth

Delaminatjon growth in most fibre-reinforeed laminates is not steady but progresses at a somewhat irrggular speed,
even when followed visually on a maeroscopic scale. Unstable delamination growth is characterized py phases of
no, or very slow, delamination growth-followed by rapid, almost instantaneous, delamination growth. [This typically

produces
record del
followed |

sharp drops in the load-displacement curve, i.e. zones of virtually infinite slope. Often it is
amination length readings during unstable delamination growth. Unstable delamination grov
y arrest (no delamination growth), and then a reload phase during which the load in

mpossible to
vth is usually
creases and

produces @ (local) maximdm-in the load when delamination growth continues.

B.8 Guidelines*for wedge precracking

If an altefriative to load-induced precracking is necessary (see clause 4 and subclause 9.2.7), the following
procedure 1S recommended for wedge opening. The specimen Is clamped at b mm beyond the tp of the starter
film. The width of the wedge that is driven into the specimen shall be at least the same as that of the specimen and
the opening angle shall be as small as possible without the wedge actually touching the tip of the delamination. The
wedge may be driven in by hand, by tapping on the end, or by using a suitable fixture with the test machine. The
wedge is driven into the specimen until the tip of the wedge is about 2 mm to 3 mm in front of the clamp. The
wedge precrack will usually extend a few millimetres into the clamp but should be short enough to allow a
delamination length increment of at least 50 mm beyond the tip of the precrack.

B.9 Recommendations for obtaining the NL point

Physical evidence from X-ray imaging for two types of material (carbon-fibre/epoxy and carbon-fibore/PEEK) shows
that the onset of delamination from the starter film in the interior of the specimen occurs close to the NL point and
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before the VIS point. The NL point will frequently yield the lowest, most conservative, values of the interlaminar
fracture toughness. However, it may be difficult to determine the NL point reproducibly on the load-displacement
curve. Coefficients of variation of up to 10 % are not uncommon. However, a plot of the analog signals for load
versus displacement, typically recorded on the paper chart of an X-Y recorder, may yield more consistent results
with less variability than those obtained by fitting a curve through the data points recorded electronically during the
test with a digital data acquisition device. Performing a linear fit on the load-displacement curve starting at a finite
load to avoid nonlinearity due to play and using a consistent criterion for deviation from linearity, such as that of the
midpoint of the plotter trace, may yield more consistent results.
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