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Foreword

[SO (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 liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO documents should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

Fibre-reinforced composites have become an indispensable part of modern high-tech applications due to the
excellent tensile properties of the reinforcement fibres incorporated in the composite. This requires that
the loads in a composite need to be distributed evenly to all fibres by means of a matrix. Therefore, a high
interfacial shear strength is required for a good load transfer. Hence, the interfacial shear strength is one of
the key parameters in composite technology.

To characterize the interfacial shear strength, composites with unidirectional aligned fibres are
manufactured. A tensile test is then performed perpendicular to the fibre orientation (transverse tensile
test), or a short beam shear strength test (as defined for instance in ISO 14130 or ASTM D2344) is performed
to measure the apparent interlaminary shear strength (ILSS).
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Fibre-reinforced composites — Measurement of interfacial
shear strength by means of a micromechanical single-fibre
pull-out test
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elastomeric fibres and elastomeric matrices such as rubber;

hent specifies a test method for determining the interfacial shear strength between'a
ix by means of a pull-out test. The method can be used to measure the critical energy r

d is applicable to reinforcement fibres, such as carbon fibres, glass fibres, basait fibres
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3.1

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at https://www.electropedia.org/

constant-rate-of-extension testing machine
CRE testing machine

tensile testing machine provided with one specimen holder, which is stationary, and one clamp, which moves
with a constant speed throughout the test, the entire testing system being virtually free from deflection

[SOURCE: I

S0 5079:2020, 3.10, modified — “clamp” was replaced with “specimen holder*.]
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3.2
crucible
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receptacle, made of aluminium or stainless steel, to hold a drop of matrix into which one single fibre is

embedded
3.3

pull-out test
method of pulling out one single embedded fibre from a solidified drop of matrix, carried out with a CRE
testing machine (3.1)

3.4

force-displacement curve
graphical representation of the force recorded during the pull-out test (3.3) over the displacement of the

moving clamp of the CRE testing machine (3.1)

3.5

maximum| force

highest force value taken from the force-displacement curve (3.4) appearing just”before the
debonding|of the fibre from the solidified matrix during the pull-out

3.6

debonding force

force at which the fibre starts debonding from the solidified drop of-matrix, derived from
displacemept curve (3.4)

3.7

interfacial frictional force

force meaqured after complete debonding, caused by only the friction between the fibre and th
matrix, taken from the force-displacement curve (3.4)

3.8

embeddinig depth

selected ddpth to which the embedding device insérts the fibre into the matrix

3.9

embedded length

b complete

the force-

b solidified

resulting length of the fibre in contact with the solidified matrix, corresponds to the displacement at which
the fibre cqmpletely slips out of the solidified matrix, taken from the force-displacement curve (3.4)

3.10

final formling

process, in|which the matrigimaximizes the wetting of the fibre and the meniscus reaches a steady state
3.11

solidification

process of fransfermation of the matrix from liquid to solid

Note 1 to enftry: The term solidification includes both the commonly used solidification of thermoplastics By cooling as
well as the during of thermosets and concrete matrices

3.12

fixing

first step of the solidification (3.11) of matrices, after which a test specimen can be removed from the
embedding device without the risk that the fibre redirects inside the matrix

3.13
curing
process of

3.14

solidification (3.11) of thermoset and concrete matrices

apparent interfacial shear strength
maximum force (3.5) normalized to the contact area between the fibre and the solidified matrix

© IS0 2024 - All rights reserved
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interfacial frictional stress
interfacial frictional force (3.7) normalized to the contact area between the fibre and the solidified matrix

3.16

local interfacial shear strength
debonding force (3.6) related to the contact area of the interface between the fibre and the solidified matrix,
without the impact of the friction between the fibre and the matrix

3.17

critical interfacial energy release rate
interfacial toughness
calculated as a function of the crack length (energy-based method), taking the deformation of the fibre and

matrix durjing the pull-out into account
4 Primliple
A single fibhre is embedded into a drop of matrix at a defined temperature to forma-test specimmen for the
pull-out tept by means of an embedding station. If required, the embedding can take place in an inert gas
atmospherfe. Embedding depth and speed are variable. After embedding, the tést specimen is solidified, for
instance by heating up to a curing temperature (for example for thermosetunatrices) or cooling down to a
suitable temperature for matrix solidification (for example for thermoplastic matrices).
After complete solidification and conditioning, the test specimen is transferred into a CRE testing machine
for pull-out testing.
During the pull-out test, certain values are measured along“the force-displacement curve re¢spectively
calculated [from these measured values.
5 Abbreviated terms, symbols and dimensions
5.1 Sympols
Table 1 listis symbols used throughout this document.
Table 1 — Test characteristics, symbols, and dimensions
Charactetriistic Matrix Symbol | Unit
Material parameter
Fibre density — p g/cm3
Fibre lineay density — ol qtex
Fibre diame¢ter — d; ||1m
Fibre brealing{oxce — fs N
Melting tenpperature TP iy PC
Solidification temperature TP Ty °C
Testing procedure
Heating rate to embedding temperature TS, TP Frg K/min
Time at embedding temperature TS, TP tTE S
Embedding temperature TS, TP Tg °C
Embedding depth TS, TP, C Ikp pm
Embedding speed TS, TP, C Vg mm/min
Forming time TS, TP, C tp S

© IS0 2024 - All rights reserved
3


https://standardsiso.com/api/?name=d2d6e7dae3fb2bf64bd56f7a3219fb70

ISO 19375:2024(en)

Table 1 (continued)

Characteristic Matrix Symbol Unit
Curing temperature TS, C Tc °C
Heating rate to curing temperature TS, C e K/min
Time at curing temperature TS, C trc s
Below-solidification-temperature TP Txss °C
Cooling rate to below-solidification-temperature TP FrBS K/min
Final cooling rate TS, TP Py K/min
Final withdrawal temperature TS, TP Tr °C
Testing speled for pull-out test All 1 n/min

Evaluation A(\(V
Maximum force All Fax R ‘N
Debondinglforce All Fy N N7 N
Interfacial frictional force All E '\U) CN
Embedded |Jength All C\QE) ftm
=
Apparent ifjterfacial shear strength All (‘\\\Tapp MPa
Interfacial frictional stress All /\< - ¢ MPa
Local interfacial shear strength Al\l QV Tq MPa
Alternative local interfacial shear strength 5\@ T4 alt MPa
Shear-lag pprameter &(\Q) All B —
Residual thermal stresses \Ss\\ All TT MPa
Critical endrgy release rate \\\Q‘ All Gi. Jfm?
xO
5.2 Abbfeviated terms ) C\)J:
N
Table 2 listis abbreviated terms used throu&but this document.
Tab e@§ Materials and abbreviated terms
0O 'v’ Material Abbreviation
,.‘\‘O Fibres
Carbon fibile AOVJ CF
Recycled cqrbon fibre bﬁ(" 1|CF
Glass fibre ‘\Q\ a3
Natural fibfe V§‘ NF
G)\ ' Matrices

Thermoset IS
Thermoplastic TP
Concrete Concrete
Polypropylene PP
Polyamide 6 PA6
Polyether ether ketone PEEK
Polyether block amide PEBA
Polyurethane PU

© IS0 2024 - All rights reserved
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Table 2 (continued)

Material Abbreviation
Polycarbonate PC
Epoxy EP
Vinylester VE

6 Apparatus

6.1 Fibre diameter determination

6.1.1 Ge|

The diame
into the m4

NOTE )i

neral

Fer of each individual fibre shall be determined close to the position where the fibre is
itrix. The following methods may be used for the determination of the individual fibre

or the sake of simplicity, all calculations within this document assume a circular)fibre cross s

6.1.2 Vibroscopic fibre linear density and diameter test

This methd
in accorda
frequency

d uses a device measuring the linear density according to the vibroscopic principle, wh

wce with ISO 1973. Here, a fibre with a known pretension is-€xcited to its fundamental
ht a known vibrating length.

embedded
diameter.

ction.

fich shall be
resonance

For glass fibres, due to a possible impact of the bending stiffness’to the resonance curve, a vibrating length

of at least
length of

Basedont
density p;

(specified |

The detery
the matrix

50 mm and a pretension of 3 cN/tex are stronglyvecommended. For carbon fibres,

inimum 25 mm and a pretension of 1 cN/tex aré.commonly used.

h vibrating

he selected pretension and vibrating length.and on the measured resonance frequency, the linear
is calculated following the vibrating string equation. Employing the known fibre [density p
py the fibre producer), the fibre diameter d; is calculated according to Formula (1):
4-p
Bl § (1
TP
s the fibre diametet,)in micrometres (pLm);
s the fibre linear density, in decitex (dtex, g/1 000 m);
s the fibfe)density, in gram per square centimetres (g/cm3).
hination of the fibre diameter is required to calculate the contact area between the¢ fibre and

6.1.3

Optical fibre diameter determination

This method uses an optical assembly to measure the individual fibre diameter directly. Possible principles
are a laser-scan micrometre, a laser diffractometer, an optical microscope, or an appropriate device
according to ISO 11567.

6.2 Embedding station

This method uses a device for producing test specimens for the pull-out test, by embedding a single fibre
into a drop of matrix placed in a crucible. A single fibre with a minimum length of 5 mm is placed into a
cannula, after insertion the fibre protrudes out of the cannula. The protruding end is embedded into the

© IS0 2024 - All rights reserved
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matrix, embedding depth and speed are variable. During embedding and solidification, the fibre can be held
with low tension in the cannula by means of a holding air flow such that it can follow a possible shrinkage of
the matrix.

The device is equipped with a heating system for the crucible, allowing temperature changes at rates of
0,1 K/min to 99,9 K/min up to a maximum temperature of 400 °C. The heat transfer is given by the contact
between the heating system and the bottom side of the crucible. The actual temperature at the top of the
matrix might be lower than the displayed actual heater temperature, due to the geometry of the setup.
Temperature, temperature rates and duration of heating (time at temperature) can be adjusted.

The device is equipped with an active cooling system which can be enabled, and which rate can be adjusted.
The maximum cooling shall allow the device to cool down from 400 °C to 40 °C within 6,5 min (from 100 °C

to 40 °C within 3,5 min).

The device

a microscdpe to observe and control the positioning. The fibre can be moved along its axis for

using an ad

The devicd
the matrix

6.3 CRE

This methd
to the forcd

The devicd
fibre break
and the up|
0,1 mm/m

The draw-
pressure. ]
correct gri

A high-pre
device is r¢

The lateral
fibre is claj
is carried (

During the
force-displ

7 Test{

|ditional z-axis of the embedding device.

is equipped with a system to flush the embedding zone with an inert gas$)to avoid o

testing machine

d uses a device for pull-out testing, equipped with an upperholder for the test specimg
-measuring system, and a moveable lower draw-off clampsto/pull the single fibre out of

shall be equipped with a high-precision load cell with'a minimum force range high
ing force to be tested and a resolution of 1 pN or better. The distance between the dray
per specimen holder can be freely adjusted, thetesting speed can be adjusted to valug
n to 100 mm/min.

off clamp consists of one stationary andsone moveable clamp jaw with adjustabl
he surface of the clamp jaws in contact'with the specimen shall be made of a materiall
p without damaging the fibre, thereby-avoiding slippage and jaw breaks.

cision displacement measurement sensor with a resolution of 0,1 um or better is red
sistant against deformation under load, with a maximum deflection of 0,02 mm/N.

mped at minimum shear force even at very low distances between matrix and clamp. 4
ut by means of a cdmeéra with microscopic optics.

pull-out test<the displacement of the draw-off clamp and the resulting force is rec
Acement Curve:

pecimen

The test sp

is equipped with a triaxial linear table to allow positioning of the fibre relative to the xInatrix, and

bmbedding

xidation of

n mounted
the matrix.

br than the
v-off clamp
bs between

b clamping
to provide

uired. The

position of the draw-offtlamp is adjustable to match the position of the fibre axis. In this way, the

\djustment

orded as a

ecimen consists of a rn’m‘rinnn]ly symmetric metallic crucible a drnp of a matrix p]m‘

d into the

upper recess of the crucible, and a fibre embedded into the matrix. Figure 1 shows the physical dimensions
of the crucible that shall be used for the preparation of the test specimen.

© IS0 2024 - All rights reserved
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matrix

embed
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Dimensions in millimetres

b with recess

drop

®3,9
2.6
0,1 x 45° 18
' 0
| 1
|
0,1 x 45° I
i 3,5
|
f 5
0,1 x 45° 7

Figure 1 — Test specimen, crucible

ows a schematic lateral section through the test specimen,

Hed fibrefdashed line = embedded section)

Figure 2 — Test specimen, lateral section

An appropriate embedding device to create the test specimen is described in 6.2.

After the test specimen has been produced and solidified, it is transferred to the CRE testing machine.
Figure 3 shows schematic lateral sections through the test specimen, mounted into the upper test specimen

holder and the lower draw-off clamp of the CRE testing machine, described in 6.3.

© IS0 2024 - All rights reserved
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7

\ 10

aw-off clamp adjustment

led fibre (dashed line = embedded section)
cimen holder = measuring clamp
e jaw of draw-off clamp

b) Draw-off clamp open ¢) Draw-off clam

stationary jaw of drawgefficlamp
free fibre length
lateral + verticaladjustment

O© 0 N O

closing direction of movable clamp jay
10 draw-offdirection

Figure 3 — Test specimen in CRE testing machine, lateral section

bdding and matrix solidification aréscarried out using complex temperature profiles
.10. Figure 4 and Figure 5 schHematically illustrate those temperature profiles for

y thermoplastic matrices.

Ip closed

=

described
thermoset

1
7
~e
2\
3\
5 \
a) Dry
Key
1  cruciblp with recess
2 matrixdrop
3  embed
4  testspq
5 movab
8 Procedure
8.1 Overview
Fibre embq
in 8.2 to §
respective
T
1
Key

+H——H—1m— ———————— U1

T  temperature

t time

1  heating to and holding embedding temperature for degassing (heating rate to embedding temperature, time at
embedding temperature, embedding temperature)

2 positioning, embedding and final forming (embedding temperature, forming time)

© IS0 2024 - All rights reserved
8


https://standardsiso.com/api/?name=d2d6e7dae3fb2bf64bd56f7a3219fb70

ISO 19375:2024(en)

embedding

3 curing (heating rate to curing temperature, time at curing temperature, curing temperature; divided into several
steps, if required)
4  cooling (if inside the embedding device: final cooling rate, final withdrawal temperature)
5 optional test specimen extraction from the embedding device after fixing
Figure 4 — Typical temperature profile for thermoset matrices
T
1 2 3 =
t
Key
T  temperfature
t time
1  heating to and holding of the embedding temperature (heating rateto‘embedding temperature, time af
temperfature, embedding temperature)
2 positiophing, embedding and final forming (embedding temperature, forming time)
3  cooling down below-solidification-temperature (cooling‘-rate to below-solidification-temperatyire, below-
solidififation-temperature)
4 final cooling (final cooling rate, final withdrawal temperature)

After solid
out testing

8.2 Gen
A glove shd

The embed
out force i
shall be ch
(for examp]

Figure 5 — Typical temperature profile for thermoplastic matrices

fication and conditioning, the test specimen is transferred to the CRE testing machi

eral requirements
1l be used during-all following steps to avoid any influence from contamination.

ding depthfor a test series can be determined by iterative pre-tests, where the max
b investigated as a function of the embedding depth, following Clause 8. The embed
psen such that the maximum pull-out force is close to but does not exceed the fibre bre
le Mmeasured as described in ISO 5079 or ISO 11566). The resulting embedded leng!

he for pull-

mum pull-
ding depth
hking force
h (refer to

9.2.2) shall

be’a least 4 times the fibre diameter.

In case the embedded length is much smaller than the embedding depth, this can be an indicator for irregular
wetting, and the processing parameters should be reconsidered.

For a comparative test of similar fibre-matrix combinations, the same embedding depth shall be chosen for
test specimen preparation and, in case one of the further evaluations in 9.3 is applied, the embedded length
shall be similar.

A sufficient number of test specimen shall be prepared to ensure solid average values of the evaluated
parameters. After testing, invalid tests shall be eliminated, assuring that the sample size is not below 15
valid pull-out tests, unless otherwise agreed-on between the interested parties. For more information on
invalid results, please refer to 8.10 and Annex B.
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8.3 Fibre sampling and preparation

8.3.1 General

Fibres are drawn from a fibre sample. Typical sample forms are rovings, fabrics, flocks (for example natural
fibres) and chopped fibres (including recycled fibres).

Special care shall be taken to assure that a representative set of fibres is drawn from different sections
of the sample, for example by selecting different filaments from a roving or selecting fibres from different
roving sections. Care shall be taken not to damage the fibres by stretching or bending. The minimum fibre
length shall be sufficient to assure a fibre diameter determination (see 6.1).

8-3-2 Fibl < d;auu:ten dctcn lu;uatiuu

The diamsdter of each individual fibre test specimen shall be determined as described in, 6.1 Diameter
determination shall be carried out on the fibre section which is embedded into the matrjx.

8.3.3 Fibre insertion into the embedding device

The fibre i$ inserted into the cannula of the embedding device. The fibre shall he cut by means of{scissors to
protrude by a length of 2 mm to 5 mm from the cannula (preferred length: 2.mm to 3 mm). The fjbre is held
in place by|means of the holding air.

8.4 Matrix preparation

8.4.1 Thlermoset matrices

The matrix shall be prepared in accordance with the manufacturer’s instructions, for exampld regarding
the mixing ratio, vacuum/evacuation, the mixing proe¢edure (manual mixing, magnetic stirrinfg) and the
processingl time. A bubble-free matrix is required, for*example by vacuum application. Any deviation from
the manufjcturer’s instruction shall be indicated.ifi’the test report.

8.4.2 Thermoplastic matrices

The matrix shall be prepared in accor&ance with the manufacturer’s instructions, for exampld regarding
the required drying, to achieve a definied, not degraded condition. Any deviation from the manpufacturer’s
instruction shall be indicated in the test report.

8.4.3 Copcrete matrices

The matrix shall be prépated in accordance with the manufacturer’s instructions, for exampld regarding
the requir¢d mixing ratio (for example cement, water, filler and further additives). Any deviatign from the
manufactufrer’s instruction, for example to adjust the viscosity, shall be indicated in the test report.

8.5 Pre;raration of matrix droplet

8.5.1 General

A crucible is placed into the embedding device described in 6.2. In general, an aluminium crucible is
recommended for most thermoset and thermoplastic matrices, unless a chemical reaction between
the crucible and the matrix occurs during the processing. In these cases, a stainless-steel crucible is
recommended, for example for concrete or polyurethane matrices. For matrix materials that tend to detach
from the crucible surface during the pull-out test, the surface of the crucible can be roughened/scratched by
an appropriate tool.

After the placement of the crucible, the matrix is placed into the upper crucible recess. The matrix mass
shall be chosen in such a way that during embedding, the drop forms a convex shape above the crucible top
without flowing over the crucible edge. Preferably, the matrix covers the whole crucible diameter.
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If the matrix is prone to oxidization, the preparation zone of the embedding device shall be flushed for a
sufficient period of time with an inert gas as soon as the matrix has been placed in the crucible and held
under inert gas atmosphere in the following preparation steps and until the test specimen is removed from
the embedding device.

8.5.2 Thermoset matrices

Apipetteisusedtoplaceadrop of matrixinthe upperrecessofthe crucible. Typically, the embedding temperature
is the laboratory temperature. A higher embedding temperature can be chosen to enable degassing. In this case,
the embedding temperature and time at embedding temperature shall be adjusted to remove bubbles from the
matrix without substantial curing, still enabling the subsequent embedding of the fibre.

A typical temperature profile is shown in Figure 4

The matrix preparation temperature profile consists of heating to and holding the embedding tgmperature
for degasding (heating rate to embedding temperature, time at embedding temperature, pmbedding
temperatufe). It may include an intermediate temperature step.

8.5.3 Thermoplastic matrices

In case of $olid matrices, an appropriate size of pellet shall be placed into the-lrpper crucible regess. In the
case of a mlatrix in form of a powder or fibre snippets, an appropriate amount shall be applied in compacted
form, for eyample by means of a suitable pressing tool. The crucible shallthen be heated inside the pmbedding
device to the embedding temperature, so that a liquid droplet forms.

The tempefrature profile shall be adjusted to completely melt theimatrix without degradation. Referring to
the test specimen geometry shown in Figure 2, it shall be considered that the actual temperature at the top
of the matifix may be lower than the displayed actual heater temperature.

A typical t¢mperature profile is shown in Figure 5.

The matriy preparation temperature profile consists of heating to and holding of the embedding tdmperature
(heating rdte to embedding temperature, time at émbedding temperature, embedding temperatujre).

8.5.4 Copcrete matrices

A spatula i$ used to place a drop of matrix into the upper recess of the crucible. The crucible shall|be made of
stainless steel.

Typically, the complete matrix-préparation takes place in a laboratory atmosphere.

8.6 Fibre positioning, embedding and final forming

This step tonsists of \positioning, embedding and final forming, as illustrated in Figure 4 angl Figure 5.
During thig step, the'émbedding temperature shall be held at a constant level.

Before emlpedding, the matrix shall have a stable geometry.

For embedding, the fibre end protruding from the cannula shall be positioned close to the top of the
matrix using the z-axis of the embedding device (6.2). By means of the triaxial linear table and the
observing microscope, the fibre is positioned above the centre of the droplet pointing in vertical direction,
perpendicular to the top of the matrix surface. Next, the fibre is moved vertically until it just touches the
matrix surface.

Next, the fibre shall be embedded into the matrix to the predetermined embedding depth that is held
constant for the full test series as described in 8.2. The embedding speed shall be chosen such that the fibre
does not deform or move out of the vertical position during embedding.

NOTE1 The embedding is usually achieved in 20 s to 40 s, for matrices requiring a high embedding length or
showing a low wettability, it can take up to 60 s.
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After complete embedding, a forming time of 0 s to 60 s shall be maintained to allow wetting and meniscus
formation of the matrix droplet.

NOTE2 A missing meniscus or indented matrix instead of a protruding meniscus can be a reason for larger
differences between the embedding depth and embedded length. In case of thermoplastic matrices, this can be caused
by inhomogeneous melting. To ensure homogeneous melting, a higher embedding temperature, a reduced matrix
mass, a longer time at embedding temperature, or a longer forming time can be chosen. Additionally, the inert gas flow
can be suspended temporarily to avoid cooling of the matrix surface.

Annex A shows typical images of both, valid and invalid embedding processes.

8.7 Solidification of the test specimen

8.7.1 Gepneral

After embpdding the fibre into the matrix, the test specimen shall completely solidify’ following the

manufactufrer’s instructions before the test procedure is continued.

The compl

To reduce
matrices,
place insid

ete solidification can take place inside the embedding device.

the cycle time in case of a long solidification process, for instande for long curing
he solidification can be divided into two steps. The first step is‘referred to as fixing
e the embedding device, after which the test specimen is sufficiently fixed to the matri

thermoset
and takes
X such that

it can be ta| \s a second

step, the fi

[ken out of the embedding device without changing the geométry of the test specimen. 4
hal solidification shall then be done externally (for example, in a lab oven).

8.7.2 Thermoset matrices

assure full
sts of

According fo the manufacturer’s instructions, a suitable temperature profile shall be selected to
curing of the test specimen. As illustrated in Figure 4, thé&'solidification temperature profile cons
— curing|(heating rate to curing temperature, time-at curing temperature, curing temperature| divided in
several steps, if required), and

coolin

b (final cooling rate, final withdrawal temperature).

If the tests hn external

oven. In th

pecimen is taken out of the embedding device after fixing, curing shall be continued in
s case, the subsequent cogling is undefined.

8.7.3 Thermoplastic matrices

Fature profile shall be selected in such a way that full solidification of the test specimen|is assured.

ed in Figure/5 the solidification temperature profile consists of

The tempe
As illustraf

coolin ure, below-

solidif

r down below solidification temperature (cooling rate to below-solidification-temperat
cation=temperature) and

final c

paling (final cooling rate, final withdrawal temperature).

The cooling rate to below-solidification-temperature can have an impact on the fibre-matrix adhesion
strength. Hence, the cooling rate should be selected in accordance with the process conditions in composite
production.

NOTE The cooling can be done using an intermediate holding step between the melting temperature and the glass
transition temperature.

Thermoplastic matrices tend to shrink during cooling down to below-solidification-temperature. Therefore,
the holding air flow shall be switched off during this step to allow the fibre to follow the matrix shrinkage.

High cooling rates can lead to a slant fibre position due to matrix shrinkage. In these cases, a lower cooling
rate is preferred until the matrix has been cooled down to below-solidification-temperature.
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The final cooling to the final withdrawal temperature can be performed at a higher rate.

8.7.4 Concrete matrices

A fixing step shall be performed keeping the test specimen inside the embedding device at laboratory
temperature (for example for 15 min).

For final solidification, the test specimen shall then be cured for a certain time at certain climate conditions
outside of the embedding device, in accordance with EN 12390-2.

8.8 Test specimen requirements and final validation

All test specimens shall passa final validation before hping ar‘r‘ppfpd fora pll"-ﬁllf test to assure that

a) the protruding fibre has sufficient length so that it can be gripped securely by the draw-0ff clamp of the
CRE testing machine (6.3) during the pull-out test;

b) the mdtrix drop forms a convex shape without flowing over the crucible edge;
c¢) the fibfe protrudes from the top of the matrix droplet;

d) the fibfe protrudes perpendicular from the matrix surface (as well as it can be achieved, see Note);
e) the embedding region of the matrix is be free of bubbles;
f) the mgtrix volume is not dominated by bubbles.

Inhomogerneous shrinkage or too fast cooling/curing of the matrix'can cause an exceedingly slant protruding
angle. In sych cases, the test specimen may be discarded.

NOTE The protruding angle of the fibre from the matrix top has been analysed; it has been found that[slant angles
caused by the mechanism of the embedding station only have’a minor effect.

8.9 Post-preparation and conditioning

8.9.1 Gepneral

The post-preparation and conditioning shall be performed according to the matrix manpufacturer’s
instructions and shall be consisterit for all test specimen within a test series.

8.9.2 Thlermoset matrices

After solid{fication, eachitest specimen shall be stored inside a desiccator for a specified storing/cgnditioning
time interval of minimwn 12 h (for example, all pull-out tests performed within 12 h to 24 h after einbedding).
For the comhparison of different test series, the storing/conditioning time shall be consistent.

Contamingdtions 'or remaining matrix deposits on the fibre surface can cause slippage inside the draw-off
clamp durﬁlg the pull-out test. In this case, the test specimens may be cleaned before the pull-qut test, for
example by storing them inside an oven for T h ata temperature of 80 °C. After such a temperature treatment,
the test specimens shall be cooled down to laboratory temperature inside a desiccator for at least 30 min.

8.9.3 Thermoplastic matrices

After solidification, the test specimens may be tempered for a specified time at a specified temperature to
release residual stresses in the matrix droplet.

Next, each test specimen shall be stored inside a desiccator for a specified storing/conditioning time
interval of at least 12 h (for example all pull-out tests performed within 12 h to 24 h after embedding). For
comparison of different test series, the storing/conditioning time shall be consistent.
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For certain fibre-matrix combinations, the adhesion can change over time (for example due to moisture
uptake, change in residual stresses and aging). Therefore, it is preferable to define a narrow time interval
for testing. Tempering can help to avoid changes in fibre-matrix adhesion over time.

8.9.4 Concrete matrices

Before continuing with the pull-out test, the test specimen shall be conditioned as specified by the
manufacturer’s instruction or as agreed on between the interested parties, for example in accordance with
EN 12390-2.

8.10 Pull-out test

8.10.1 Ge‘[neral

The pull-ouit test is carried out by means of a CRE testing machine, as specified in 6.3.

A test spedimen is placed into the CRE testing machine. The fibre is pulled out of the matrix while the force-
displacemént curve is recorded. An ideal force-displacement curve is shown in Figune-6.

F

1~ d—
i
5

Key

I displacement 5 embedded length [,

F  force 1-2 elastic deformation
pretengion 2-3 crack propagation

2 debonding force Fj 3-4 complete fibre debonding

4-5 frictional-interaction-only

maximpim force—Fy ..

w

4  friction force F,

Figure 6 — Ideal force-displacement curve

For a detailed description of the pull-out test, see Reference [11].

8.10.2 Test specimen insertion and clamping

To perform the pull-out test, the crucible of the test specimen is fixed in the specimen holder (measuring
clamp) with the protruding fibre pointing downwards [refer to Figure 3 a)].
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The opened draw-off clamp shall be positioned such that the pultruding fibre touches the stationary clamp
jaw along the complete height, without bending the fibre. This positioning is achieved by using the lateral
position adjustment of the draw-off clamp [refer to Figure 3 a) and b)].

The vertical position of the draw-off clamp shall be adjusted such that the stationary clamp is very close
to the matrix surface. The resulting short free fibre length between clamp and matrix helps to reduce the
influence of the stretching of the fibre during the pull-out test. At the same time, care shall be taken to
prevent clamping of the possibly formed meniscus (typically reaching along the fibre up to 3 times the fibre
diameter). Hence, the preferable distance between the matrix surface and the draw-off clamp ranges from
5 times to 15 times the fibre diameter [refer to Figure 3 a) and b)].

Subsequently, the moveable jaw of the draw-off clamp shall be closed. Care shall be taken that the clamp jaw
does not damage the fibre when closing [refer to Figure 3 b) and c)]. The clamping pressure shall be adjusted
in such a way that slippage as well as damage of the fibre is avoided.

8.10.3 Testing conditions

The pull-out test shall start at a pretension of 0,01 cN, applied automatically by the CRE testing machine. The
displacemgnt speed of the draw-off clamp shall be 0,1 mm/min. Higher speeds are-permitted upon mutual
agreement] for example in case of high embedding depths.

8.10.4 Tefting

The fibre {
force shall
when the f
displaceme

8.10.5 Va

A final val
specimen. |

be recorded resulting in a force-displacement curve (refer to Figure 6). The test shall
brce drops to values constantly below 0,01 cN in the frictional-interaction-only part o
nt curve (representing a full pull-out of the fibre fromthe matrix).

lidation

idation shall be performed by inspectingithe recorded force-displacement curve aj
Annex B shows typical force-displacement curves of both, valid and invalid tests. A lar

hall be pulled out from the matrix, while the position of‘tlie draw-off clamp and thE

resulting
e finished
the force-

nd the test
ce range of
px E.

pull-out curves for various fibre-matrix combinations can be found in Annex C, Annex D and Ann

Typical cayses for invalid tests are:

fibre b

eakage between matrix and draw-off clamp: the frictional-interaction-only part is missing;

slippage of the fibre in the draw<off clamp: force remains at a high level and does not drop to [0;
fibre breakage in the draw-off clamp: fibre is pulled out from between the draw-off clamp jaw
resulting in a too-long apparent frictional-interaction-only part, fibre still protrudes from
after the test;

s typically
the matrix

irregular wetting: unusual short friction-interaction-only part, embedded length is much smpaller than

the embedding depth;

matriy debonds from the crucible: irregular force-displacement curve, test specimen shows crack

between the matrix drop and the crucible surface.

Invalid tests shall be excluded from the evaluation and the test report.

9 Evaluation

9.1 General

The basic evaluation described in 9.2 resulting in the apparent interfacial shear strength is required to
complete a valid test. If desired and depending on the shape of the force-displacement curves, more detailed
analyses can be done, as described in 9.3.
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The following evaluations require the identification of certain points (keys 2 to 5 in Figure 6) in the recorded
force-displacement curves. This can be performed either manually by visual inspection or automatically, for
example by fitting the ideal force-displacement curve illustrated in Figure 6 partially or in total to the data.

9.2 Measured values and basic evaluation

9.2.1 Fibre diameter

The individual fibre diameter d¢, measured as described in 8.3.2, is required for all further calculations.

9.2.2 Embedded length

The embed

further cal
the end of

embedding
9.2.3 Ms

The maxin{
calculation

The appar;
calculated
contact arg

Tapp =

where

9.2.4 Int

The interfg
for the cald

The interf4

ded length [, taken from the force-displacement curve as illustrated in 8.10, 1s requ
culations. It is derived from the displacement at the point where the force drops below

the frictional-interaction-only part of the curve (see Figure 6). Note that I, can-diffq
depth [gp chosen for the embedding of the sample.

Iximum force and apparent interfacial shear strength

um force F,,., taken from the force-displacement curve as illustxated in 8.10, is requ
of the apparent interfacial shear strength.

ent interfacial shear strength 7,,, is the maximum force per unit contact area.
from F,

according to Formula (2) max
a shall be calculated as the product of I, and the fibfe'circumference n-d:

and the contact area between the fibre and the 1

F

max
- de -,

s the maximum force, in centinewton (cN);
s the fibre diameter, in micrGmétres (um);

s the embedded length{in micrometres (um).

erfacial frictional force and stress

cial frictionaPforce F,, taken from the force-displacement curve as illustrated in 8.10,
ulation ofthe interfacial frictional stress.

cial frictional stress 7; shall be calculated according to Formula (3).

ired for all

0,01 cN at
r from the

red for the

[t shall be
natrix. The

(2)

is required

Fy
T =
T df : le
where
F, isthe interfacial frictional force, in centinewton (cN);
d;  isthe fibre diameter, in micrometres (pum);

[

e

is the embedded length, in micrometres (um).
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9.3 Further evaluations

9.3.1 Ge

neral

Depending on the shape of the force-displacement curve, further evaluations can be applied to the data.
These evaluations include stress-based and energy-based analyses. When modulating the embedded length

l,, the measured apparent interfacial shear strength 7
can be evaluated against the different I, values, e.g., to analyse the decreasing 7

app
app

values obtained by the method described above
at increasing I,

enabling further analysis for instance with shear-lag models[8l. A review over different analysis methods is
given for instance in References [9], [10] and [11]. The applied analysis method for further evaluation shall
be agreed on by the interested parties. Three proposals are given in 9.3.2 to 9.3.4 which require certain

additional

9.3.2 Lo

If the debo
local interf]

Tq=

a |

For furthe

9.3.3 Al

Alternativd
in Referen
local interf]

9.34 Cr

The debon|
Reference

10 Exprg
The testre,
a)
b)
)
d)

the m¢q
the st3
the coq

the 95

aterial parameters, specified in Annex E

cal interfacial shear strength derived from the debonding force
acial shear strength 74 may be calculated according to Formula (4).
e

=

background to Formula (4), see References [9] and [10].

;I—ﬁcoth(ﬁ-le)-rT -tanh
f

ernative determination of local interfacial shear strength

bly, the local interfacial shear strength may be calcu]ated using the alternative method
Ce [9], e.g. if no or two kinks can be identified in the force-displacement curve. The
acial shear strength 74 ;. does not require thevidentification of Fy.

tical energy release rate

ding process can also be analysed._using the critical energy release rate G;., as d¢

12].

1c’

pssion of results

sults of a series shatl\be calculated in accordance with ISO 2602:
an values, expressed to 3 significant digits;

ndard deviation, expressed to 3 significant digits;

pfficient of variation, expressed as a percentage, to the nearest 0,1 %;

nding force Fy can be identified in the force-displacement curve (kink at £, see Figure 6), the

(4)

| described
alternative

bscribed in

%-confidence intervals, expressed to 3 significant digits.

Precision data for typical fibre-matrix combinations can be found in Annex G.

11 Test report

11.1 General

The test report shall include at least the following information:

arefer

a)

ence to this document, including year and month of publication, i.e. ISO 19375:2024;

b) the date of test;
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c) operators for test specimen preparation and for testing;
d) any deviations from this document;
e) any unusual features observed;

f) fibre type (for example carbon, glass), fibre sample form (for example roving, fabrics, flocks and chopped
fibres);

g) fibre specification (for example producer, production date and fibre breaking force, if known);
h) matrix type, matrix form (for example pellet, powder and liquid);

i) matrix specification (for example producer and production date, if known).

11.2 Fibre and matrix preparation

11.2.1 Fibre sampling and preparation
a) procegs for selection of single fibres from the sample;
b) methof used to determine the fibre diameter of the single fibres;

c) fibre density, pretension and vibrating length, if the vibroscopic method is used to determine the fibre
diameter.

11.2.2 Matrix preparation

a) for thgrmoset materials — matrix preparation parametérs: for example mixing ratio, mixing method,
vacuuin applied, mixing procedure, processing time;

b) for thermoplastic materials — matrix preparationparameters: for example drying step;
c) for corcrete materials — matrix preparation parameters: for example mixing ratio;

d) any deyiation from the matrix manufacturer’s instruction during matrix preparation.
11.3 Testjspecimen preparation

11.3.1 Embedding device

a) manufpcturer, type, sefital number.

11.3.2 Ma3trix droplet-preparation

a) crucible material, surface roughening, if applied;

b) use anf®ype of inert gas used during matrix preparation and fibre embedding, if applied;

c¢) thermoset matrices: heating rate to embedding temperature, time at embedding temperature,
embedding temperature;

d) thermoplastic matrices: heating rate to embedding temperature, time at embedding temperature,
embedding temperature.

11.3.3 Fibre embedding

a) embedding depth;
b) embedding speed;
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¢) forming time after fibre embedding.

11.3.4 Test specimen solidification
a) use and type of inert gas during fixing, if applied;
b) thermoset matrices:

— curing: heating rates to curing temperatures, time at curing temperature, curing temperatures;
divided into several steps, if required;

— fixing time: external curing steps after fixing (temperature, time), if applied;

Al o ] rata il b deor o 1+ N £ £ datha arbadding o

fir aaling: final ~oqling i ALY o) apmanaratiaen 1€ o dn a 3 Vlce
o COOTIIT S T COOTIT g TatC vy rerrtatavy o corrperotut S oottt trmrot ot —og )

c¢) thermgplastic matrices:

— copling down to below-solidification-temperature: cooling rate to below-solidification-temperature,
below-solidification-temperature;

— final cooling: final cooling rate, final withdrawal temperature;
d) concrdte matrices:
— fixing time;
— exfernal final solidification: time, climate conditions;
— standard method for final solidification (for example reference to EN 12390-2);

e) any deyiation from the matrix manufacturer’s instructions during solidification.

11.3.5 Popt-preparation and conditioning
a) thermgset matrices:
— storage time in desiccator after solidification;
— clganing temperature, cleaningtime and minimum cooling time after cleaning, if applied}
b) therm¢plastic matrices:
— tempering temperature and time, if applied;
— sto¢rage time intérval in desiccator after solidification;
c) concrdte matrices;

— copditigning parameters;

— reference to standard method for conditioning, if applied (for example EN 12390-2);

d) any deviation from the matrix manufacturer’s instructions during post-preparation and conditioning.
11.4 Pull-out test and evaluation

11.4.1 CRE testing machine
a) manufacturer, type, serial number;

b) testing speed for pull-out test.
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11.4.2 Material parameters for evaluation

a)
b)

specifi

specifi

c fibre parameters required for the further evaluations, if applied (refer to Annex F);

¢ matrix parameters for the further evaluations, if applied (refer to Annex F).

11.4.3 Basic evaluation and results

a)
b) measu

individual force-displacement curves of all test specimens;

rement results for each test specimen:

fibre diameter;

m
ap
in{
fri

11.4.4 Ev

embedded length;

iximum force;
parent interfacial shear strength;
erfacial frictional force;

ctional stress.

hluation of the local interfacial shear strength from the debonding force, if applie

evalu

a)

a|:ion method, applied bibliographic reference;

b) measufrement results for each test specimen:

bonding force;

al interfacial shear strength.

ernative evaluation of the local intérfacial shear strength, if applied

evalua[ion method, applied bibliographic reference;

ement results for each tes{ispecimen/test series: local interfacial shear strength.

hluation of the critical energy release rate, if applied

evalua[ion method, applied bibliographic reference;

ement results-for each test specimen: critical energy release rate.

stics

rlef valid tests;

| ="

— de
— lo
11.4.5 Alf
a)
b) measu
11.4.6 Ev
a)
b) measu
11.5 Stat
a) numbe
b)

result statistics for all chosen result parameters, according to Clause 10.
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Annex A
(informative)

Images of embedding procedure

A.1 Exemplary images of a correct embedding procedure

Exemplary images of a correct embedding procedure are shown in Figure A.1 to Figure A.4.

g

a) Matrix preparation b) Positioning/Embe

c) Curing

Z
Figure A.1 — GF/ Two-compone&l’@ with amine hardener
.\@

a) Matrix pre;@%tion b) Positioning/Embedding c) Cooling
&?\ Figure A.2 — GF/PP
<
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a) Matrix preparation b) Positioning/Embedding

Figure A.3 — CF/Concrete

b) Positioni.@gqf Embedding

xO
Figure A.4 -c\)h\latural fibre (Sisal)/PP
N

O
A.2 Exemplary images of in\@}% embedding procedures

c) Cooling

a) Matrix preparation

Exemplary|images of an invalid@g)edding procedures are shown in Figure A.5 to Figure A.9.

%)

a) Matrix preparation b) Positioning/Embedding ¢) Curing

Figure A.5 — Development of bubbles while curing (GF/PU)
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a) Matrix preparation b) Positioning/Embedding c) Cooling

Figure A.6 — Drop forms no convex shape — too little matrix material (CF@

a) Matrix preparation b) Positioning/ edding c) Cooling
.\@
Figure A.7 — Developmen{'@ﬁ)ubbles while melting (CF/PC)

agmg avalid test b) Preparing an invalid c¢) Preparing an invalid test
usmg slow test specimen due to fast spec1men due tp a
- ; : e—occurred
materlal — the material — the surface of durmg coolmg down
fibre remains straight the matrix shrinks
irregularly, no

perpendicular angle

between fibre and matrix

Figure A.8 — Misalignment of the fibre after fast cooling
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Figure A.9 — Incomplete melting — Preparing an invalid test specimen due to an incompletely

mehtedmatrix b‘
.

A5
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Annex B
(informative)

Images of force-displacement curves of pull-out tests

In this annex, the exemplary force-displacement curves of pull-out tests of various fibre-matrix combinations

is displayed, see Figure B.1 to Figure B.5.

First, data from typical pull-out tests are shown. For each combination, 3 curves are given indicating the

variation from individual test to test. Second, regular pull-out curves are displayed in contrast to faulty

tests that Have failed due to typical error patterns.

F F
20 ] 20 7 ._/"'
151 15 Z
10 1 10 - i
I
5 - 5 - |
: P
0 T 0 3 T L Apr===s T
q 60 80 I 0 20 40 60 !
a) CF/One-Comp. EP b) CF/Two-Comp. EP with anhydride hardener
F F
30 1
h
74
i /4
20 Vs =
b/ =
w047 |
I
F
T = T T 0 T
50 100 150 ! 0 25 !

Two-Coemp. EP with amine hardener

d) GF/PU
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€) GF/VE
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force, in cN
Figure B.1 — Exemplary pull-out curves of thermoset matrices
F F
20 1= 5
' 4
3
2
RN
0 T T — T -r 0 \—l- ——————— T
q 200 400 600 800 [ 0 200 400 600
a) GF/PP b) rCF/PP
F F
30 4
20 A
I
104 /1
|
|
R
T = T 0 \T T T i
( 200 400 600 [ 0 25 50 75 100
c) NF (Sisal)/PP d) GF/PA6
H F
125 /] 1254
i
10,0/ 10,04 4
]
5,0
2547 |
0 I§R~——.I— T T
0 25 50 75 100 [
e) CF/PA6 f) CF/PC



https://standardsiso.com/api/?name=d2d6e7dae3fb2bf64bd56f7a3219fb70

Key
l
F

Key
l
F

Key
l
F

displacement, in pm
force, in cN

ISO 19375:2024(en)

Figure B.2 — Exemplary pull-out curves of thermoplastic matrices, part 1

F F
15 84 /%
U /' §
il
A
| Il i
2 ,/ &
0 T T T T T
[ 0 20 40 ~60 80 100
a) CF/PEEK b)“CF/PEBA
displacement, in pm
force, in cN

d]sp]ac bment, in pm

\‘\\‘“ /'\ e
SN e N

e N\ -
T

RAVN

500 1000 1500

CF/Concrete

Figure B.3 — Exemplary pull-out curves fram thermoplastic matrices, part 2

force, in cN

Figure B.4 — Exemplary pull-out curves from a concrete matrix
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F F
12,5 20 - A
/ VAVA S o S P
10,0 / - T~
15 1 /
7,5 1 ///
104 /
5,0 1 /
/
2,5 \ > //
0 T T O T — T T T
0 50 100 0 25 50 75 100 125 150 !
a) [ CF/PC — regular versus invalid: b) CF/One-Comp. EP — regular

Key

25 50

l displacement, in pm

F force,

NOTE1 }
(dashed). In

NOTE2 }
drop from t

NOTE3 ]
fibre is pull
exceed the

in cN

75 100 125 150 !

GF/Two-Comp. EP with amine
rdener — regular versus invalid:

igure B.5 a): Regular pull-qut (solid) vs. fibre breaking between clamp and matrix or insidg
the latter case, the frigtion-interaction-only part of the curve is missing (see Figure 6).

igure B.5 b): Regular-pull-out (solid) vs. fibre slipping inside the clamp (dashed). In the latt
he maximum forceto the friction force is missing (see Figure 6) and the force does not reduce
displacements much largérthan the embedding depth.

igure B:5\¢): Regular pull-out (solid) vs. fibre breaking inside the clamp (dashed). In the latt
ed out.from the clamp rather than the matrix. This typically results in apparent embedded
xpécted range. This fault can also be identified and rejected by inspecting the test specimen.

versus invalid:

F
30 -
=N
AN
20 A // \
/ \\‘
10 1Y !
\
0 T T
0 50 100 150 !

d) GF/Two Comp. EP with amin

hardener — regular versus invalid:

the matrix

er case, the
to 0 even at

er case, the
engths that

NOTE 4

rigure B.5 d): Regular pull-out (solid) vs. Tibre that has not been properly wetted by the matrix or has not

been embedded deep enough (dashed). Embedding depths that are too low are marked by a smooth transition from
an increasing force to the level of interfacial frictional force (round-off top). Furthermore, the maximum force and the
embedded length may be exceedingly low.

Figure B.5 — Exemplary regular vs. invalid pull-out curves
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Annex C
(informative)

Exemplary embedding and pull-out settings for thermoset matrices

The selection of fibre-matrix combinations is performed according to the industrial relevance in the
different sectors. Table C.1 contains exemplary settings for embedding and pull-out of test specimens with
thermoset matrices. It shows the settings for the specific fibres and matrices used during development
of this docsment,in the form of a recipe Note that even similar fibres and matrices can reguire different

settings for successful tests. Table C.1 may serve as a starting point to find suitable settings.
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Typical test results and precision data for these thermoset fibre-matrix combinations can be found in
Annex G.
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Annex D
(informative)

Exemplary embedding and pull-out settings for thermoplastic

matrices

The selection of fibre-matrix combinations is performed according to industrial relevance in the different
sectors. Table D.1 contains exemplary settings for embedding and pull-out of test specimens with

thermopla
of this doc
settings fo

FTIC matrices. It SHows the settings for the speciiic [1bres and matrices used during dd
ument, in the form of a recipe. Note that even similar fibres and matrices can requiy
" successful tests. Table D.1 may serve as a starting point to find suitable settings:
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