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Interaction of delaminations and matrix cracks in a
CFRP plate, Part I: A test method for model validation
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Abstract

Isolating and observing the damage mechanisms associated with low-velocity
impact in composites using traditional experiments can be challenging, due to
damage process complexity and high strain rates. In this work, a new test
method is presented that provides a means to study, in detail, the interaction
of common impact damage mechanisms, namely delamination, matrix cracking,
and delamination-migration, in a context less challenging than a real impact
event. Carbon fiber reinforced polymer specimens containing a thin insert in one
region were loaded in a biaxial-bending state of deformation. As a result, three-
dimensional damage processes, involving delaminations at no more than three
different interfaces that interact with one another via transverse matrix cracks,
were observed and documented using ultrasonic testing and x-ray computed
tomography. The data generated by the test is intended for use in numerical
model validation. Simulations of this test are included in Part II of this paper.
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1. Introduction

Composite laminate materials in aerospace structures are inherently sus-
ceptible to damage from transverse loads, such as impact. This vulnerability
necessitates a lengthy design and certification process to ensure structural re-
liability and safety. Currently there is a lack of robust and reliable damage
simulation tools, and without such tools, certification of composite structures
relies almost entirely on testing [T, 2]. If reliable damage simulation tools were
available for composites, certain tests could be replaced with analysis and a
cheaper and faster design process may be realized [3, [4, [5].

A challenge for developing numerical damage simulation tools for composites
is obtaining validation data. Damage processes in laminates often occur quickly
and are very complex, consisting of perhaps dozens of interacting delaminations
and matrix cracks in a three-dimensional network. A common cause of this type
of damage is low-velocity impact (LVI). Figure[1|is a section view of typical LVI
damage in a laminate. The development of simulation models that can predict a
complex three-dimensional network of cracks such as this, in a reliable manner,
has had some success to date, but has proven to be difficult [6, [7]. Future
model development and improvement relies in part on having access to useful

validation data.

impacted
surface  transverse
delaminations matrix cracks

Figure 1: Typical low-velocity impact damage in a composite plate.

The approach commonly used when creating a new progressive damage sim-
ulation methodology is to start with validation of simple damage cases, such as
standard delamination coupon models, and develop the method incrementally
by increasing the complexity of the validation cases. In order to use this ap-

proach, experimental data are needed at each stage of development. Validation



25

30

35

40

45

50

data, which are often obtained from ASTM standard tests [8, [, [10] using sim-
ple coupon-sized unidirectional laminate structures, are available from several
sources (e.g., [11l 12]). Damage documented in these tests is confined to one
ply interface and does not replicate the extensive damage that can result from
LVI (see Figure 1).

A slightly more complex damage process may include transverse matrix
cracking. In Ratcliffe et al.’s delamination-migration experiment, delamination
grows from an implanted delamination starter, then migrates to a new interface
via a transverse matrix crack, and then continues growth at that new interface
[13]. This experiment is useful in progressive damage model development and
validation, as it isolates a specific damage mechanism; however, it is designed
to do only that, not to represent a more extensive damage scenario such as LVI,
where dozens of delaminations may be occurring and interacting.

It is helpful to consider damage problems of medium complexity, in between
that of the delamination-migration experiment and that of LVI. “Medium com-
plexity” in this context may be defined as progressive damage in a laminate that
involves no more than two or three delaminations at different interfaces, which
interact via transverse matrix cracks. The goal of the research described in this
paper is to generate medium complexity experimental data to be used in model
development and validation, and also to gain further fundamental understanding
of laminate damage processes associated with LVI. A new biaxial-bending test
is developed to achieve this goal. Both quasi-static indentation and low-velocity
impact loads are used in the tests. Following the introduction, in sequential
order, this paper contains a description of the experiments, results and discus-
sion pertaining to the quasi-static tests (Layups 1-3), results and discussion
pertaining to the impact tests (Layups 1-3), a section on the specimen fracture

surface microscopy, and conclusions.
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2. Experiment description

2.1. Overview

An experiment was designed which creates a progressive damage process
that consists of multiple delaminations growing at different interfaces and inter-
acting with one another via transverse matrix cracks in a carbon fiber reinforced
polymer (CFRP) specimen. The specimens, square in shape and containing a
quarter-circle pre-existing delamination in one corner, were placed in a clamp-
ing test fixture such that only the two specimen edges opposite the pre-existing
delamination were restrained. A load was applied to the corner of the specimen
containing the pre-existing delamination. These loading and boundary condi-
tions result in a biaxial-bending state of deformation in the specimen. The test
is illustrated in Figure[2l Simulations of this test using an enriched shell element

model are presented in Part IT of this paper [14].

(a) plan view

clamped region
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(b) elevation

Figure 2: Test schematic.

Canturri et al. performed a test that was configured similarly [15], which
served as inspiration for this test. The primary difference between Canturri
et al.’s test and the test described herein is the biaxial-bending deformation.
The biaxial-bending state, combined with the quarter circle geometry of the
pre-existing delamination, results in a ply shearing direction (i.e., direction of

maximum interlaminar shear stress) that varies radially in the specimen through
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one full quadrant of angles relative to the adjacent ply fibers. The implications
of the biaxial-bending are explored and discussed further in Section[3} Some sec-
ondary features that distinguish the biaxial-bending test from Canturri’s work
are the layups examined, the use of dynamic loads, and the progressive damage

characterization that will be described in Section 2.3l

2.2. Test specimens

The CFRP test specimens were manufactured using an IM7/8552 carbon
fiber-epoxy material system and cured according to the manufacturer’s instruc-
tions [I6]. Material properties for this material system can be found in Part 1T
of this paper [I4]. The specimen geometry and layups are described in Figure
Bl Three layups were tested and the results are presented in this paper. The
three layups selected were chosen so that migration could be studied through
90°, 45°, and -45° plies. Square plates (105 mm x 105 mm) were manufac-
tured with a circular Polytetraflouroethylene (PTFE) insert (13 pm thick, 10
mm radius) located at the center point of the plate at the interface designated
by “T” in Figure |3l The plates were then cut symmetrically about the center
point to create four 52.5 mm x 52.5 mm square test specimens, each with a
quarter circle PTFE insert in one corner. The cut specimens were then ultra-
sonically scanned to ensure that the insert placement was correct. The total
cured specimen thickness was 6.12 mm.

The specimen geometry was selected as a relatively high length-thickness
aspect ratio (i.e, shear deflection is not negligible) to ensure that the response
behavior remained in the “small deflection” domain. The motivation for limiting
the test to small deflections was so that the test data could be used to validate

models that are also limited to this domain.
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(a) test specimen
photograph
Layup 1: [(0,/90,),/0,/T/90,/0,/(90,/0,);]

Layup 2: [(0,/90,)4/0,/45,/0,/T/-45,/0,/(90,/0,)]
Layup 3: [(0,/90,)4/0,/-45,/0,/T/45,/0,/(90,/0,),]

@ T = PTFE (Teflon™)

(penny shown for scale)

(b) test specimen schematic border region clamped
I’
1S I .
E gl | /1745, X sa5° free edges (2)
o 51 0° / o I o .
o ~ : initial delamination, radius = 10 mm
™ g (PTFE thickness = 13.0 um)
1

>
37.5mm ™~ load application location

52.5 mm
Figure 3: Biaxial-bending test specimen.

2.8. Quasi-static test setup

Quasi-static tests were performed at NASA Langley Research Center. The
quasi-static test setup is shown in Figure [d A square CFRP specimen was
clamped in one corner of a steel picture-frame impact test fixture. Four bolts,
one in each corner of the fixture, were each tightened to a torque of 5.64 N-m,
resulting in a clamped condition that held the specimen firmly in the fixture,
but was not so tight as to damage the specimens. Guide plates on the lower
clamping surface, seen in Figure [, ensured that all specimens were in the
same position when placed in the clamp. A 22.2 kN servo-hydraulic test frame
was used to apply the quasi-static loads at a rate of 0.127 mm/min. Load was
applied vertically to the free corner of the specimen using a 38 mm radius steel
indenter tip.

Multiple quasi-static load cycles were carried out for each specimen, and
ultrasonic testing (UT) and X-ray computed tomography (CT) scans were per-
formed on the specimens after each load cycle so that damage could be docu-
mented progressively. The number of load cycles applied to a given specimen
varied between one and eleven. In certain tests, several “pre-delamination”

load/scan cycles were performed by applying a load below that of delamination
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(b) test fixture detail
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Figure 4: Quasi-static test setup.

initiation, to determine if any small amount of damage in any form was oc-
curring prior to the observed delamination initiation. Test specimen deflection
was measured from the specimen bottom surface using a mechanical transducer
placed in a frame below the test fixture (see Figures and Ié—_l}:) The mechanical
transducer was used to measure the true deflection of the specimen, absent any

influence from test stand or fixture deformation.

2.4. Low-velocity impact test setup

Low-velocity impact tests were performed at Swerea SICOMPEI A steel pic-
ture frame impact test fixture was manufactured to replicate the quasi-static
fixture. The impact test fixture had the same dimensions as the quasi-static
fixture but was designed so that it could be integrated with the impact drop
weight tower at SICOMP. A 38 mm radius steel impact tip was manufactured
to replicate the quasi-static indenter tip, but as with the impact test fixture, the
impact tip was manufactured to work with the existing equipment at SICOMP.

The impact test fixture is shown in Figure[h. The test fixture was positioned

4Swedish composites research institute, http://www.swerea.se/sicomp
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beneath an instrumented drop weight tower. The drop weight was equipped
with a piezoelectric ring sensor (connected to a current source) to measure force
during impact. The impact tip was attached to the end of the drop weight. The
total mass of the drop weight assembly was 3.091 kg. The drop weight was raised
by a rope to its desired drop height and released using an electromagnet at the
end of the rope. Drop weight velocity just before impact was measured using
a transmissive photo-microsensor that was attached to the guide tube. The
photo-microsensor measured the passing time of a small steel tube attached to
the drop weight just before impact so that the velocity may be determined.
A laser distance sensor, accurate to 17.5 pm, was used to record the underside
deflection of the specimen during impact. All the instrumentation was connected
to a digital oscilloscope which recorded the signals during the impact events.

The data were recorded and saved to a computer file for further processing.

(a) test fixture (b) aluminum plate for deflection
measurement
‘\ impact load

_—— . specimen
specimen

test fixture

laser deflection
sensor

aluminum plate/ !
deflection sensor laser /)l

Figure 5: Impact test details.

Because the deflection was measured on the specimen corner, it was thought
that there could be a risk that the specimen would deflect and rotate such that
the laser measurement point would fall off of the bottom surface of the specimen
and give an incorrect measurement. This is illustrated in Figure[5p. To mitigate
this risk, small aluminum plates were bonded to the specimen lower surface at
the corner to serve as a surface for the laser to obtain readings from, no matter
the specimen rotation/deflection (see Figure [5b). Readings from the aluminum

plate lead to data that very slightly overestimate the actual deflections; how-
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ever, based on the small angle at the edge of the specimen, this overestimation
was determined analytically to be less than 1% (the deflection in Figure pp is
exaggerated for illustrative purposes).

Each specimen was initially impacted at 2 J, which was the estimated im-
pact energy required for delamination initiation, based on the critical force and
displacement seen in the quasi-static tests. Since this energy was only an esti-
mate, damage in each specimen was investigated after impact using a handheld
ultrasound C-scanner with a resolution of approximately +/- 1 mm. Using the
scanner, the size and shape of the delaminations could quickly be determined.
If a specimen did not show any delaminations after the first impact load, the
impact energy was raised slightly and the specimen was impacted again. This
was repeated as many times as necessary until delamination was observed (see
Section [4] for further discussion).

A small number of quasi-static tests were also performed at SICOMP to
ensure that the fixture and impact tip were equivalent structurally to those
used for the quasi-static tests performed at NASA. The test fixture and rigid
base used in the impact tests were placed in an MTS testing machine that had
the impact tip attached to the machine crosshead. The laser distance sensor

was attached to the test fixture underneath the specimen, as in the impact test.

3. Quasi-static test results and discussion

Most of the specimens were tested with multiple load/unload cycles. Spec-
imens are named according to number and the plate they were cut from (i.e.,
“XP3-1” refers to specimen 1 from cross-ply plate 3). The number of specimens
tested for each layup is inconsistent due to errors in fabrication and, in the
case of Layups 2 and 3, the position/orientation a particular specimen had in
the plate it was cut from. Force-displacement data are plotted showing only
the regions from each load cycle that do not overlap. This method of plotting
is utilized to clarify the data presentation and is illustrated in Figure [§] where

Specimen XP3-2 is used as an example. Force-displacement data for all tests
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are shown in Figure[7] In Figure[7] the maximum forces for “pre-delamination”
load cycles (as described in Section are identified by points ¢ through v
for each layup. The load cycles labeled using Arabic numbers correspond to
ultrasonic scan images shown in Figures and The force-displacement
data from the quasi-static tests may be useful for numerical model development
and validation purposes.

Some variance can be seen in the critical force required for delamination
initiation for each layup. A post-mortem inspection revealed that the actual
PTFE insert radii were generally less than 10 mm and varied between speci-
mens by approximately +/- 1 mm. Because bending moment decreases with
distance from the clamped edges, the specimens with smaller PTFE inserts had
a relatively lower energy release rate for a given deflection level and therefore
a higher critical force when delamination initiated. Better consistency between
inserts geometry in the specimens was not possible using the manufacturing
equipment available.

After the initial elastic response leading up to the critical force, the subse-
quent damage growth stability depended on how much strain energy had built
up before initiation. In cases where the critical force was higher, initiation was
followed first by unstable delamination growth, and then by continued stable
growth. In cases where the critical force was lower, damage growth was stable
throughout. Dashed portions of the curves are used in instances where, due
to brief unstable growth and a resulting rapid deflection for a small amount of
time, the deflection transducer lost contact with the specimen.

Further understanding of the observed damage can be gained from UT scans
of a representative specimen from each layup. Generally, delamination grows ra-
dially in all directions from the insert; however, the interfaces and regions in the
specimen where delaminations formed was different for the three layups tested.
Layup 1 UT scans are shown in Figure from the “top” (i.e., loaded) side
of test specimen XP3-6 for loading conditions from “pre-delamination” load iv,
just as delamination begins, through Load 7, after delamination initiation and

migration. The bottom surfaces of the specimens were also scanned to confirm

10
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Figure 7: Quasi-static force-displacement data.
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that no additional delaminations were present and were hidden in the shadow
of those shown in the figure. The damage shown in Figure [8]is representative of
damage seen in all of the Layup 1 specimens. Two delaminations grew during
the test from the PTFE insert, at the two interfaces identified in Figure[8] The
scan labeled “Load iv” shows the PTFE quarter-circle insert, as well as the first
instance of delamination growth at the region above the PTFE boundary near

the right hand side of the specimen.

(a) ultrasonic scans (b) isometric
Load iv Load 1 Load 2 Load3 | detail

d 4 _d

Load 4 Load 5 Load 6

| 4 4

¥ v 90°
[(0,/90,),/0,/T/90,/0,/90,/0,/(90,/0,),] ?

area of detail in (b)

10 mm
—

<-

m— = Matrix crack
=—>» =delamination growth

B = delamination at interface 0
0" matrixcrack [l = delamination at interface 1

transverse
Figure 8: UT scans of damage in Layup 1.

In the region of the PTFE border near the lower edge of the specimen,
the delamination migrated almost immediately down to interface 1 and then
continued to grow at that interface, bounded below by 0° fibers. In the region
of the PTFE near the right hand edge of the specimen, the delamination grew
in the 90° direction and remained at that same interface (interface 0) bounded
below by 90° fibers. The two delaminations share a boundary consisting of a
transverse matrix crack through the 90° plies between interface 0 and interface 1,
as shown in Figure[§] The transverse matrix crack began as the initial migration
from the PTFE film. The transverse matrix cracking is illustrated in detail in
Figure [p.

The delamination-migration mechanism seen in these tests was studied by
Ratcliffe et al. [I3]. In their work, delamination-migration was explained by
demonstrating that the sign of the in-plane shear stress at a delamination front

dictates an out-of-plane directional growth tendency. As illustrated in Figure

12
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[ the sign of the shear stress at a Mode II delamination front dictates the ori-
entation about an in-plane axis of a series of Mode I microcracks in the resin
rich region between the delaminating plies. If the microcracks are oriented
to guide the delamination towards fibers that have an orientation that arrests
their growth (that is, further growth of the microcracks would require breaking
fibers), they will coalesce into a macrocrack, be redirected along the bounding
fiber direction, and form a delamination. An example is shown in Figure [ for
a simple [0/90/0] laminate. If the microcracks are oriented to guide the delami-
nation such that it is not contained by bounding fibers, they still may coalesce,
but instead of forming a delamination, they form a transverse matrix crack that
grows in between fibers through a ply. After formation of the transverse crack,
the delamination may resume at a new interface once a new fiber orientation is

reached that arrests the transverse growth, as shown in Figure [Op.

(a) Scenario 1: (b) Scenario 2: "/ deformation

* microcracks oriented * microcracks oriented
to guide delamination Y = to guide delamination
towards fibers below towards fibers above
* 0° ply does not allow transverse e 90° ply allows transverse
crack to form based on Mode | crack to form based on Mode |
toughness of the fibers toughness of the matrix
> = delamination = transverse crack /= microcracks in resin region

preceding delamination
Figure 9: Illustration of delamination migration in a [0/90/0] layup.

In the biaxial-bending specimens, the deformation and resulting shear stress
sign are such that the microcracks are always guiding delaminations towards the
ply below. Additionally, past observations suggest that the microcrack orienta-
tion about an in-plane axis is a function of the G;/Gy ratio [I7] and microcrack
orientation about the laminate normal axis is a function of the G;/Gy; ratio
[18]. Specifically, microcrack orientation about the laminate normal axis was
seen to be perpendicular to the direction of delamination growth for pure Mode

IT delamination. One interpretation of these observations (though not explic-

13
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itly proven) is that microcrack orientation about the laminate normal axis is
perpendicular to the direction of maximum energy release rate.

The biaxial-bending tests are designed so that, under the indentation load-
ing, the moment orientation varies smoothly across the PTFE insert boundary
from pure M, at one free edge to pure M, at the other free edge where = and
y are orthogonal in-plane axes aligned with the specimen edges. Based on this
moment distribution, the following conclusions can be made: (1) the direction
of maximum energy release rate (pure Mode II) varies smoothly along the entire
PTFE insert boundary spanning all possible angles, «, relative to the bounding
fibers in the ply below, and (2) the direction of ply shearing follows the same
smooth variation along the PTFE insert boundary and therefore, in the case of
this specimen, is oriented approximately the same as the direction of maximum
in plane shear energy release rate.

Microcrack orientation about the out-of-plane axis, and ply shearing vectors
are illustrated in Figure , where 0° < o« < 90° and microcracks are illustrated
(in plan view) by dashed red lines. In the region of the PTFE boundary near
the lower edge of the specimen, where the ply shearing vector is perpendicular
to the 90° fibers below, the microcrack orientation is perpendicular to the ply
shearing direction and parallel to the 90° bounding fibers. Therefore, in this
case, the microcracks propagated easily through the 90° plies in the form of a
matrix crack, and the delamination migrated to interface 1. In the region of
the PTFE near the right hand side of the specimen, however, the ply shearing
direction is in line with the 90° bounding fibers and the microcrack growth
direction is perpendicular to the bounding fibers. As a result, the microcracks
cannot coalesce and grow through the ply as a matrix crack and instead coalesce
at interface 0 as delamination growth occurs.

Finally, for ply shearing directions that are in between perpendicular and
parallel to bounding fibers, there was a certain range of a where several trans-
verse cracks formed and migration began; however, only the first transverse
crack to form actually completed the migration process and led to continued

delamination on the new interface. This can be seen in the CT scans shown in

14
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Figures [I0p and [[0¢. A distinction is observed here between “migration” and
simply formation of a transverse matrix crack branching off of a delamination.
More investigation is warranted on understanding the occurrence of migration
for delamination growth directions that are neither parallel nor perpendicular

to bounding fibers.

(a) diagram of delamination growth direction  (b) region on PTFE boundary where
and relative angle with bounding fibers transverse cracks form

clamped edge
90°
1|\ 00
& X «a
o
[
[
£
3 A
‘\ 4
\ (c) section view showing transverse cracks
. that formed where only one dominates
‘ L and completes the migration process
<«—=ply shearing direction T o

a = angle between growth directionand =
bounding fibers =
X = load application 2 preers T <90°
= PTFE S
— =bounding fiber orientation in ply below
------ = microcrack

Figure 10: Delamination growth and migration detail (CT images from specimen XP3-6).

A final observation regarding migration is that the first transverse matrix
crack (i.e., the one that ultimately led to migration) was seen to form at “pre-
delamination” load i in specimen XP3-6, well before the initiation of delamina-
tion growth. Computed tomography (CT) images are shown in Figures [L1p-d
that were captured at “pre-delamination” points along the load curve, as iden-
tified in Figure [[Th, for specimen XP3-6. This matrix cracking is not evident
from a simple inspection of the force-displacement curve, which indicates that
the energy required to form this crack is very small and possibly negligible in
the context of the global damage process. This same observation regarding the
energetic insignificance of matrix cracking in these type of progressive damage

process (i.e., delamination dominated) was made previously by McElroy et al.
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(a) Layup 1 Force-displacement (XP3-6 highlighted, quasi-static)
2500 -

4 . Load 1
2000 iv / oa

Force (N)

1000 - ii

500 +

L T T T T
0 0.5 1 1.5 2 25 3
specimen back surface deflection (mm)

Figure 11: CT images of transverse matrix cracks forming incrementally before delamination

growth initiation (specimen XP3-6).

Layup 2 UT scans are shown in Figure from the “top” (i.e., loaded) side
of specimen 45P2-6, which underwent six load cycles after the “pre-delamination”
loads. The damage shown is representative of damage seen in all of the Layup
2 specimens. Delaminations grew during the test from the PTFE insert at the
three interfaces defined in Figure In this layup, delamination emanating
from the central region of the PTFE boundary remained at interface 0 and was
bounded by the -45° fibers below. In the region of the PTFE boundary near
the lower edge of the specimen, the delamination migrated through the -45°
plies and then continued growth in interface 1, bounded by 0° fibers below. In
the region of the PTFE boundary near the right hand side of the specimen,
the delamination migrated through both the -45° and 0° ply groups and then
continued growth at interface 2, bounded by 90° fibers below. The transverse
matrix cracking is illustrated in detail in Figure [[2b. Additionally, in this re-
gion, as seen in Figure [12] at Load 3, the delamination at interface 0 has grown
such that it obscures the already existing delamination below, at interface 2.

The delaminations at interface 1 and interface 0 share a boundary consisting
of a transverse matrix crack in the -45° plies. The boundary that the delam-
ination at interface 0 shares with that of interface 2 is more complex. From
interface 0, a transverse matrix crack extends down through the -45° fibers to

interface 1 (“0-1 crack”). For this crack to proceed further on the same path
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H—/ = delamination at Intertrace

area of detail in (b) D = delamination at interface 2

Figure 12: UT scans of damage in Layup 2.

through the thickness down to interface 2, fibers would have to be broken, which
did not occur. Instead, a series of smaller disconnected transverse matrix cracks
through the 0° ply below interface 1 formed along the path of the 0-1 crack. This
is shown in the CT images in Figure[I3] The damage pattern seen in the Layup
2 specimens is thought to be particularly useful for progressive damage model
development and validation, as it contains two types of interactions between de-
laminations that can occur during LVI: (1) a simple matrix crack through fibers
of the same orientation and (2) a “staggered migration” consisting of a system
of matrix cracks in different layers and at different orientations, but following
the same global path through the specimen. These two mechanisms were not
compared and quantified in terms of dissipated energy.

Layup 3 UT scans are shown in Figurefrom the “top” (i.e., loaded) side of
specimen 45P2-5, which underwent four load cycles after the “pre-delamination”
loads. The damage shown is representative of damage seen in both of the Layup
3 specimens. Delaminations grew during the test from the PTFE insert at
interfaces 1 and 2, as shown in in Figure[T4] In the region of the specimen near
the lower edge, migration occurred through the 45° plies via a transverse matrix
crack that was arrested by fibers in the 0° ply. A delamination continued from
this location on interface 1. In the region of the specimen near the right hand

side of the specimen, staggered migration occurred via multiple matrix cracks
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(a) Interface 0 CT scan (b) Interface 1 CT scan

CT scan
detail area

(d) simple migration detail

} matrix crack

<«—Interface 0
Interface 1 —>
Interface 2

Figure 13: CT scans showing “staggered” and simple migration in Layup 2.

s through two ply blocks of differing fiber orientation. The staggered migration
here consists of a transverse matrix crack oriented along the 45° fibers extending
down to interface 1. Below this crack are transverse matrix cracks running
parallel to the 0° fibers extending down to interface 2. Delamination growth
continued from here at interface 2. Connecting the delaminations at Interfaces 1

us and 2 is a transverse matrix crack. The transverse matrix cracking is illustrated

in detail in Figure [T4p.

->

(a) ultrasonic scans (b) isometric
detail

Load v Load 1 Load 2

10 mm
—

4 4

Load 3 Load 4

-45° 90°

+45°
%"” v
== = matrix crack

=—> = delamination growth
o 12 B - delamination at interface 0
[(0,/90,)5/0,/-45,/0,/T/45,/0,/90,/0,/(90,/0,),] = delamination at interface 1
area of detail in (b) = delamination at interface 2

Figure 14: UT scans of damage in Layup 3.
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A particular advantage of the cyclic load/scan test procedure is the abil-
ity to observe and record damage at multiple intermediate stages of growth.
These types of data are useful in progressive damage model development and
validation, as they provide experimental reference points throughout an entire
analysis, rather than just at the final state of damage. Delamination area has
been used previously as a metric to study in progressive damage testing and
analysis [20, 2I]. Figure |15 shows the area of delaminations versus the deflec-
tion of the specimen back surface observed in the quasi-static biaxial-bending
tests. The delamination area data are meant to augment the force-displacement
data in terms of numerical model validation, where, for a general progressive
damage model, neither data set alone is sufficient for complete model validation.

In Figure |15, A(**Y) refers to the summation of the areas of all delaminations
at all interfaces, and A®, AD and A® refer to the delamination area at
interface 0, interface 1, and interface 2, respectively. For each layup, data from
all specimens tested are included. Polynomials are fit to each delamination
growth data set and are shown so that they may be used for numerical model

development and validation.

4. Low-velocity impact test results and discussion

Low velocity impact force-displacement data for all layups are shown in
Figures [I6p{I6k. As in the quasi-static tests, all specimens experience an ini-
tial linear elastic response followed by a non-linear response caused by damage.
Findings discussed in Section [3|and illustrated in Figure[I1]show that transverse
matrix cracks form at loads well below delamination initiation. Therefore, one
may assume that, in cases where it was necessary to perform multiple impacts of
increasing energy on one specimen in order to see delamination initiate, trans-
verse matrix cracks were present after the first impact. However, these matrix
cracks, while part of the overall damage initiation process, are energetically in-
significant (according to observations in Figure and would not affect the

observed delamination process any differently than in the quasi-static tests.
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Figure 15: Delamination area versus specimen deflection for all quasi-static tests.

Representative UT scans for each layup showing delaminations resulting
from impact are shown in Figure and compared to their quasi-static coun-
terparts. The damage patterns seen in Figure [17]for each layup correspond well
with the quasi-static tests as, for each layup, the same damage path is followed.
The only exception to this observation is in Layup 2 where the delamination at
interface 0 grew above the delamination at interface 1 in the quasi-static test.
This did not occur in the impact test. A physical description of the damage in
each layup resulting from the impact loads would be redundant and the reader
is referred back to Section [3

Another correlation between the impact tests and the quasi-static tests can
be made using the required energy to initiate delamination. In the impact tests,
the initiation energy corresponds to the measured kinetic energy of the drop
weight assembly just before the moment of impact. In the quasi-static tests,
the initiation energy corresponds to the work (i.e., the integral of the force-
displacement curve) up to the maximum load. Figure |18 shows a comparison

of the average energy required for delamination initiation in each layup for
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Figure 16: Low-velocity impact force-displacement data.

the quasi-static and impact tests. Data scatter, illustrated on each bar, either
aligned closely or overlapped between the quasi-static and impact tests.
Figure [I§ also shows that there is a difference in kinetic energy required to
initiate damage for each layup. Olsson et al. observed that the Mode II tough-
ness value, Gpj., for delamination initiation from a thin insert (i.e., not for
subsequent growth) was significantly higher for interface orientations of 0°/0°
and 0°/5° than in an interface orientation of 0°/90° [22]. Similar differences
in initial toughness were obtained in Mode II dominated buckling tests. The
difference in initial toughness seems to be explained by the fact that the initial
crack growth in the 0°/0° and 0°/5° interfaces occurred through a resin pocket
ahead of the film insert, while crack growth for 0°/90° interfaces initially oc-
curred via a transverse matrix crack in the 90° ply, generating a sharp natural
crack tip for the subsequent delamination growth. In these tests, the toughness
in delamination growth after initiation was essentially independent of interface

angle. Olsson’s observations provide a possible explanation for the differing de-
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Figure 17: Representative UT scans of damage in impact and quasi-static tests.
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Figure 18: Energy required for initiation of delamination in the quasi-static and impact tests.
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lamination initiation energies seen here, where the 0°/90° interface specimens
(Layup 1) also were seen to have the lowest initiation energy.

Olsson et al.’s conclusions are supported by work by O’Brien et al., in which
measured Gyj. for Mode II delaminations starting from a thin insert, effectively
increased by an average factor of 1.59 due to a resin pocket that forms at
the insert boundary [23]. In Section |3, matrix cracks were shown to form in
the Layup 1 quasi-static test well before delamination initiation. The “pre-
delamination” matrix crack formation occurred in Layup 3 to a limited extent
near one edge only, and did not occur at all in Layup 2. The “pre-delamination”
cracks in the biaxial-bending tests formed as Mode I cracks, thereby avoiding
the Mode II toughness increase, and acted as “sharp” starter cracks for the

delaminations that followed.

A comparison between representative quasi-static and impact force-displacement

data is shown in Figure The recorded impact force is lower than that of the
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quasi-static indentation. This was somewhat surprising, as others previously
have identified an approximate equivalence in structural response between quasi-
static indentation and low-velocity /large-mass impact [24] 25] 26]. To investi-
gate further, an impact test was performed at NASA, using a different impact
load cell and using the quasi-static test fixture. Additionally, a quasi-static test
was performed at SICOMP, using the impact test fixture. Figure is plot of
force-displacement data for Layup 1 from (1) quasi-static tests (orange), (2) LVI
tests (red), (3) LVI tests using a different impact load cell and the quasi-static
fixture (blue), and (4) quasi-static tests using the impact fixture (green).

2000

= Quasi-static (XP3-4)
—&— = LVI (XP3-7)
= Quasi-static (impact fixture)
= LVI (alternate load cell, quasi-
static fixture)

Force (N)
= (=Y
o w
o o
o o

ul
o
o

oeeZ
0 05 1 15 2 25
specimen back surface deflection (mm)
Figure 19: Investigation on error in force-displacement data from impact tests.

Several observations can be made from Figure [[9] First, the recorded re-
sponse between the quasi-static test (orange) and the impact test using the alter-
nate load cell and quasi-static test fixture (blue) is essentially the same. Second,
there is a difference in observed stiffness between results from tests performed
using the impact test fixture (green) and tests performed using the quasi-static
test fixture (blue), but this difference is small and presumably should not have a
significant effect on the test results. Third, the impact force (red) is significantly
lower than that of all three other tests, indicating that the load cell may have
some inherent sensitivity or calibration issue.

With this information, a brief inspection of the impact test load cell was
performed. An impact hammer containing a built in load cell was used to hit
the load cell used in the impact tests. Data are shown in Figure 20, where the
maximum force readings obtained from the hammer and impact test load cell
are plotted versus one another. Equivalent readings from each source were only

obtained if care was taken to center the hammer strikes on the impact test load
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cell. The biaxial-bending test does not have a symmetric loading condition on
the impact tip and therefore may introduce some small amount of bending into
the drop weight—load cell assembly. This small eccentricity on the impact load

cell may explain the lower force data.

1600 - (a) off-centered impacts i 1600 (b) centered impacts
1400 - 1400 -
Z 1200 - Z 1200 -
Y 8
5 1000 é 1000 -
g 800 - ‘g 800 -
T 600 - ® 600 |
3 S
400 400 +
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Figure 20: Measured forces from hammer and impact test load cells for centered and off
centered load conditions. Data points are fit with a solid linear trendline to aid in comparison

with the dashed line.

The damage patterns seen in the impact tests were qualitatively the same as
those seen in the quasi-static tests. The required energy to initiate delamination
also compared closely between the quasi-static and impact tests. Additionally,
the data shown in Figure [19] indicate that the specimen force-displacement re-
sponse in the impact tests that used the alternate load cell (i.e., the load cell
not sensitive to eccentric loading) is equivalent to that of the quasi-static tests.
Unlike the quasi-static tests, it is not advisable to use the raw force data from
the impact tests for numerical LVI model validation purposes; however, there is
evidence that the damage resulting from each type of load is either very similar

or, as in most cases, equivalent.

5. Fracture surface microscopy

Six biaxial-bending specimens (one of each layup from quasi-static and im-
pact loads) were selected to gather microscopy images from the fracture surfaces
using a scanning electron microscope (SEM). The prominent microscale feature
caused by Mode II delamination is the formation of cusps (also known as hack-

les) [I7]. Figure [21| shows representative fracture surface images from several
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locations in each layup. The assumed ply shearing direction is determined based
on discussion in Section [3] Though the shearing direction in Figure is ap-
proximately -45° for each layup, there is a small variation in angle due to the
images having been taken from slightly different locations. Shear cusps are the
dominant micro-scale damage feature observed throughout all of the specimens.

Layup 1 Layup 2 Layup 3

(a) image
location

_45° 90 +45°
0°

(b) image i

Qo

(c) image ii [

MR o R RIS

(d) image iii { Np data

é = observed global delamination growth direction

————— = cusp orientation
Figure 21: SEM images showing cusp orientation.

470 Following the discussion in Section[3] at a common location in the specimen,
the orientation of cusps about a normal laminate axis shown in Figure [21| gener-

ally aligns with the orientation of the microcracks illustrated in Figure [I0] where
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the direction of assumed ply shearing is shown. This observation confirms find-
ings in previous research where cusp orientation was seen to be influenced by
the Gr1/Gyyy ratio [I8] and extends these findings by indicating that cusp ori-
entation is perpendicular to the direction of maximum energy release rate. Care
should be taken in interpretation of the relationship between cusp orientation
and global delamination behavior, as in many instances cusps were observed to
rotate and appear to be influenced by the presence and spacing of nearby fibers.

Another observation from the SEM images, potentially relevant for progres-
sive damage model development, concerns the transverse matrix cracks. The
fracture surface of a representative transverse matrix crack is shown in Figure
Cusps are visible between fibers on this crack surface, indicating that the
transverse matrix crack propagates not from “top-to-bottom” in the transverse
direction, but rather in the same manner as a delamination bound by fibers on
the transverse crack surface. This information may be useful in developing a
numerical model that captures this mechanism.

(a) transverse crack surface (b) transverse crack surface detail

A Interface 1 4

Interface 1 //,;'/
. ]

“ Interface (0]

\ S 4 5 ~Anterface 0

Figure 22: SEM images showing transverse matrix crack face (Layup 2).

6. Conclusion

A new test was presented that can create damage similar to that which occurs
as a result of low-velocity impact on a composite laminate. The experimental
data is intended to be used in numerical model development and validation.
The test consists of a square carbon fiber reinforced polymer specimen that is
subjected to a biaxial-bending state of deformation. By design, damage in the
specimens consisted of no more than three delaminations at different interfaces

interacting with one another via transverse matrix cracks.
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Quasi-static tests generated specific data that may be used for validation
of progressive damage models. This data includes force-displacement response,
delamination area as a function of indentation, and a qualitative understanding
of the damage mechanisms. Impact tests also generated data useful for model
validation, including the required kinetic energy for delamination initiation and,
again, a qualitative understanding of the damage mechanisms. The damage
patterns seen in the impact tests matched those of the quasi-static tests. There
also was good correlation between the required energy to initiate delamination
in the impact tests and the required work to initiate delamination in the quasi-
static tests. Overall, it was shown that the specimen response in the impact
test is equivalent to that of the quasi-static tests.

Images of the fracture surfaces of several specimens were gathered using
a scanning electron microscope. Cusps, caused by the Mode II delamination
growth, were, in general, seen to be oriented about the transverse axis in align-
ment with the ply shearing direction. Finally, cusps were also seen on the trans-
verse matrix cracks, indicating that these cracks do not grow “top-to-bottom”
as in a migration, but rather they grow “sideways” along fibers in the same

manner as a delamination.
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