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ABSTRACT: As-received morphologies, defect structures, and contact moduli of Kevlar KM2 Plus and three other ballistic fibers vary-

ing in chemistry and processing, were observed and compared using atomic force microscopy (AFM) and instrumented nanoindenta-

tion (NI) techniques. Surface features and defects were defined and measured for each fiber chemistry: p-phenylene terephthalamides

(PPTA including KM2 Plus and Twaron), co-polymer aramid (AuTx), and ultra high molecular weight polyethylene (UHMWPE

including Dyneema). Although a multitude of surface defects were observed in each fiber, the types of defects were similar from one

fiber type to another. It was found that surface defects generally map to a more compliant local modulus value. Contact modulus

values were compared with NI elastic modulus values to demonstrate validity for the AFM technique. Challenges and limitations of

the AFM technique for cataloging defects are discussed. This study is the first which attempts to outline the various morphologies

found on several fiber surfaces. These local property studies will enable future comparisons with single filament and bulk fiber prop-

erties. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40880.
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INTRODUCTION

Ballistic fiber properties, such as tensile modulus and tensile

strength, may be varied through chemistry and processing. These

fiber properties are related to the overall ballistic performance

(V50) of a fabric.1–5 The same property/performance relation-

ships are applicable to ballistic fiber composite materials.1,4 These

studies partially define how to improve ballistic performance

based upon fiber properties. Improvement of fiber properties,

then, is a good starting point for improving ballistic performance.

Morphology and structure on a more local scale are related to

individual filament properties. Therefore, it is also important to

understand hierarchical relationships from local to single filament

fiber properties, which are related through the nano- to micro-

scale morphology within the single fiber or filament. Many stud-

ies conclude that, in general, differences in architecture and

morphology can arise due to chemistry and processing differen-

ces.6–21 These studies utilize various methods of investigation and

include different classes of chemistry, namely ultrahigh molecular

weight polyethylene (UHMWPE),6,11–13,17,18,21 poly(para-phenyl-

ene terephthalamide) (PPTA),7–10,14,15,20 and PPTA copoly-

mers.16,19 Therefore, it is also relevant to define and understand

the anatomy of these fiber surfaces across these length scales,

especially considering the role that these morphological features

may play in the integrity of the filament as it is mechanically

loaded.

Popular choices for ballistic fiber chemistries include PPTA (such

as Kevlar and Twaron), PPTA copolymers (such as AuTx), and

UHMWPE (such as Dyneema and Spectra fibers). The structures

of these molecules are shown in the schematic, Table I. The repeat

unit in PPTA accounts for the Twaron and the KM2 fibers. The

PPTA structure is linear. The repeat unit used in the AuTx fiber is

slightly bent as shown in Table I. Dyneema structure is linear and

possesses a relatively simple repeat unit, compared with the other

fibers tested in this study.

Several studies have been performed in order to understand the

effect of defects on the properties of specific fibers of inter-

est.22–29 Additionally, multiple researchers have investigated the

effects of drawing, draw-ratio, and spin-speed of UHMWPE

fibers on the morphology and the resultant properties.6,11–

13,17,18,21 These studies show that there is a difference in high

strain rate versus quasistatic behavior for UHMWPE fibers and

the data suggest that the difference lies in the reorganization of

the structure of the UHMWPE, especially with respect to amor-

phous versus crystalline regions. These studies focus on the gen-

eral effect of increasing the likelihood of a defect on the overall

mechanical properties. The model suggests that morphologies
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dictate properties through critical defects. A critical defect may

have a certain minimum size and corresponding local proper-

ties. Furthermore, the density of critical defects—or distance

between critical defects—is an important parameter. The evi-

dence for this stems from reduced testing volumes containing

presumably less critical defects. In the works mentioned, failure

surfaces were analyzed to understand the fracture mechanisms.

What remains to be studied is the detailed effect of these as-

received morphologies and the defects therein as they pertain to

fiber properties. It would be valuable to determine if surface

defects ultimately lead to failure when a fiber is strained. Even

more valuable would be the ability to identify these specific

defects with respect to their size and origin.

To that end, this study employs atomic force microscopy

(AFM)-modulus mapping techniques in order to qualitatively

illustrate and also quantify local surface morphologies of fila-

ments with respect to roughness and stiffness. The AFM contact

modulus mapping depends upon very accurate knowledge of tip

size and shape as well as accurate control of contact depth (or

contact area). Because of these limitations, the contact modulus

values were also compared with mechanical properties of single

filaments found through instrumented indentation. The obser-

vations shown here may lead to a better understanding of the

effect of chemistry and processing on the morphologies and

fiber properties, and ultimately on ballistic performance.

EXPERIMENTAL

Materials

The four different ballistic fibers (listed in Table I, along with

properties to be described) used in this study were obtained

from Natick Soldier Research, Development & Engineering Cen-

ter (Natick, MA 01760-5000). Individual fibrils were teased

from the tows and used as received. Two of these fiber types

possessed the poly (p-phenylene terephthalamide) (PPTA)

chemistry: KM2 Plus (600 denier), and Twaron OP25 (500

denier). The Russian copolymer, AuTx (265 denier), with

PPTA-poly (benzimidazole) chemistry, was also tested. In addi-

tion, ultra high molecular weight polyethylene (UHMWPE)

fibers were tested: Dyneema SK76 (1350 denier). For the pur-

poses of this work, the materials will be referred to as: KM2

Plus, Twaron, AuTx, and Dyneema.

AFM

AFM-modulus imaging was utilized in this study. Imaging was

performed using a MultiMode8 AFM with a Nanoscope V con-

troller using PeakForce Quantitative Nanomechanical Mapping

(PF QNM) mode. Commercial AFM tips including TAP150A,

FESPA and TESPA (Bruker), and AC200TS (Asylum Research),

were used as received. Contact modulus map images were

obtained using the relative method described elsewhere.30 The

reference sample employed for this method was a spin-cast

polystyrene (PS) film sample from Bruker-Nano, which has a

reported modulus of 2.7 GPa. Elastic modulus, or, contact mod-

ulus was determined using the PS as a reference and the PF

QNM method, which uses the Derjaguin–Muller–Toporov

(DMT) modulus model.31 DMT contact modulus values were

obtained without modification to images.

To obtain representative surface morphologies, single filaments

were selected at random from a tow and fixed to double-sided

adhesive on metal pucks for AFM analysis. Not only were sev-

eral fibers scanned, but each fiber was scanned in multiple loca-

tions, with the goal of capturing the true character of the

filament surface morphology. Additionally, the tests were

repeated, where for each fiber type, new filaments were chosen

and tested on different occasions using different probes.

In order to measure quantitative values for the local modulus,

first the average value over all pixels in a given image was eval-

uated. Then, features within the images were selected for local

Table I. Properties of Fibers Used in this Study

Fiber Chemical structure Contact modulus (GPa) Radial indentation modulus (GPa)

KM2 Plus 4.46 6 1.49 5.92 6 0.63

Twaron 3.03 6 1.32 5.92 6 1.36

AuTx 3.44 6 2.88 5.28 6 0.60

Dyneema 2.26 6 1.88 3.61 6 0.71
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modulus evaluations. A digital zoom was performed within the

image followed by a manual outlining of the feature(s) of inter-

est. Typically, 5–10 such regions were measured and averaged.

These defect region moduli are reported herein in quantitative

fashion either as the number or as a percentage change from

the full given image average.

Instrumented Nanoindentation (NI)

Samples were prepared for instrumented indentation using a

previously reported fiber mounting technique.32 Briefly, 1 g

washers were attached to the ends of a single fiber and the sam-

ples were suspended over a glass vial shell (Thomas Scientific).

The fibers were mounted to the shells with two small drops of

adhesive (Loctite 416) approximately 5–7 mm apart, centered

on the shell apex, which ensured sufficient fiber–substrate con-

tact for indentation. Instrumented indentation tests were per-

formed using a Hysitron TI-950 TriboIndenter with a diamond

Berkovich tip (radius of curvature �100 nm). Indentation areas

at least 50lm away from the fiber–adhesive interface were tar-

geted using the optical microscope in the TriboIndenter. Meas-

urements were performed in displacement control mode, with a

maximum indent depth of approximately 200 nm. A triangular

force profile was employed, using a quasi-static loading rate of

25 nm s21. For each fiber, a minimum of five measurements

were made along the sample, spaced a minimum of 5 mm from

subsequent indents. For each fiber type (KM2 Plus, Twaron,

AuTx, Dyneema), three separate single fibers were tested, which

provided a minimum of 15 measurements per sample type.

Elastic modulus values in the fiber radial direction (NI-OP)

were approximated by applying the Oliver–Pharr (OP) method,

which assumes the samples are isotropic, semi-infinite half

spaces.33 To obtain sample properties, the elastic modulus and

Poisson’s ratio of the probe were assumed to be 1140 GPa and

0.17, respectively, and a value of 0.33 was assumed for the Pois-

son’s ratio of the sample.33

RESULTS AND DISCUSSION

AFM Modulus Mapping of Fiber Surfaces

AFM was performed on the free surface of four as-received bal-

listic fibers to investigate the morphology as a function of proc-

essing and chemistry, and to provide a basis for understanding

how individual filament morphology relates to ultimate fiber

properties. The approach taken is to first observe the KM2 Plus

morphology in qualitative detail in order to describe the various

types of defects and other fiber features. The KM2 Plus mor-

phology is then qualitatively compared and contrasted to the

other three fibers. Next, the local modulus values are quantified

for each fiber type and compared with single filament indenta-

tion data. Data reliability with respect to AFM methods is dis-

cussed. Finally, the results lead to a discussion of how the data

can be applied to understand single filament behavior and fiber

properties, such as tensile strength or tenacity.

To gain perspective on the various scan sizes that will be exam-

ined, Figure 1 shows a 6 mm scan three-dimensional (3D) per-

spective view of a single KM2 Plus fiber. The image is a height,

(topography) scan only. In all of the images presented here, the

scan direction is across the fiber cylinder—that is, at 90� to the

fiber axis direction. Note the curved semi-cylindrical surface in

Figure 1. The KM2 Plus cylindrical surface seen here is similar

in overall shape to the Twaron and AuTx, but differs slightly

from the overall Dyneema which maintains a long-range corru-

gated roughness and reduces the curvature found in many

images. The extent to which the overall cylindrical shape is

present in these fibers is not as crucial to this study as the

detailed morphologies found on the filament surfaces. There-

fore, to see better detail in the images, two-dimensional (2D)

renderings of the height will be shown, where a second-order

plane-fit routine has been applied to the data to remove the

cylindrical shape.

KM2 Plus Fiber Surface Morphology

In order to highlight one of the largest types of features found

in these fibers before plane-fitting, it is important to note

whether the region shown is cylindrical or contains a flat edge

from processing. Inspection of Figure 1 shows that there is a

flat edge on the left side of the fiber, becoming more prominent

toward the top of the scanned region (i.e., running from the

bottom-center corner of the perspective view of Figure 1 to the

top-left corner). This flat region was observed in approximately

50% of the KM2 Plus fibers examined in this study.

For a better overview of filament morphologies, regions much

larger than the features must be surveyed such that: (1) defects

can be defined, and (2) defect contribution to local properties

can be quantified. Figures 2 and 3 are collections of KM2 Plus

feature regions. Figure 2(a) is the 2D rendering of Figure 1. Fig-

ure 2(b) is the simultaneously captured accompanying modulus

data. What is readily apparent in these images is a long stray or

pulled-out fibril or bundle of fibrils measuring approximately

26 nm tall by 100 nm wide (note: there is a tip broadening

effect with AFM measurements, the height is less sensitive to

this effect) stretching across the image. This bundle appears in

the zoom image of Figure 2(d) to be 20% lower in modulus

value than the image as a whole.

Figure 2(c) (height) and 2(d) (modulus) show not only more

detail on the stray fibril but also capture tiny pores (20–50 nm

diameter, at least 5–10 nm deep) surrounded by disrupted

fibrillar regions [most prominently in the upper right quadrant,

Figure 2(c)], long scratches or trenches [50 nm wide; one of

these nearly dissects Figure 2(c), and there are at least three of

these features in Figure 2(a)], raised bumps of random shape,

location, and size (30–90 nm wide and 15–30 nm tall), and also

larger raised features of odd shapes, possibly an agglomeration

of many of the raised bumps—which is surmised solely upon

the fact that the modulus recorded in Figure 2(b,d) for both the

raised bumps and the raised odd shapes appears to be similar

and well below the image average. (The raised bumps average

1.95 versus 5.16 GPa for the entire image, a 62% decrease.) On

the other hand, the scratches and disruptions show only a slight

decrease in modulus, but upon further inspection, the matching

features in the modulus image (scratches and disruptions) were

almost always offset, suggesting that the shading is a result of a

topographical artifact—where either the tip experiences a differ-

ent contact area when it is touching the side of a raised feature

or the walls of a sunken feature, such as a trench. (Since this

behavior is non-trivial and related to scan direction, feature
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direction, and also the size of the tip with respect to the feature,

it is not possible to correlate all features with scan direction and

so the specific solutions are left to a future study.) Finally,

appearing in Figure 2(c) are many regions or small islands of

raised haze which could be attributed to stray fibrils, specifi-

cally: not bundles, but single or small groups of fibrils. There

appears to be a half-micron strip of this haze running top to

bottom on the left side of Figure 2(c), indicated by the arrows.

Furthermore, a similar raised feature surrounds the pores that

were previously identified. Additionally, there is a larger

scratch-like feature (800 nm long by 200 nm wide, triangular

shaped, pointing toward the top of the image), possibly a larger

pore, partially covered by the large pulled-out fibril bundle in

the lower right quadrant of Figure 2(c). This larger scratch-like

feature is surrounded by the haze of presumably stray fibrils.

Moving further from these regions of haze toward the center of

the image, it is possible to see various placements of these solo

stray fibrils. This arrangement suggests that the stray fibrils may

be tethered at one end to the surface and that the disruption

occurs in concert with other, larger defects. The stray fibrils do

not seem to play a role in the local modulus values, but it is

possible that these are ubiquitous and therefore part of the

inherent surface stiffness.

Figure 3 is a zoom series of a KM2 Plus fiber region with many

of the same types of features. Each of the four height/modulus

(left/right) pairs in Figure 3 is a separate scan performed in

order to observe each of the defects at higher resolution. Mov-

ing from top to bottom in this series, Figure 3(a) exhibits long

scratches and trenches running the length of the scan, with

raised bumps and collections of raised bumps most prominent

in the center of the image. As before, the raised bumps possess

a relatively low modulus with respect to the image average

[bumps in Figure 3(f) are 2.55 GPa, a 57% decrease from the

image modulus of 5.74 GPa]. The left side of Figure 3(e)

appears to be shaded to lower stiffness values in general, but

this behavior is noted on most of the larger scans in this study

and is due to the changing tip-sample contact area as the tip

moves away from the top of the fiber. This is a subject of

ongoing study and will be addressed to some extent in a later

section. (Because of this imaging artifact which occurs on larger

scans, images investigated in this study are primarily 3 microns

or less, except where specifically noted, and only because the

larger morphological features warrant such scan sizes.)

Figure 1. 6 3 6 lm AFM 3-D view of KM2 Plus showing the cylindrical

shape of the fiber. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 2. 6 3 6 mm (top) and 3 3 3 mm (bottom) AFM topography (a,c) and DMT contact modulus (b,d) images showing typical surface defects

found on as-received KM2 Plus fiber surfaces. Figure 2(a) is the same as Figure 1, second order plane-fitted. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Also found in Figure 3(a) is a region with concentrations of dis-

rupted fibrillar regions or (larger and smaller) scratch-like fea-

tures. Figure 3(b,f) show enhanced detail of these features,

which could be either short scratches or pores, as identified in

Figure 2. As discussed previously, the modulus image primarily

shows the large contrast only for the raised bumps, while small

contrasts are present for the fibril and long-scratch types of fea-

tures that run top-to-bottom. Figure 3(c,g) are 1 lm scans that

show a portion of the fiber surface that is relatively defect-free.

While there is still a long-scratch and a few raised bumps plus a

small pore, it is possible to see the morphology that was appa-

rently intended for KM2 Plus fibers: fibrils or bundles of fibrils

running top-to-bottom and relatively undisrupted. This is

shown in highest resolution in Figure 3(d,h).

Figure 3. KM2 Plus zoom series (top to bottom: 6 3 6 mm, 3 3 3 mm, 1 3 1 mm, and 350 3 350 nm) AFM topography (a–d) and DMT contact mod-

ulus (e–h) images showing typical surface defects found on as-received KM2 Plus fiber surfaces. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 5. 6 3 6 mm (top) and 3 3 3 mm (bottom) AFM topography (a,c) and DMT contact modulus (b,d) images showing typical surface defects

found on as-received AuTx fiber surfaces. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. 3 3 3 mm AFM topography (a,c) and DMT contact modulus (b,d) images showing typical surface defects found on as-received Twaron fiber

surfaces. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Twaron, AuTx, and Dyneema Fiber Surface Morphology

The description of the KM2 Plus surface morphology above

provides a foundation for describing the other ballistic fibers.

For the most part, features will remain the same and the corre-

sponding effect on the local modulus will be similar. Therefore,

a cursory look at each of the three remaining fibers will be

shown, with comparison and contrast to KM2 Plus, followed by

a comparison of the overall modulus values obtained from

AFM modulus images. The results will then be compared with

the mechanical properties of the fibers obtained through NI.

Prior to plane fitting corrections, Twaron filaments appear

cylindrical but may in some cases have a flat side similar to the

KM2 Plus fibers, due to the processing conditions. Figure 4

includes two pairs of 3 3 3 lm images of a Twaron filament.

Figure 4(a,b) show three notable features: larger scratch-like fea-

tures, comparable to those found in Figure 3(a,b) (25 nm deep,

130 nm wide), heaps or clusters of material appearing to have

come out of the trenches (35 nm tall and 400 nm diameter),

and stray fibrils (2–5 nm tall and 250–500 nm long). Figure

4(c,d) add a long stray or pulled-out fibril or bundle of fibrils

(10 nm tall and 100 nm wide, running the length of the image),

and raised bumps of random size and shape (10–15 nm tall and

50–60 nm diameter), all similar to features found in Figures 2

and 3. Interestingly, the raised bump features appear to be

stiffer than the matrix, although surrounded by a compliant

corona [Figure 4(d)]; however, this type of feature could be an

artifact of the topography. In slight contrast to the KM2 Plus, it

appears that some of the scratch-like features found in the

Twaron [Figure 4(a,b)] have a lateral dimension, where the fibril

disruption seems to have a left–right direction. In all cases of

these features [except the very long fibril bundle of Figure

4(c,d)], the modulus image shows a slight decrease in the stiff-

ness in each defect region. In Figure 4(c,d), it is possible to see

the fine fibrillar structure that was intended for the Twaron

fiber.

Filament surfaces of the AuTx fiber are roughly cylindrical

before plane-fitting, but a corrugated, braided roughness is

prominent even before this correction. Figure 5 includes two

pairs of images (5a and 5b: 6 3 6 lm, 5c and 5d: 3 3 3 lm)

of the AuTx filament surface. (Note that the relative sizes of the

features found in the AuTx filament surface, with respect to the

other filament features in this study, warrant the inclusion of

these larger, 6 micron scan ranges. Therefore, it is important to

keep in mind that the edges of the 6 micron scans usually con-

tain an apparent-lower-modulus artifact which is discussed in a

later section.)

Figure 5(c,d) show primarily large fibril bundles which are not

pulled-out, but rather appear to be braided. There is a scratch

or lateral disruption across three of the bundles, at about 1

micron down from the top of the image. Close inspection

proves that these are bundles of fibrils, as it can be observed

that the disruption is actually many fibrils that are becoming

separated from one another. Also, at the very top of Figure

5(c,d), there are raised bumps (primarily clustered) which map

to a much lower measured stiffness value—clusters 70% less

and single bumps 44% less—than the overall image (5d modu-

lus, 2.14 GPa). Figure 5(a,b) (6 3 6 lm) show many long stray

or pulled-out fibrils or bundles of fibrils whose ends appear to

have been pulled laterally across the fiber surface. Figure 5(a,b)

Figure 6. 3 3 3 mm AFM topography (a,c) and DMT contact modulus (b,d) images showing typical surface defects found on as-received Dyneema fiber

surfaces. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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also exhibit a large population of raised bumps which map to

40%–50% lower stiffness. Also apparent is the aforementioned

artifact of the large scan region (6 lm scan), where the left and

right edges of the modulus image [Figure 5(b)] appear to be

less stiff due to the tip scanning away from the top of the fiber.

It is unclear whether the raised bumps are surface impurities or

part of the inherent structure, but they have been observed in

the KM2 Plus, Twaron, and the AuTx. For all of the defects

found here, there are regions that appear at least somewhat

more compliant due to the defect feature. In contrast to the

KM2 Plus and Twaron, the AuTx does not appear to have a

very fine, top–bottom oriented fibrillar structure. It appears

that the inherent structure of the AuTx is designed to have

more fibril bundles as opposed to single fibrils.

Figure 7. Atomic force microscope surface topography (a–d) and modulus maps (e–h) of as-received ballistic fibers used in this study. (a,e) KM2 Plus,

(b,f) Twaron, (c,g) AuTx, and (d,h) Dyneema. Regions detailed are expected, routine fiber surfaces with few flaws. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Dyneema filament surfaces are generally not particularly cylin-

drical due to the large corrugation roughness. Figure 6 shows

two pairs of 3 3 3 lm Dyneema filament images. Figure 6(a,b)

show a rugged corrugation of up–down fibrils including fibrils

which exhibit a shish-kebab structure, as other researchers have

also noted.11–13,18 The fibril corrugation is interrupted by some

larger stray fibrils, 130 nm wide, which have lateral shish-kebab

structure to the right and some smaller stray fibrils (20–80 nm

wide, 5–50 nm tall) toward the center–left of the images which

appear to have been pulled from their up–down starting points.

The overall corrugation shows a variety of stiffnesses pertaining

to the fibrils, and the larger stray fibrils appear to have lower

(200–400 MPa) stiffness than the surrounding fibrils (overall

image modulus: 778 MPa). Figure 6(c,d) also shows a corruga-

tion plus shish-kebab structure, but is punctuated by various

lakes or inclusions of amorphous low-stiffness regions, some

small and round (ca., a few hundred nanometers in diameter),

while others are larger and typically elongated, nearly the length

of the 3 lm image and 50–400 nm across. The stiffness of these

lakes is about 300–400 MPa, or about 50% of the overall image

stiffness (704 MPa). The chemical identity of these regions is

not known; they may be amorphous polyethylene, mineral oil,

or perhaps some foreign impurity. Overall, Dyneema exhibits

the most unique structure in that it is multi-directional due to

its shish-kebab formation. Furthermore, Dyneema does not

appear to have small or solo stray fibril regions but instead

exhibits long stray bundles of fibrils. Also, the raised bumps

and clusters found in the other three fibers are not found in

Dyneema. Instead, Dyneema has apparently amorphous lakes or

inclusions on its surface.

Overview of Local Non-Defect Surface Morphologies

Interestingly, for each of the fibers studied, most of the surfaces

are covered with features or defects, while the intended flawless

morphology is present on only a very low fraction of the sur-

face. These flawless regions are so uncommon that typically

even a 1 lm zoom to a specific region is still not guaranteed to

show the intended morphology. Therefore, it is important to

remember that the expected surface structure found on any of

these fibers will contain many defects. On the other hand, it is

also valuable to show the relatively defect-free surfaces, conceiv-

ably the intended fiber morphology at the micro-/nanoscale.

Figure 7 shows a set of AFM height images (a–d) with corre-

sponding modulus maps (e–h) for each of the fibers studied.

From top to bottom they are: KM2 Plus (7a and 7e), Twaron

(7b and 7f), AuTx (7c and 7g), and Dyneema (7d and 7h).

These images were chosen from the tens of images collected

such that they exhibit the typical fiber surface morphology with

very few defects. As can be seen in the height images, the KM2

Plus (7a) and the Twaron (7b) appear to be anisotropic with

fine (�5–20 nm wide) features persisting in the filament direc-

tion. The anisotropy remains in the modulus maps (7e and 7f).

On the other hand, the height images of the AuTx (7c) and the

Dyneema (7d) appear to have large scale (100s of nanometers)

anisotropy which is either large scale meso-fibrils or fibril bun-

dles. These fibril bundles result in relatively large scale corruga-

tion morphology, with ridges or grooves running in the

filament direction, which can also be observed in the modulus

maps (7g and 7h). Also present in the AuTx and the Dyneema

images (7c and 7d) are smaller scale (5–20 nm) structures that

appear to be isotropic or random on the AuTx surface (7c),

appearing as a light-colored (high height) raised haze. These

features are much more noticeable in the AuTx modulus map

(7g), where they appear as a more dominant isotropic grainy

structure. This structure was noted above as “regions or small

islands of raised haze” in the KM2 Plus and to some extent the

Twaron, and is typically more prominent near defect sites. The

small scale structures on the Dyneema surface appear to popu-

late more sparsely in the height image (7d); however, that is

due to the image (7d) having the largest overall height scale,

and thus contrast is lost. Upon further investigation, the

Dyneema modulus map (7h) shows clearly bright and dark

(stiff and compliant, respectively) regions which form a bidirec-

tional morphology. The Dyneema modulus map clearly shows

distinctly shish-kebab structures in the filament direction, espe-

cially along the left and right edges of the image. In addition,

interdigitated shish-kebabs run down the middle of the image,

resulting in a basket weave pattern. All in all, of these four sets

of images, the Dyneema morphology qualitatively appears to be

the least anisotropic (being more bi-directional) and also has

the largest distances (or areas) of compliant material between

stiff features. Finally, appearing in the Dyneema modulus map

(7h) are small (ca., 100 3 250 nm) lakes of very compliant

(dark contrast) material.

Overview of DMT Contact Modulus Method for Fiber Study

The AFM DMT contact modulus method uses the DMT con-

tact model31 in conjunction with a modulus mapping

method30 that consists of a series of small amplitude (ca.,

10 nm) force–displacement curves, with an appropriate stiff-

ness probe. Combining the DMT model with the high-

frequency (ca., 2 KHz) force curve mapping technique assumes

purely elastic deformations to map the stiffness of a surface,

and then quantifies that stiffness by referencing a sample of

Figure 8. Averages and standard deviations of modulus values from 1 mm

AFM modulus maps. Elastic modulus and standard deviation of fibers

found through instrumented NI according to Oliver–Pharr model are also

included (NI-OP).
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known modulus (polystyrene). Figure 8 summarizes the AFM

DMT modulus values for the various fibers tested in this study

(values are also tabulated in Table I). AFM DMT values are an

average from at least ten images of a 1 3 1 lm scan size.

Smaller scan regions were used in order to avoid the lower

stiffness values found at the edges of the larger AFM scans, as

noted previously. To benchmark these modulus values, NI was

also performed on the fibers. While similar elastic behavior

was expected, note that the two tests have four major differen-

ces that may lead to discrepancies in the observed modulus

values. First, for NI, tests were performed at relatively large

contact depths (approximately 200 nm versus ca. 5 nm for

AFM DMT method). Differences in contact depths will result

in measurement variability due to changes in the defect den-

sity of the surface versus the underlying “bulk” or “core” of

the sample. Contact depth is also a factor to be considered

when evaluating the effect of roughness and sample curvature.

For shallow contact depths, the effect of even small sample

roughness can be substantial. Second, NI tests utilize a much

larger probe (ca., 50–200 nm radius of curvature, versus ca. 10

nm for AFM) and result in a relatively large contact region;

thus, the elastic properties obtained via NI are considered less

local (but still not necessarily bulk properties). Third, NI is an

elastic–plastic deformation process while the AFM tests can be

considered purely elastic. Fourth, the differences in these two

deformation processes become even more involved when the

measurement rate (or contribution of elasticity) is considered.

While NI is considered to be quasi-static and uses a ramp-rate

of 25 nm s21, the AFM mapping technique uses a force-curve

frequency of about 2 KHz and a ramp size of approximately

10 nm. This results in a rate on the order of 40,000 nm s21.

Therefore, although quasi-static conditions are assumed in the

treatment of the data here, the values obtained may be sub-

stantially affected by the AFM force-curve (dynamic) ramp

rates used. All of the modulus values are of the same order,

yet the NI values are always larger than the AFM modulus val-

ues. Furthermore, the error bars (two standard deviations) of

the AFM measurements are typically double the uncertainty in

the NI measurements. In addition to (and in conjunction

with) the caveats noted above, the uncertainty is also affected

by the ca. 30 percent error inherently involved in the AFM

technique.34–36

The AFM DMT technique assumes a contact radius which is cal-

culated by assuming the modulus measured on PS is 2.7 GPa.

The technique also requires that the deformation of the reference

measurement matches the deformation of the sample measure-

ment. The deformation on both PS and each fiber was controlled

at approximately 5 nm. However, the PS reference is extremely

flat, with an RMS roughness about 1 nm. On the other hand,

the fibers studied have relatively high roughness (anywhere from

1 to 100 nm) even on plane-fitted images. The roughness

includes at least three length scales: (1) fibril, raised bump, and

pore (very fine) corrugation; (2) fibril bundles, long trenches or

scratches, and larger scratch-like feature corrugation; and (3) the

cylindrical shape of the fibers themselves. In every one of these

cases, the tip encounters a surface at a non-normal angle to the

global sample surface. This causes the true tip-sample contact

area to change. Since the DMT model used here assumes a con-

stant tip radius (and therefore contact area), the local modulus

values across an image are affected by the topography encoun-

tered. For large scan sizes, the edges of the image—where the tip

encounters a large angle at the side of the fiber (vs. at the

apex)—may result in a misleading stiffness value. In a similar

way, long trenches and fibril bundle topography are capable of

casting “shadows” onto the modulus image. These features

appear offset in the modulus image and contain both a high and

a low modulus value dependent on the tip scan direction with

respect to the local sample slope.

Effect of Defects on Measured Properties

The AFM data show some clear and distinct microstructural

features or defects which could affect the fiber properties. Cer-

tainly they affect local properties but the question remains: do

any of these defects affect bulk properties? In order to place

these observations into greater context, the next step would be

evaluation of the transverse modulus of the single filaments and

single filament tensile testing. Another approach would be to

determine which, if any of these surface defects contributes to

the tensile strength, or the ultimate failure of a filament in ten-

sion. It is possible that large pulled out fibril bundles or long

trenches are large enough to be a critical defect. Or it could be

that any of these defects grow when the fiber is placed in ten-

sion. On the other hand, defect structure within the fiber could

prove to be more important to the ultimate tensile strength of

such fibers. Capturing the various morphologies is simply a

Table II. Summary of AFM Modulus Mapping Observations

Fiber Overall fiber shape
Structure directionality
with respect to fiber Prominent compliant feature Other distinct feature

KM2 Plus Cylindrical/fine
corrugation

Parallel 40 nm bumps, clusters Fine fibrillar structure,
random scratches

Twaron Cylindrical/fine
corrugation

Parallel 40 nm bumps, clusters Fine fibrillar structure,
random scratches

AuTx Cylindrical/rough
corrugation

Parallel and transverse 40 nm bumps, clusters Large corrugation
(braided) fibril bundles

Dyneema Non-cylindrical/rough
corrugation

Parallel and transverse �100’s nm amorphous lakes Shish-kebab crystalline
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starting point for the study of how chemistry and processing

affect morphology and therefore bulk properties of these fibers.

CONCLUSION

Morphology and local properties of four ballistic fiber types were

observed using AFM and NI techniques. AFM modulus data

were acquired through a force curve mapping technique using a

DMT model of elastic contact with attractive interactions. Modu-

lus values obtained from the AFM modulus mapping and the NI

technique are summarized in Table I. The following observations

were found upon performing 6, 3, and 1 micron scans on several

samples of each filament type, and are summarized in Table II:

1. Most surfaces are not defect free.

2. Fibers are primarily anisotropic having a directionality of

fibrils and/or fibril bundles in the fiber direction.

3. Fibers can have a structure transverse to the fiber direc-

tion—most prominent in Dyneema and somewhat in AuTx,

but less so for KM2 Plus and Twaron.

4. All fibers have a compliant feature that is ubiquitous – for KM2

Plus, Twaron and AuTx: raised features on the order of 40 nm,

randomly shaped, often forming clusters or agglomerates.

5. The compliant feature for Dyneema appears to be an amor-

phous region forming an inclusion or elongated lake on the

surface. It is not clear what this material is for any of the fibers.

6. All fibers exhibit stray fibril bundles, having only slightly

lower modulus only because they are not fixed rigidly to the

surface. This is more prominent for AuTx and Dyneema.

7. All fibers exhibit stray single fibrils. In some cases, especially

for KM2 Plus and Twaron, this may form various densities

of a “raised haze” in the topography.

8. Dyneema exhibits a shish-kebab structure and thus is the

least anisotropic of the fibers studied.

Finally, AFM modulus values obtained through the DMT model

are described with respect to fibers with varying roughness and

then compared with NI modulus values obtained through the

conventional OP model. Values were found to be of the same

order of magnitude, but the standard deviation of the AFM

modulus data were typically twice as large, possibly due to the

AFM’s (1) locality of measurement, (2) surface sensitivity, and

(3) inherent limitations which have been documented.

The observations reported here will serve as a starting point for

evaluating fiber morphologies and local properties in order to

better understand their effect upon bulk fiber tensile properties,

especially the ultimate strength of a single filament. The techni-

ques described in this work have the potential to lead to a better

understanding of chemistry–processing–morphology–property

relationships in ballistic and other specialty fibers.
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