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a b s t r a c t 

Non-wovens are of emerging research and industrial importance due to the characteristic high surface 

area, high porosity, high damage tolerance, and low cost. However strength and toughness are difficult to 

design for due to the structural irregularity and multitude of deformation mechanisms. Here we investi- 

gate the mechanical properties and deformation mechanisms of polypropylene non-wovens as a function 

of areal weight. Mechanical characterization showed that higher areal weight corresponds to equivalent 

stiffness and greater strength per weight compared to lower areal weight. Two x-ray studies were car- 

ried out with synchrotron radiation during uniaxial tensile testing: micro-computed tomography (3D mi- 

crostructure) and x-ray diffraction (fiber orientation). These techniques combined to reveal that in com- 

pact non-wovens inter-fiber bonds provide strong constraints on the network structure and limit fiber 

rotation until the bonds fail. Conversely, in sparse non-wovens localized fibers align, plastically deform, 

and eventually fracture. These comprehensive combined mechanical response and microstructural data 

sets will serve to build microstructure-based constitutive models in future work. 

© 2016 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Non-wovens are fibrous materials manufactured without a

weaving or knitting process. A typical non-woven consists of a set

of fibers oriented according to a manufacturing process determined

statistical distribution. Due to versatile manufacturing methods,

high porosity and high impact absorption capabilities, non-woven

materials constitute a rapidly growing portion of the textile indus-

try, with demonstrated applications in a variety of fields includ-

ing energy, water, ballistic protection, tissue engineering and med-

ical disposables ( Ahmed et al., 2015; Huang et al., 2003; Liu et al.,

2013; Russell, 2006; Yoon et al., 2008 ). Non-woven mechanics are

complex and still poorly understood due to the random nature of

fiber distributions and their evolution under straining ( Picu, 2011 ).

A better understanding of the relationship between microstructure

and macroscale mechanical behavior will improve and accelerate

the non-woven design process. 

The relationship of non-woven elasticity to microstructure and

constituent material has been established with increasing fidelity
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ver the last 60 years. In pioneering work conducted by Cox

 Cox, 2002 ), the elastic properties of a fiber network consisting

f long, straight, non-interacting fibers were established to depend

n the initial fiber orientation, fiber cross-sectional area, and in-

rinsic fiber elastic modulus. This framework was later extended to

D fiber orientation distributions ( Narter et al., 1999 ). Later stud-

es revealed that initial fiber curvature and fiber bending can both

ignificantly influence elastic network properties ( Pai et al., 2011a;

011b; Shahsavari and Picu, 2012; Wilhelm and Frey, 2003 ), de-

reasing stiffness and increasing in-plane Poisson’s ratio. Sparse

etworks with high fiber length to diameter aspect ratios tend to-

ard bending-dominated rather than stretching-dominated elastic-

ty ( Shahsavari and Picu, 2012; Wilhelm and Frey, 2003 ). 

The relationship of non-woven mechanical properties to mi-

rostructure and constituent material under large deformation re-

ains challenging to establish due to the combination of fiber

eformation, fiber orientation, and fiber-fiber contact change.

aterial strength depends on both specimen size and bound-

ry conditions with long range correlations among stresses in

he fibers ( Hatami-Marbini and Picu, 2009; Kulachenko and Ue-

aka, 2012 ). Prior work on thermally-bonded polypropylene non-

ovens demonstrated that bond damage leads to extensive fiber

ealignment. The speed of the realignment process results in

http://dx.doi.org/10.1016/j.ijsolstr.2016.07.028
http://www.ScienceDirect.com
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Table 1 

Material properties of the investigated non-wovens pro- 

vided by the manufacturer Han , where v f = a w / (tρ f iber ) 

and ρ f iber = 946 kg/m 

3 . 

Material Thickness Areal weight Volume 

Type t (mm) a w (g/m 

2 ) fraction v f 

SF20 0 .35 68 0 .205 

SF32 0 .43 110 0 .270 

SF65 0 .59 220 0 .394 
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train rate dependent failure modes ( Jubera et al., 2014; Ridruejo

t al., 2011 ). In order to properly describe the large transverse

train observed in high aspect ratio non-wovens in uniaxial ten-

ile tests, fiber elastic-plastic bending needed to be considered

 Silberstein et al., 2012 ). Bond damage is the main damage

echanism in paper-like materials ( Isaksson et al., 20 06; 20 04 ).

ronkhorst ( Bronkhorst, 2003 ) studied the elastic-plastic behav-

or of a 2D fiber network and found that neglecting connectivity

hrough the thickness caused a significant disparity with experi-

ent results. 

One promising avenue to understanding non-woven mechan-

cs is to characterize microstructure change during deformation.

icro-computed tomography (μCT) generates a 3D image of a

aterial and has been successfully applied to a variety of non-

ovens such as paper ( Isaksson et al., 2012 ), gas diffusion layers

 Tötzke et al., 2014 ), and needle punched ( Jeon et al., 2014 ) and

oint bonded non-wovens ( Demirci et al., 2011 ). Changes in struc-

ural parameters, including pore size, fiber orientation and con-

act efficiency, have been computed. X-ray diffraction (XRD) ex-

eriments on fiber networks with crystalline fibers probe for in-

ormation such as orientation distribution changes. The anisotropic

ber realignment behavior of a needle punched polyethylene non-

oven was revealed through XRD in a recent work by Martínez-

ergueta et al. (2015) . 

The aim of this paper is to elucidate the deformation mecha-

isms of a series polypropylene (PP) non-wovens and explore the

ffects of areal weight on mechanical behavior. Through the appli-

ation of synchrotron radiation, non-woven microstructure changes

nder uniaxial tensile loading were imaged. Structural information

number of bonds, volume fraction and fiber orientation distribu-

ion) was extracted to quantitatively describe damage progression

nd the fiber realignment process. Specifically, μCT was used to vi-

ualize the deformed material configurations at strains spanning

lastic, pre-, and post-yield regions. It was observed that low areal

eight non-woven had more damage than high areal weight coun-

erparts at same strain. Moreover, XRD experiments were used to

ontinuously track local fiber orientation change in both monotonic

ensile and stress relaxation tests. The kinematic constraints im-

osed by bonds were apparent through the limited fiber realign-

ent in high areal weight non-wovens at small strains. The ex-

erimental results also indicated whether fiber bending was a sig-

ificant deformation mode for each of the different areal weight

on-wovens. 

. Experimental 

.1. Materials 

The Dupont Typar geotextile series of non-wovens used in this

nvestigation are composed of PP fibers with diameters ranging in

ize from 40 μm to 60 μm. The fibers are created by extrusion and

tretched to induce a semi-crystalline structure. These fibers are

andomly distributed and bonded into a sheet by applying simul-

aneous heat and pressure Han . The manufacturing process results

n both isolated fibers and small fiber bundles within the material

 Ridruejo et al., 2011 ). The three investigated non-wovens, SF20,

F32 and SF65, are differentiated by thickness, areal weight, and

he fiber-filled volume fraction of the material ( Table 1 ). All three

uantities increase following the sequence: SF20, SF32, SF65. These

aterials essentially consist of layers of fibers, however most fibers

o cross between layers over relatively short distances. SF20, SF32,

nd SF65 have approximately 7, 9, and 12 layers of fibers respec-

ively. 
.2. Characterization of mechanical behavior 

A Zwick/Roell Z010 testing system was used to characterize

he mechanical properties of the non-wovens and single PP fibers

nder uniaxial tension. The load was recorded using a 10 kN

nd a 20 N load cell for non-woven and fiber tests, respectively.

ive specimens of each non-woven type were tested to capture

pecimen dependent variation. Rectangular non-woven specimens

5 mm in length and 9 mm in width were tested with the gauge

ength set to 27 mm. This gauge dimension was chosen to achieve

niaxial tension while keeping the width small enough to image

ith the μCT setup (explained in Section 2.3.1 ). A limited set of

xperiments were also performed on larger and smaller specimens

ith results provided in the supplementary materials. The thick-

ess of each specimen was measured at three different locations

ith a micrometer to determine an average initial cross-sectional

rea. To create single fiber specimens, fibers were extracted from

on-woven SF20 by tweezers and then glued on a cardboard tem-

late, spanning across a 15 mm cut-out region on the cardboard.

he single fiber diameter was measured at nine locations under

n optical microscope prior to testing. Force and crosshead dis-

lacement were converted to engineering stress and engineering

train by dividing by the initial cross-sectional area and the ini-

ial gauge length respectively. Specimens were elongated at a con-

tant strain rate of 0.00588 s −1 until failure to determine the

oung’s modulus E , strength σ f and failure strain εf . Cyclic tests

ere carried out at a strain rate of 0.00588 s −1 for loading, un-

oading, and reloading portions; strains at the start of the unload-

ng steps range from 0.02 to 0.8. The unloading modulus was cal-

ulated from the first 0.02 strain of each unload. To investigate

elaxation behavior, another set of specimens were stretched at

 constant strain rate of 0.00588 s −1 to an engineering strain

f 0.1 and held at constant strain for 10 min. A stretched ex-

onential function ( Williams and Watts, 1970 ) was fit to the nor-

alized stress relaxation curve to obtain a characteristic relaxation

ime. 

.3. Synchrotron X-ray studies 

X-ray studies were performed at the F3 beamline at the Cornell

igh Energy Synchrotron Source (CHESS). A Si(111) double crystals

onochromator was used to tune the incident X-ray beam energy

o 10 keV and 8 keV for the μCT and XRD experiments, respec-

ively. The resulting energy bandwidth was on the order of 10 4 . For

he μCT imaging, the second Si(111) crystal was replaced with 5 °
iscut Si(111) crystal to increase the size of the incident beamspot

n the specimen and allow for a larger imaging region. A custom-

uilt dual actuator load frame (see supplementary material) was

sed at the F3 beamline for in-situ deformation throughout the X-

ay experiments. The same 27 mm by 9 mm gauge section was

sed for all X-ray experiments as for the Zwick mechanical testing.

.3.1. Micro-computed tomography 

Changes in the 3D microstructure of the non-woven specimens,

nduced by deformation, were monitored using in-situ μCT imag-
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Fig. 1. (a) Schematic of in-situ μCT experimental setup. The load frame stretches the specimen to a specific strain and then rotates the specimen 180 ° as absorption 

radiographs from the incident synchrotron beam are recorded with a CMOS detector. (b) Schematic of in-situ XRD experimental setup. The load frame stretches the specimen 

continuously as diffraction patterns from the incident synchrotron beam are recorded on an X-ray detector. 
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ing. The experimental setup is shown in Fig. 1 a. The X-ray beam-

size was 7 mm by 7 mm. An LSO:Tb scintillator, a lens system

and an Andor Neo 5.5 sCMOS detector were employed to convert

the attenuated X-ray beam passing through the specimen into ab-

sorption contrast radiographs. For each tomograph (μCT scan), the

specimen was rotated 180 ° about the loading axis in 0.25 ° steps

(721 radiographs total). Sets of radiographs with 0.5 s exposure

time were acquired. A 5 min relaxation time was added before

each scan to ensure morphology change during imaging was min-

imal. Dark images (closed shutter) and beam profile images (open

shutter, no specimen) were also acquired using the same exposure

time. Elongation of the non-woven specimens was incremented

in a step-wise manner to strains of 0, 0.01, 0.02, 0.1, 0.15 and

0.3. At each of the 6 strains, a scan was performed. Specimen di-

mensions and the methods of mechanical testing are the same as

used for the mechanical behavior characterization in Section 2.2 .

Two specimens of each areal weight were tested during this

experiment. 

The raw radiographs, as well as beam profile and dark images,

were processed into a stack of cross-sectional slices using the com-

mercial software Octopus Oct . Each slice consisted of 10 0 0 pixels

by 10 0 0 pixels with a corresponding pixel size of 6.5 μm. The com-

mercial software AVIZO Fire AVI was used for image denoising and

data visualization. 

Microstructural changes were quantified in terms of changes in

volume fraction v f and bond numbers. These analyses were per-

formed with user-written Matlab R2015a scripts Mat . In order to

account for the irregular material shape at finite deformation, the

reconstructed volume was divided into 20 × 20 grids on the ini-

tial specimen plane (XY plane as shown in Fig. 1 ). The reported v f 
at each strain is the mean of v f values calculated within each grid

space. The v f within each grid space was defined as the maximum

v f along the thickness direction with fixed sampling volume. Since

the calculation of v f is sensitive to the intensity threshold of the

image stack, the threshold value was selected such that the initial

calculated v f of each specimen matches the values given in the ma-

terial data sheet as provided in Table 1 . Bond number is defined as

the total number of connected bonding regions in the 3D image. A

voxel is within a bonding region as long as its minimal distance to

the background is larger than a threshold value. This bond iden-

tification approach is an upper bound estimate that utilizes the

flattening caused when the non-woven is bonded with combined

heat and pressure to distinguish bonds from non-bonded contact-

ing fibers. 
t  
.3.2. X-Ray diffraction 

In-situ XRD experiments provide information about fiber ori-

ntation during deformation of the non-wovens. The experimental

etup is shown in Fig. 1 b. The x-ray beamsize on the specimen was

 mm by 1 mm. Diffraction patterns were captured by a PILATUS3

 200K detector placed 70 mm behind the specimen. Individual

iffraction patterns were captured of six different single fibers ex-

racted from the SF20 material. For the non-woven loading exper-

ments, each specimen was either stretched to failure or to a cer-

ain strain and then allowed to relax, following the mechanical test

ethods described in Section 2.2 . The specimens were loaded at a

train rate of 0.00588 s −1 corresponding to a range in strain of

.003 per diffraction pattern. For both continuous loading and re-

axation experiments, a series of XRD patterns were recorded with

n exposure time of 0.5 s each. 

The collected XRD patterns represent the sum of the diffraction

rom each of the individual fibers within the diffraction volume.

he orientation distribution function is a measure of the orienta-

ion distribution of fibers in the non-woven specimen, which can

e computed by resolving the intensity distribution of a diffraction

ing by azimuthal angle. This diffraction pattern intensity distribu-

ion to fiber orientation distribution extraction is unique since we

tilize a peak corresponding to only one orientation of the fiber.

t is assumed that strain within individual fibers has negligible ef-

ect on the orientation analysis; this assumption is assessed in the

upplementary material. In order to quantify the realignment pro-

ess during the deformation process of non-wovens, the ensemble

veraged orientation parameter p is calculated: 

p = 2 〈 cos 2 α〉 − 1 (1)

here α is the angle between fiber axis and loading axis. An in-

lane randomly oriented set of fibers will have an orientation pa-

ameter value of 0. If all fibers are aligned perpendicular to the

oading axis p is -1, and if all fibers are aligned along the loading

xis p is 1. Image processing and analysis calculations were per-

ormed in Matlab R2015a Mat . 

. Results and discussion 

.1. Non-woven mechanical behaviors 

The non-wovens used in this study deform elastic-plastically

nder uniaxial tensile loading ( Fig. 2 ). Due to the random nature of

he material, the variations in mechanical response from specimen
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a b

c d

Fig. 2. Mechanical characterization of three types of non-wovens. Monotonic and cyclic uniaxial tensile behaviors of (a) SF20, (b) SF32 and (c) SF65. Due to large specimen 

to specimen variations, the maximum, median and minimum strength tests are shown. (d) Normalized unloading slope versus the strain when unloading step started. 

Table 2 

Mechanical properties of constituent fibers and non-wovens under uniaxial tensile 

loading. Young’s modulus and strength are scaled by volume fraction v f . 

Material Scaled modulus Scaled strength Failure Relaxation time 

E/ v f (GPa) σ f / v f (MPa) ε f τ (10 4 s) 

Fiber 2 .45 ± 0.15 293 ± 8 1 .3 ± 0.3 1 .9 ± 0.3 

SF20 0 .78 ± 0.03 31 ± 3 0 .15 ± 0.06 1 .39 ± 0.18 

SF32 0 .84 ± 0.07 42 ± 7 0 .21 ± 0.06 1 .66 ± 0.15 

SF65 0 .85 ± 0.04 52 ± 5 0 .33 ± 0.08 1 .83 ± 0.10 
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o specimen are large. Three representative monotonic curves are

ncluded in Fig. 2 , corresponding to three tests of maximum tensile

trength, median tensile strength and minimum tensile strength.

he stress-strain curve of each areal weight has similar shape be-

ore the peak stress, consisting of a short linear region followed

y a gradual roll over region. All of the curves are smooth at the

eginning and become jagged starting around the peak stress, by

hich point fiber breakage is visually apparent. The three different

real weight materials are qualitatively distinct in the post-peak

tress failure evolution. The failure of SF20 (lowest areal weight)

rogresses gradually, resulting in a long tail on the stress-strain

urve. Some SF32 (intermediate areal weight) specimens undergo

radual failure, while others have sharp decreases in stress after

he peak stress. All SF65 (highest areal weight) specimens have

upture-like failure. It is important to note that these specimens

xhibit a more gradual damage mode than would be seen at larger

pecimen sizes (see supporting material). The differences in me-

hanical properties among the three areal weights are summa-

ized in Table 2 . Material of higher areal weight has higher stiff-

ess, higher strength, later failure initiation and longer relaxation

ime. When the mechanical response is scaled by volume fraction,
he three non-wovens have similar scaled Young’s moduli, but the

caled strength of the more compact non-wovens is higher. This

eans that on a per weight basis the more compact material has

etter strength without compromising stiffness. 

Material damage can be evaluated macroscopically with cyclic

oading. In Fig. 2 a-c, representative cyclic stress-strain curves of

hree types of non-wovens are overlaid on the uniaxial tensile

urves. A permanent set (non-zero strain at zero stress) is present

fter each unloading step for all three areal weights. This perma-

ent set comes from a combination of fiber plastic deformation

nd material structure damage ( Ridruejo et al., 2012 ). Damage also

anifests as a decreased unloading slope with deformation. The

ifferences in the degradation process among the three types of

on-wovens are evident in Fig. 2 d, in which unloading slopes are

ormalized by the initial Young’s moduli and plotted against the

trains when unloading initiated. All the non-woven normalized

oduli decrease once the macroscopic deformation was imposed.

t each strain, normalized unloading modulus increases with in-

reasing areal weight (SF20, SF32 and SF65). 

For the three non-wovens made from the same constituent

ber and made through the same manufacturing process, high
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Fig. 3. Tensile stress-strain characterizations of single PP fibers. 
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areal weight non-wovens are stiffer, stronger, less stretchy and less

degraded before the large scale failure than low areal weight non-

wovens. In order to better understand these observations from me-

chanical tests, detailed characterizations of constituent fibers and

microstructure deformation were carried out and are discussed in

the following sections. 

3.2. Fiber mechanical behaviors 

The constituent fibers are elastic-visco-plastic, as is typical for

thermoplastic polymers. In Fig. 3 , the tensile stress-strain curves

exhibit a linear region followed by gradual yield and then linear

hardening. The fracture is rupture-like, occurring around a strain

of 1.3. In the cyclic tests, large hysteresis loops and permanent

sets are observed after the unloading step, even when the fibers

are stretched to small strains. The mechanical properties of fibers

are listed in Table 2 . The fiber modulus is approximately three

times the scaled non-woven Young’s moduli, which is consistent

with theoretical predictions for non-bonded long fiber networks

( Cox, 2002 ). This indicates that initial non-woven elasticity is at

most minimally related to bond properties. The similarity of non-

woven and fiber relaxation constants suggests that non-woven re-

laxation is due to individual fiber relaxation. 

3.3. Non-woven 3D microstructure in tension 

Non-woven deformation involves a combination of fiber defor-

mation, relative fiber movement and bond damage. The 3D mi-

crostructures of an SF32 specimen at four different strain states are
Fig. 4. 3D microstructure images of a non-woven SF32 specimen at strains of (a) 0, (b) 0.0

an enlarged partial view. 
hown in Fig. 4 . Prior to deformation, the material was predomi-

antly planar with thickness variation on the order of the fiber di-

meter. Fibers were randomly oriented in the specimen (XY) plane,

ith corresponding non-uniform pore sizes and distributions. In-

erweaving is apparent among the fibers. Fibers are distorted from

heir cylindrical shape in contact regions between the fibers. The

bers were observed to be long with little curvature. Dangling

ber ends were not apparent except at the edges of the mate-

ial. At a strain of 0.02, minimal change in material microstructure

ould be seen. As the specimen was stretched to a strain of 0.1, a

ombination of both straight and wavy fibers were observed, with

he later aligning mostly along the direction transverse to the ap-

lied tension. Some fibers bent out of the material plane forming

n arc-shape structure. Overall, the material surface was no longer

lanar. At a strain of 0.3, consolidation of fibers across the trans-

erse direction occurred, and the specimen edges became jagged.

he majority of the fibers that remained straight were well aligned

ith the loading direction. Due to large scale damage, fibers sepa-

ated into layers in the through thickness direction, resulting in a

oosely connected network. 

A comparison of the microstructures of the three non-woven

ypes at a strain of 0.1 is shown in Fig. 5 . Of the three non-wovens,

he width reduction of the SF20 specimen was the most significant.

ibers aligned with the transverse direction were mostly sinuous,

hich was evident in the loosely connected regions compressed by

he surrounding highly bonded regions. In some parts of the (com-

aratively thin) SF20 specimen, the whole material became wavy

nd delamination occurred on the specimen scale. In contrast, the

igh areal weight non-woven, SF65, remained mostly planar at this

ame strain. The arced fiber segment lengths were short. Unlike

he low areal weight counterparts, no large bulges formed by bun-

les of bending fibers were observed in SF65. The multiple lay-

rs of the non-woven help to stabilize each other and provide in-

reased strength relative to a material consisting of independent

ayers. 

The number of bonded regions and filled volume fraction are

sed here to quantitatively describe structural damage in non-

ovens ( Fig. 6 ). Number of bonds is a crucial characteristic, since

onds hold the fibers together and provide strength to the ma-

erial. SF65 had more than double the initial bonds of SF32 and

ore than four times that of SF20. The number of bonds in all

hree non-wovens decreased starting from a strain of 0.02 indicat-

ng the bond fracture initiated at small strains. Until a strain of

.15, the bond number drop in SF20 was almost the same as SF65.

onsidering the fraction of initial bonds, the relative bond frac-

ure in SF20 was more significant. The SF32 specimen shown here
2, (c) 0.1 and (d) 0.3. Top: full 6.5 mm by 6.5 mm reconstructed volume. Bottom: 
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Fig. 5. 3D microstructure images of non-woven specimens (a) SF20, (b) SF32 and (c) SF65 at a strain of 0.1. Top: full 6.5 mm by 6.5 mm reconstructed volume. Bottom: an 

enlarged partial view. 

ba

c

Fig. 6. The evolution of (a) number of bonds, (b) fraction of initial bonds that remain and (c) volume fraction v f as a function of applied strain. 

Fig. 7. 2D XRD pattern of (a) a single PP fiber and (b) an undeformed SF32 non- 

woven specimen. 

h  

s  

t  

l  

t  

f  

m  

t  
as more bond fracture than SF20. Looking into the corresponding

tress-strain curve (see supplementary material), it was found that

his SF32 specimen is severely damaged before a strain of 0.1. In

arger samples since the number of fibers engaged in supporting

he load increases with increasing specimen size as the influence

rom artificially short fiber segments near the edge is reduced; this

ay result in either greater or lesser bond survival depending on

he bond strength distribution. At the onset of large scale damage,
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a

c

b

Fig. 8. Stress and orientation parameter as a function of strain for (a) SF20, (b) SF32 and (c) SF65. 
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a  
bonds over a relatively localized strip of the material are respon-

sible for the ultimate failure of the non-woven, so the total bond

count does not decrease as drastically as might otherwise be ex-

pected. Decreases in volume fraction, a result of material delam-

ination, are indicative of interlayer bond fraction and fiber out of

plane bending that locally increases the specimen thickness more

than the width contracts from fiber alignment. The volume fraction

of SF20 and SF32 were relatively constant until a strain of 0.02 and

then decreased significantly, while the volume fraction of SF65 re-

mained relatively constant until the scan at a strain of 0.15. The ob-

servations of decreasing number of bonds and decreasing volume

fraction show that structural damage in the low areal weight non-

woven initiated at smaller strains. Also, structural damage is more

drastic for low areal weight material than for high areal weight

ones. These conclusions support the analysis of material degra-

dation in cyclic test section for which unloading slope decreased

more drastically for the low areal weight non-woven than for the

high areal weight non-woven. 

3.4. Fiber orientation evolution under loading 

Fiber orientation distribution is a key factor in determining

non-woven behaviors. In non-wovens composed of ductile fibers,

the degree of fiber alignment due to tensile loading is significant

at finite strains ( Silberstein et al., 2012; Yano et al., 2012 ). Fiber

alignment determines how the force supported by each fiber adds

up to the overall non-woven stress and is indicative of whether the

non-woven accomodates deformation by fiber stretching (high en-

ergy) or fiber bending and rotation (low energy). XRD experiments

were carried out in order to study the areal weight effects on the

fiber alignment. 
The PP fibers present in the non-wovens are semicrystalline

ith axisymmetric crystalline orientation, which makes XRD a

easible method for probing fiber orientation distribution. Fig. 7 a

hows the XRD pattern of a single horizontally aligned fiber (par-

llel to the loading axis). Three diffraction peaks are observed

t an azimuthal angle of 90 °, and two others peak can be seen

t azimuthal angles of 50 ° and 130 °. The 2 θ angles of these

eaks are 14.2 °, 17.1 °, 18.7 ° and 22.1 ° corresponding to crystalline

lanes aligned in (110), (040), (130), and (111) and (131) direc-

ions, respectively. This diffraction pattern is consistent with al-

ha phase PP fibers ( Iijima and Strobl, 20 0 0 ). Each individual fiber

as the same diffraction pattern. Therefore, a one-to-one relation-

hip between fiber orientation and diffraction spot (2 θ and az-

muthal angle) location can be used to track fiber orientation in

he non-woven. The intensity distribution along the azimuthal an-

le of a ring represents fiber angular distribution. The average

iffraction pattern of an undeformed SF32 specimen is shown in

ig. 7 b. 

The fiber orientation evolution in the non-wovens during

niaxial tensile loading is shown in Fig. 8 . Detailed orientation

istribution functions can be found in the supplementary material.

ere, homogenized orientation parameter p ( Eq. 1 ) is plotted as a

unction of applied strain. Changes in p may differ somewhat with

pecimen size, particularly for SF20. The differences in the ori-

ntation evolution process among the three materials are readily

pparent. The orientation parameters of SF32 and SF65 were nearly

onstant until a strain of 0.3 and 0.4 respectively, at which point

ach increased monotonically until large scale failure. The onset of

ealignment in both materials occurred just prior to the peak stress

nd the orientation parameter is much less than predicted with an

ffine deformation assumption (see supplementary material). On
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a b

Fig. 9. Fiber orientation change at four time points for (a) SF20 and (b) SF32. Inset: stress relaxation curve. The SF65 specimen (not shown) behaved similarly to the SF32. 
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he contrary, the orientation parameter of SF20 increased from the

eginning until a strain of 0.1, and then fluctuated with no overall

rend. In high areal weight non-wovens, the discrepancy between

he timing of fiber reorientation and the initiation of deformation

an be explained by two reasons. First, the existence of large num-

er of bonds provides strong constraints and limits the fiber-fiber

otation. Second, due to short bond-to-bond segment lengths,

bers are more difficult to bend, and hence the fibers transverse

o the loading direction kinematically inhibit rotation of partially

ligned fibers with the loading direction. SF20 is a sparse network

nd has long fiber segment length between bonds. Bond damage

uickly affects the fiber orientation with fibers tending to bend

nd rotate, so that fiber realignment starts at small strains. Since

he incident XRD beam is only 1 mm by 1 mm, the exact values

f these orientation parameters vary from specimen to specimen,

articularly at strains larger than the peak stress for which strain

nhomogeneity is significant, however these trends hold across

pecimens. 

Even though fiber alignment was observed in all three types of

on-wovens, the unloading slope decreases in the cyclic tests. This

ecrease demonstrates that the effect of fiber alignment is over-

ome by bond damage and fiber fracture. One should also note that

ond fracture changes the network topology, leading to a struc-

ure in which fibers are longer and easier to bend. The orienta-

ion parameters of high areal weight non-wovens therefore change

harply ( Fig. 8 ) at finite strains when bond fracture reaches a great

xtent. 

The constraints provided by bonds are also evident in the

tress relaxation tests. In Fig. 9 , two representative sets of fiber

rientation curves taken during relaxation tests are shown. Each

lot consists of four curves corresponding to fiber orientation

istributions at four different time points: the initial point, the

tart point of relaxation, 50 s and 100 s after relaxation. For

he SF32 specimen (and the not shown SF65), there was min-

mal fiber orientation change within 100 s of relaxation time.

or the SF20 specimen, the number of fibers aligned in -30 °
nd 70 ° changed significantly during the first 50 s of relaxation.

his orientation change stems from fiber reorientation due to

ond breakage as was evident in the surface images taken by

n optical camera. Bond breakage during relaxation was only ob-

erved in specimens that were already largely damaged prior to

elaxation. This indicates that as long as the strong bond con-

traints remain, the non-woven microstructure is “frozen” dur-

ng the relaxation period, and the macroscopic stress relax-

tion mainly originates from fiber relaxation rather than structure

hange. 
w

. Conclusion 

In this work, the deformation mechanisms of a series of

hermally-bonded PP non-wovens and the dependence of these

echanisms on areal weight were investigated. Mechanical char-

cterization revealed the elastic-plastic behavior of the material, as

ell as two distinct areal weight dependent failure modes: gradual

amage progression and rupture-like failure. Higher areal weight

on-wovens tended to fail in a rupture-like manner, whereas

ower areal weight material failed gradually. Moreover, higher areal

eight non-wovens exhibited higher mass scaled strength, larger

ailure strain and longer relaxation time. Mechanical characteri-

ation of the constituent PP fiber revealed that the fiber is also

lastic-plastic with stiffness close to three times the scaled non-

oven stiffness, suggesting bond properties do not affect initial

on-woven elasticity. The deformation process of three types of

on-wovens were visualized by in-situ μCT experiments. As ap-

lied macroscopic strain increased, fiber bending and internal

ber layer delamination became visually apparent. In higher areal

eight material, the bending segment length was shorter and

idth reduction was less compared to lower areal weight mate-

ial at the same strain. The volume fraction and bond number de-

rease in the highest areal weight material (SF65) are less signif-

cant than the other two materials at low strains. At strains past

he peak stress all the non-wovens exhibit a decrease in tangent

tiffness and number of bonds. In-situ XRD experiments were used

o track non-woven fiber orientation evolution during tensile load-

ng and relaxation. The initiation of significant fiber realignment

n high areal weight material was observed in the middle of the

ollover yield region, which can be explained by the large bond

umber density and short bond-to-bond fiber segment length. In

ontrast, large scale damage occurred much earlier in the low areal

eight non-woven (SF20) resulting in an irregular fiber orienta-

ion evolution process. Localized sets of fibers aligned, plastically

eformed, and eventually fractured. In the stress relaxation experi-

ents, stress decreased in all cases. Fiber orientation only occurred

f large scale damage was present prior to the start of the strain

old period. 

This study reveals the transition of non-woven microstructure

rom predominantly planar to 3D under tensile loading. The struc-

ural reorganizations observed here indicate that considering in-

erweaving and the fiber-fiber connectivity in the thickness direc-

ion is necessary for predicting non-woven mechanical strength.

oreover, the strong influence of bond damage on the fiber re-

lignment process points to the need to accurately capture bond

roperties. Each of these observations will be applied in future

ork. 
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