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This study proposes a novel method to mechanically
characterize the performance of individual bonds in low-
density, thermomechanically bonded nonwoven fabrics.
Commercial bicomponent, polyethylene/polypropylene
(PE/PP), nonwoven fabric was laser cut into bowtie-
shaped specimens for uniaxial tensile testing so that the
central region of each specimen contained an individual
bond. Three groups, each composed of 20 specimens,
were tested with their longitudinal axes oriented along the
machine direction (MD), the cross direction (CD), and at
458 between these two directions (DD). Prior to testing,
the intrinsic variation in areal density and fiber orientation
in the region surrounding the individual bond were quanti-
fied via orientation and relative basis weight parameters.
During testing, images of the specimens were acquired to
determine the occurrence of fiber breakage, bond defor-
mation, and bond cohesive failure. Maximum force, stiff-
ness, and orientation parameters were found to be
significantly different among the three specimen groups
(p< 0.01) but the relative basis weight was not (p> 0.01).
The stiffness and maximum load were linearly correlated
with both the areal density and fiber orientation. Pre-
existing voids or windows within the bond lowered the
maximum force for specimens with the longitudinal axes
aligned with the MD. These voids had no influence on the
maximum force achieved by the specimens aligned with
the CD and DD. The bonds in these specimens were
observed to deform less than the bonds in the specimens
with the longitudinal axes aligned with the MD. The
results indicate the importance of the fiber structure sur-
rounding the bond on the tensile properties, deformation
and failure mode of individual bonds within the nonwoven
fabric. POLYM. ENG. SCI., 00:000–000, 2018. VC 2018 Society of
Plastics Engineers

INTRODUCTION

The global market for spunbond nonwoven fabrics is growing

rapidly and expected to reach over $50 billion by 2020 [1]. This

growth can be attributed to nonwoven’s numerous applications,

ease of manufacturing, and customizable properties such as fab-

ric stiffness, extensibility, and composition. Such fabrics find a

wide range of use spanning from automotive and construction

fields to medical, consumer, and technology industries. Spun-

bond nonwoven fabric is produced by depositing extruded, spun

fibers onto a moving collecting belt. The speed of the belt in

relation to the extrusion speed imparts directionality to the fibers

and determines the density of the fabric [2]. The fibers are then

joined by mechanical, chemical, or thermal means to form local-

ized bonds [3]. The most common bonding process is the ther-

momechanical bonding process that involves subjecting the

fibrous mat to pressure and heat under an embossed calender

roll. The bonds are the key structural elements of nonwovens

imparting the stiffness, strength, and the integrity that are

needed for subsequent manufacturing processes that depend on

the final applications of the nonwovens.

Industrial producers can create nonwovens with a range of

mechanical properties by controlling processing parameters such

as bonding temperature, bonding pressure, and fiber characteris-

tics. Unfortunately, producers have limited ability of predicting

the performance of the nonwovens under various loading scenar-

ios that are encountered in different applications. The current

Edisonian approach of a trial and error manufacturing process

requires significant amounts of raw material and many hours of

production time. Therefore, studying how thermomechanical

bonds and the fibers surrounding such bonds influence the final

performance of the entire nonwoven fabric is of significant

importance to the nonwovens industry.

The formation of thermomechanical bonds in nonwovens

occurs in three stages [4]. First, a web of fibers is compressed

and heated. During this stage, the fiber surfaces come into full

contact with each other while the temperature is increased. Usu-

ally, the temperature is close to the melting temperature of the

polymer used to ensure sufficient flow. Second, the web is

point-bonded. The fibers reach an elevated temperature under-

neath (oftentimes) discrete calender nips. The increase in tem-

perature causes melting of the crystalline structure of the fibers.

This provides mobility that permits surface conformation and

polymer molecular interdiffusion across the fiber interface,

thereby allowing contacting fibers to join. The polymer molecu-

lar interdiffusion is dependent on the temperature, pressure from

nips, and time duration at the elevated pressures and tempera-

tures [5–7]. Third, the bonded web of fibers cools. During this

stage, the bonds solidify with recrystallization, thus becoming

mechanically stable. The fibers in the web may be multicompo-

nent, consisting of two or more polymer constituents that behave

uniquely due to different melting temperatures, viscosities, and

crystalline structures.
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Several investigators have characterized the mechanical

properties of the entire nonwoven fabrics by testing specimens

containing multiple bonds. More specifically, the effects of

polymer morphology and polymer type on the mechanical

properties of the nonwoven fabrics have been investigated [4,

8, 9]. Most of the published research has been on polyolefins,

specifically polypropylene [2, 4, 10] Notably, Kim et al. [11]

determined the failure modes for nonwoven specimens (15 cm

3 2.5 cm) made from isotactic polypropylene fibers at various

bonding temperatures and pressures. By performing uniaxial

tests, they found that the dominant mode of failure was fiber/

fiber interfacial failure within the bonds at lower bonding tem-

peratures and bond–fiber junction failure at higher bonding

temperatures.

Damage of nonwoven fabrics is dependent on the fiber-to-

bond junctions. There are multiple studies on the mechanical

properties of the constituent fibers of the nonwoven prior to

bonding [2, 8, 12–15]. Faruhk et al. [16] examined how mor-

phological differences affected the mechanical properties of

polypropylene fibers entering a bond. These investigators cre-

ated a procedure for measuring the loss in the tenacity of fibers

by tensile testing single fibers between two clamped bonds.

Their findings revealed that the strength of bonded fibers in the

nonwoven was 50% less than that of the virgin unbonded fibers.

According to the researchers, this was likely the result of poly-

mer morphology gradients at the fiber-to-bond junction. This

gradient was experimentally characterized by Wang et al. [17],

who concluded that the polymer morphology of the bond was

considerably different from that of the virgin fiber through

Raman microspectroscopy.

The local structure and uniformity of nonwovens signifi-

cantly influence the global nonwoven mechanical properties.

Hou et al. [18] showed that intrinsic variation within nonwo-

ven fabrics, such as areal fiber density, affected the nonwoven

deformation. Tensile tests and image analysis indicated that

stress concentrated in local regions with low fiber density and

transferred from one low fiber density region to another one,

generating shear stresses within the specimen. These areas of

nonuniform fiber density can vary within only a length of

2.0 mm. Rawal et al. [19–22] conducted considerable theoreti-

cal and experimental work to determine the effect of fiber ori-

entation, fiber volume fraction, number of fiber-to-fiber

contacts, distance between the contacts, and porosity on the

mechanical behavior of thermally bonded nonwoven fabrics.

The results indicated the influence of the local fiber structure

on the global mechanical properties of the nonwovens. They

found good agreement between their theoretical model, incor-

porating global measurements of areal density and fiber direc-

tions, and experimental results. Furthermore, Amiot et al. [23]

provided correlations of fiber structure parameters to tensile,

air permeability, and compression measurements. All above-

cited studies have suggested the importance of considering the

mechanical properties of localized regions within the nonwo-

ven fabrics.

Many mechanical models have been proposed to describe the

material behavior of the thermomechanically bonded nonwo-

vens. In the models for nonwovens, the bonds are treated as

rigid bodies or as composites whose properties are calculated

from bicomponent virgin fiber properties [24–29]. The rigid

body assumption on the bonds leads to inaccurate predictions

due to the significant strain experienced by the bonds [30].

Additionally, properties of a single bond calculated from virgin

fiber properties do not account for local variations in structure

or morphological variations due to bonding parameters, such as

bonding temperature and pressure. Subsequently, models based

on rigid body and composite assumptions may not provide the

most accurate predictions of both the global and local mechanics

of the nonwovens. The bonds, which are typically less than

1.0 mm 3 1.0 mm and inhomogeneous, deform, and exhibit

local failure mechanisms that are different from those observed

globally in the bulk material [19, 31, 32]. Consequently, there is

a need to characterize the mechanical performance of individual

bonds and, at the very least, the local mechanical behavior of

the nonwovens.

The focus of this study is to develop novel experimental

methods to determine the mechanical behavior, including the

failure mode, of single bonds within a nonwoven fabric by

accounting for the local fiber structure surrounding the bond.

Toward this end, specimens containing single bonds are isolated

from a commercially produced nonwoven. The specimens are

analyzed for fiber density and fiber orientation in the regions

surrounding the bonds and are then tested uniaxially. The results

will help practitioners understand, and eventually predict, the

integrity of the bonds within nonwovens, including the role of

the local fiber structure. The outcome of this study could have

significant implications in the manufacturing process of nonwo-

vens and lead to more efficient use of the industrial resources

such as time and raw materials, while producing more viable

products.

MATERIALS AND METHODS

Specimen Preparation

Commercially produced bicomponent spunbond nonwoven

fabric, made of polyethylene/polypropylene (PE/PP) fibers

deposited at a nominal areal density of 20 g m22, was obtained

from a commercial roll-goods supplier. Four sheets of spunbond

fabric, �20 cm 3 28 cm, were used: one was used only for rel-

ative basis weight analysis and three for relative basis weight

analysis, fiber orientation analysis, and tensile testing.

Three of the four sheets were laser cut into 120 bowtie

specimens using a laser cutter (Epilog Mini 24 laser, Golden,

CO) set at rasta/vector, 90% speed, and 10% power. There

was no attempt to register these fabrics with respect to the

cutting pattern. An example of one bowtie specimens, 4.5 mm

3 22.5 mm, is shown in Fig. 1a. Specimens with bonds cen-

tered within their gage regions were deemed suitable for test-

ing while the rest of the specimens were discarded. The

central position of the bond ensured load transfer through the

bond during tensile testing. More precisely, the laser was

only used to cut the clamping regions of the specimens and

medical shears were used to isolate the bond in order to pre-

vent damage of the bond due to heat from the laser or addi-

tional welding of surrounding fibers. This provided a

consistent geometry for the specimens, with notches that

helped localize bond failure while allowing free movement of

the surrounding fibers.

The bowtie specimens were cut with their longitudinal axes

along three different directions in regards to the entire nonwo-

ven fabric: machine direction (MD), cross direction (CD), and at

2 POLYMER ENGINEERING AND SCIENCE—2018 DOI 10.1002/pen312 POLYMER ENGINEERING AND SCIENCE—2019 DOI 10.1002/pen



458 between these two directions. This latter direction will be

called the diagonal direction (DD). Each sheet of fabric was

used to isolate a total of 20 acceptable bowtie specimens

(n 5 20) with their longitudinal axes along the same direction

(MD, CD, or DD).

Relative Basis Weight and Fiber Orientation

Four spunbond nonwoven sheets were scanned using an opti-

cal transmission scanner (Epson Perfection V850 Pro) at a scan-

ning resolution of at least 2,400 dpi. A total of 10,000 squares

�1.5 mm 3 1.5 mm were randomly selected from the non-

laser-cut nonwoven sheet to measure the relative basis weight.

Both relative basis weight and fiber orientation were measured

for the specimens isolated for tensile testing from three of the

laser cut nonwoven sheets using ImageJ software (National

Institute of Health; Bethesda, MD). More specifically, square

areas �1.5 mm 3 1.5 mm inside the notched regions of the

bowtie specimens that contained bonds in their centers were

selected for these measurements.

Relative basis weight was calculated using the Beer–Lambert

law [31], according to which the intensity of light transmitted

through the nonwoven is given by

I5I0e2lqL; (1)

where I0 is the intensity of incident light, l is the mass-

absorption coefficient, L is the thickness of the nonwoven, and

q is the density of the nonwoven. As qL is the mass per unit

area, or basis weight (B), Eq. 1 is modified as

I5I0e2lB (2)

and Eq. 2 can also be written as

B5
1

l
ln

I0

I

� �
: (3)

Equation 3 can be used to determine basis weight of the nonwo-

ven at any location based on a given I0, I, and l [33]. I0 and I
were measured from the transmission scanner in regions without

and with the nonwoven material present, respectively. However,

the mass absorption coefficient l was not readily measurable or

available. Therefore, only the relative basis weight, Brelative, of

different regions within the same nonwoven were compared by

computing the values of Bm:

Brelative5Bl5ln
I0

I

� �
: (4)

If no material was present, then the resulting relative basis

weight was zero (i.e. the ratio of I0 and I is unity). As the

amount of material increased, so did the relative basis weight.

Consequently, it was possible to compare relative basis weights

of different regions (e.g., regions A and B) within the same non-

woven sheet in regards to the amount of light transmitted. If a

region A and a region B had relative basis weights of 0.50 and

0.25, respectively, then there was twice as much mass in region

A compared to region B.

The fiber orientation distribution surrounding the bond of

each specimen that was mechanically tested was computed by

determining the direction of the intensity gradient [34]. The

analysis was done using the OrientationJ plugin (�Ecole Poly-

technique Federale De Lausanna; Lausanna, Switzerland). The

scanned image was first aligned along the specimen’s tensile

axis corresponding to 08 in the software and then filtered to

smooth the image to remove any fine scale details, especially

any undesirable fine scale topography on the bond surface

within the width of a fiber diameter. This was accomplished by

FIG. 1. (a) Digital scan of a bowtie specimen for tensile testing with the bond in the central region. (b) Microscope,

camera and tensile stage used for testing. (c) Tensile stage with clamped specimen. (d) Schematic of bowtie speci-

men and loading direction. [Color figure can be viewed at wileyonlinelibrary.com]
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running a Gaussian Blur procedure at the fiber diameter of 17

mm.

Given the orientation distribution, an orientation parameter,

Op, was calculated. The orientation angle, h, of each fiber was

measured with respect to the longitudinal direction of the bowtie

specimens. After defining the orientation distribution as f hð Þ,
the following Equation from Cox’s analysis strength of fibrous

materials [35] was used to determine the orientation parameter:

Op5

Ð p=2

2p=2
f hð Þcos4 hð ÞdhÐ p=2

2p=2
f hð Þdh

: (5)

It is important to note that 08 was defined as the longitudinal

direction of the specimens that coincided with the axial loading

direction. This choice led to orientation parameter values

between zero and unity, where zero indicated that the fibers

were aligned perpendicular to the loading direction and unity

indicated that the fibers were aligned along the loading

direction.

Uniaxial Tensile Testing

Specimens (n 5 60) were loaded into a tensile stage (Linkam

TST350, 20 N load cell with 0.01 N resolution) attached to a

microscope (Nikon Eclipse LV100) (Fig. 1b and c). During

mechanical testing, the microscope was set to 403� magnifica-

tion view with automatic image capturing at every 2 s. The

specimen was illuminated from below with cross-polarization

and a quarter-wave shift. This light scheme was chosen to image

both fibers and bond throughout testing. The specimens were

preloaded to 0.01 N prior to data acquisition. This ensured that

all specimens started from similar loading conditions. Each

specimen was tested at a constant extension rate of 40 lm s21

at room temperature.

Force and displacement data were collected together with

corresponding images of the specimen. For each specimen, the

stiffness and maximum force were calculated. The stiffness was

determined by considering the force–displacement data collected

from the specimens stretched up to 0.3 mm displacement. This

region of the force–displacement curve was determined to be

representative of the initial linear elastic region for all speci-

mens. The mean and standard deviation (SD) of stiffness over

n 5 20 specimens were also computed for each testing direction

(MD, CD, and DD).

The image sets were analyzed to observe individual bonds

and three modes of failure were visually detected. Prior to start-

ing the tensile test, the specimens were classified as having

whole bonds or partial bonds, that is, bonds with voids or win-

dows created during the production process. Once the test

started, the images were analyzed for fiber breakage, bond

FIG. 2. Micrographs of a representative bowtie specimen with its loading axis aligned along the MD at different

displacement values (from 0.0 to 6.4 mm) illustrating bond deformation and a cohesive shearing failure. [Color figure

can be viewed at wileyonlinelibrary.com]
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deformation, and bond cohesive failure. A visually detected

change in bond geometry was interpreted as bond deformation.

Fiber breakage indicated the breakage of an individual fiber.

Last, bond cohesive failure denoted failure of the bond itself

(e.g., tearing of a bond into two or more parts).

Statistical Analysis

The means and standard deviations were calculated for the

maximum load, stiffness, orientation parameter, and basis

weight (n 5 20) for specimens in the MD, CD, and DD. They

were compared statistically using ANOVA. Additionally, means

and standard deviations were calculated for maximum load and

stiffness for specimens having bonds with and without voids the

MD, CD, and DD. The Student’s t test was used to compare the

differences between these quantities. The threshold for statistical

significance was chosen to be 0.05. Statistical analysis was per-

formed in Excel.

RESULTS AND DISCUSSION

The bowtie specimens loaded along the MD often experi-

enced failure within the bond under tensile loading, likely

because there were more fibers in the axial direction capable of

transmitting load to the bond. Figure 2 shows a representative

image set for these specimens. More precisely, Fig. 2a presents

the central region of the specimen at the start of the tensile test

(gage displacement was 0.0 mm) after the specimen was pre-

loaded to 0.01 N. Multiple colors can be observed within the

bond due to the cross polarization. This difference in colors

indicates heterogeneity of molecular orientation within the poly-

mer chains. If the bond were perfectly homogeneous, with all of

polymer chains in the bond oriented in only one direction, then

the bond would be one single color. This high degree of hetero-

geneity was present in all of the bonds studied. In each of fol-

lowing images (Fig. 2b–i) the original gage length of 15 mm

increased by 0.8 mm over a time interval of 20 s. As the load

increased, the bond reoriented itself along the loading direction

and deformed significantly in this direction (Fig. 2c). In Fig. 2d,

one can observe that the bond sheared along a line roughly par-

allel to the loading direction and separated in two parts. This

indicated the occurrence of cohesion failure of the bond. After

such failure (Fig. 2i), the bowtie specimen was successfully sup-

porting load despite the bond having fractured into two separate

parts since there were still many fibers supporting the load.

Cohesive failure that propagated along the fiber direction, such

as in Fig. 2, may be due to the polyethylene fused fiber sheath

having failed while the polypropylene fiber core maintained

structural integrity. This type of bond deformation and failure

was commonly observed for specimens with their longitudinal

axis aligned along the MD. Most importantly, the bond allowed

FIG. 3. Micrographs of a representative bowtie specimen loaded along the CD at different displacement values (from

0.0 to 6.4 mm) illustrating fiber breakage and no bond deformation. The red circles in (c) denote the presence of two

fibers and in (d) the breakage of one of these two fibers. [Color figure can be viewed at wileyonlinelibrary.com]
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distribution of load to multiple fibers. Usually, at a 6.4 mm dis-

placement (Fig. 2i), fiber failure was not detected for specimens

in the MD group. This was very different from what was

observed for bowtie specimens loaded along the CD, as dis-

cussed next.

The specimens subjected to uniaxial tensile tests along the

CD displayed individual fiber failure with no visible bond defor-

mation. Figure 3 presents an image set for a representative

specimen that was loaded along the CD. The images were col-

lected from the start of the test, at 0.0 mm displacement, up to a

6.4 mm displacement. Although the load increased, the bond did

not deform or reorient significantly (Fig. 3c), in contrast to what

occurred for the specimen loaded in the MD (Fig. 2c). In Fig.

3c, fibers transferring load within the bond can be observed.

Then, in Fig. 3d, fewer fibers transferring load can be detected.

This indicates individual fiber failure. After a displacement of

2.4 mm, the number of fibers attached to one site of the bond

decreased and the fibers on such site deformed more. The bond

no longer had a comparable number of fibers attached to its

opposite sites along the CD. When the displacement was

6.4 mm (Fig. 3i), there were fewer than 10 fibers applying load

on one side of the bond, and the bond did not display any

noticeable deformation. It was uncommon for the bond to

deform visibly or to experience cohesive failure for the speci-

mens loaded along the CD. Individual fiber breakage was the

primary mode of failure for these specimens, even at gage dis-

placements as low as 2.4 mm (Fig. 3d). These specimens had

noticeably fewer fibers oriented along the loading axis that

entered the bond than the specimens tested in the MD, likely

reducing the load that was applied to the bonds.

The specimens that were tensile tested along the DD primar-

ily experienced individual fiber breakage with minimal bond

reorientation and deformation. Figure 4 shows an image set for

a representative specimen loaded along the DD. Again, images

were collected as described above. The bond did not appear to

deform or reorient significantly at 1.6 mm displacement (Fig.

4c), similarly to the bonds within the specimens loaded along

the CD. As the displacement increased (Fig. 4f), the visual size

of the bond decreased as the bond curvature changed. Visually,

there was no significant in-plane bond deformation or cohesive

failure. Similar to what occurred for the specimens loaded along

the CD (Fig. 3), the bond did not have an equal number of

fibers on its opposite sites. Additionally, the number of fibers

attached to the bond decreased as the displacement increased

indicating fiber breakage (Fig. 4f–i).

The wide range of bond characteristics resulted in specimens

that exhibited significantly different mechanical behaviors. Fig-

ure 5 displays a specimen tested along the MD that was

extremely different than the previously shown representative

specimen (Fig. 2). One can observe that, due to the low density

FIG. 4. Micrographs of a representative bowtie specimen loaded along the DD at different displacement values

(from 0.0 to 6.4 mm) illustrating fiber breakage and minimal bond deformation. [Color figure can be viewed at

wileyonlinelibrary.com]
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of fibers, the bond was partial and not fully formed. Many voids

or windows were present. Significant bond deformation was vis-

ible at 2.4 mm displacement (Fig. 5d) and the bond nearly disin-

tegrated at 5.6 mm displacement (Fig. 5h). This was different

from what happened for the representative specimen tested

along the MD, which exhibited significant bond deformation

after a displacement of 6.5 mm (Fig. 2). This high degree of

variation was evident when the quantitative mechanical data col-

lected from each specimen were compared.

The ability of a bond to support load was greatly affected by

the bond and fiber orientation relative to the axial loading direc-

tion. However, as shown in Figs. 2 and 5, even within speci-

mens loaded along the same direction, there was a large degree

of variation in mechanical response. Figure 6a displays the

mean and standard deviations of the load versus displacement

data for bowtie specimens with their longitudinal axes oriented

along the three directions, MD, CD, and DD. The maximum

load for the specimens tested along the CD was slightly >0.1

N, but attained 0.2 N for the specimens tested along the DD and

extended beyond 0.4 N for the specimens tested along the MD.

Similarly, the stiffness was the highest for specimens in the MD

group and lowest for specimens in the CD group as can be seen

by the slope of the initial linear region of the load–displacement

curves (Fig. 6b) (p< 0.05). The role of the fiber orientation on

the mechanical properties has been previously studied for the

entire nonwoven fabrics by other investigators [23, 30, 36, 37].

These studies detailed failure of specimens with multiple bonds,

whereas this study confirmed the importance of fiber orientation

on the load of an individual bond. Furthermore, the results

revealed a significant variation for specimens with their longitu-

dinal axes aligned along the same direction, such as the MD.

This variation suggests the need for local fiber orientation meas-

urements versus global orientation measurements of the whole

fabric. The intrinsic variation of force–displacement data within

low-density nonwoven fabric studied can be, in part, understood

when considering the different failure mechanisms of the tested

specimens.

While the force–displacement data were found to depend on

the loading direction, individual bonds displayed unique failure

mechanisms that depended on their original structure. In Table

1, the total number of specimens, the number of specimen with

partial bonds (bonds with voids or windows), and the number of

specimens that experienced (i) fiber failure, (ii) bond deforma-

tion, and (iii) bond cohesive failure are reported. As indicated in

Table 1, fiber failure was observed in all the specimens at some

point during the test. Typically, specimens in the MD group dis-

played fiber failure after 6.4 mm displacement while specimens

in the CD and DD groups displayed such failure mode before

FIG. 5. Micrographs of a bowtie specimen loaded along the MD at different displacement values (from 0.0 to

6.4 mm) illustrating how the variability in the specimen structure (e.g., lack of fibers within the bond or presence of

voids within the bond) led to bond deformation and failure mechanisms that were different from those usually

observed for specimens in the MD group (Fig. 4). [Color figure can be viewed at wileyonlinelibrary.com]
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reaching 6.4 mm displacement. On the other hand, failure

modes varied among specimens and the following correlations

were noted:

� Half of the specimens with their longitudinal axes oriented

along the MD contained bonds with visible voids or windows,

yet nearly all the bonds appeared to deform. This was likely

due to the numerous fibers that were aligned along the axial

loading direction and thus transferred load into the bond.

Because of these fibers, the specimens were able to sustain

forces that were high enough to deform the bonds.

� The presence of pre-existing voids or windows lowered the

average maximum force that was achieved for specimens

loaded along the MD by �35%. Specimens without voids

reached an average force of 0.581 6 0.085 N while specimens

with voids only reached an average force of 0.379 6 0.118 N.

These maximum forces were found to be statistically different

(p < 0.05). The voids could have served as stress concentra-

tors, or the reduced number of fibers may simply have

resulted in a lower force sustained by the specimens.

� The presence of pre-existing voids also influenced whether

bonds within specimens loaded along the DD and CD

deformed visibly. Due to reduced material and/or stress con-

centrations associated with voids within a bond, fewer fibers

were required to transfer the forces needed to deform the indi-

vidual bond. Consequently, pre-existing voids typically corre-

lated with visible bond deformation.

� Interestingly, the impact of voids on the maximum force

achieved by the specimens was less influential for specimens

loaded along the DD and CD. For the DD group, the force

changed by �30%, going from 0.273 6 0.109 N for specimens

without voids to 0.182 6 0.074 N for specimens with voids.

However, this difference was still statistically significant

(p < 0.05). For the CD group, there was no appreciable differ-

ence in the maximum force which was 0.153 6 0.068 N for

specimens without voids and 0.148 6 0.060 N for specimens

with voids (p > 0.05). Again, with fewer fibers oriented along

the loading axis for these specimens, bond failure likely

occurred due to the failure of the fibers that made up the bond.

� Bonds within all specimens with pre-existing voids displayed

higher likelihood of cohesive failure. In fact, none of the fully

formed bonds (i.e., bonds without voids or windows) that

were tested displayed cohesive failure.

These qualitative observations indicated the importance of the

density and orientation of fibers in and around individual bonds

on the mechanical response of the bond. Moreover, the nonunifor-

mity within the tested low-density spunbond fabric was so high

that it was necessary to accurately quantify the local variation.

The fiber orientation of spunbond nonwoven fabrics has been

used widely to understand the mechanical behavior of these fabrics.

However, fiber orientation has typically been calculated as a global

property by scanning large areas of fabrics without accounting for

the local fiber orientation, that is the fiber orientation within the

region of the specimens selected for mechanical testing [9, 38]. In

this study, variations in fiber orientation that occurred over rela-

tively small length scales were found to be significant (Fig. 7). Fig-

ure 7a illustrates how the fiber orientation changed depending on

the size of the area analyzed. For the same specimen, the fiber ori-

entation of a large area (a global measurement) containing the bond

in question, such as 10.0 mm 3 6.0 mm area, was significantly dif-

ferent from the fiber orientation of a small area (a local measure-

ment) containing only the bond and the surrounding area. Figure 7b

displays the fiber orientation distributions for individual bonds in

the MD (n 5 20). The distributions were all centered near 08; how-

ever, the spread of the distribution changed significantly among

specimens. The maximum frequency and shape of each distribution

was unique to the individual specimen. This variation was also

found for the specimens with their longitudinal axes along the DD,

as shown in Fig. 7c, and for the specimens with their longitudinal

axes along the CD, in Fig. 7d.

FIG. 6. (a) Average force versus displacement curves with standard deviations collected from specimens tested along

the MC (n 5 20), DD (n 5 20), and CD (n 5 20). (b) Average force versus displacement curves up to 0.4 N force and

2 mm displacement as indicated by the red box in (a). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1. Number of bowtie specimens with the longitudinal axes aligned

along the MD, CD, and DD are reported. For each group, number of speci-

mens with bonds having voids or windows as well as the observed occurrence

of fiber failure, bond deformation, and bond cohesive fracture are reported.

Direction

Number of

specimens

Number of

specimens

with partial

bonds

Number of

specimens

experiencing

Fiber

breakage

Bond

deformation

Bond cohesive

failure

MD 20 10 20 19 7

DD 20 9 20 8 6

CD 20 8 20 7 4
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There was extreme variation in the relative basis weight,

which ranged from 0.16 to 0.76. Relative basis weight was used

to measure the relative density of fibers surrounding a bond.

Figure 8 shows the two frequency histograms binned at every

0.01 from 0.00 to 1.00. The continuous (grey) region represents

10,000 relative basis weight measurements from a full fabric

FIG. 7. (a) Change in fiber orientation distribution depending on the size of the area selected for scanning. Four

areas of different sizes are selected from the same region within a single specimen (n 5 1). (b), (c), (d) Fiber orienta-

tion histograms for specimens with their longitudinal axis in the MD (n 5 20), DD (n 5 20), and CD (n 5 20), respec-

tively. [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 8. Distribution frequency of relative basis weights calculated from one nonwoven sheet and from the speci-

mens (n 5 60) that were mechanically tested. [Color figure can be viewed at wileyonlinelibrary.com]
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sheet and the discrete (blue) histogram shows relative basis

weight measurements from all specimens used in this study. The

10,000 relative basis weight measurements confirmed that the

specimens chosen were representative of the entire nonwoven

fabric sheet.

Table 2 presents the averages and standard deviations for

stiffness, maximum load, orientation parameter, and relative

basis weight for specimens with their longitudinal axes oriented

along the MD, CD, and DD. As already mentioned, the stiffness

and maximum load were significantly different across the three

groups of specimens (p< 0.05). The average orientation parame-

ter was also significantly different across the three groups of

specimens (p< 0.05). It was the highest for specimens with their

longitudinal axes in the MD, lower for those with their longitu-

dinal axes along DD, and lowest for those with their longitudi-

nal axes in the CD. This was expected since, when making the

nonwoven fabrics, the deposited fibers have some preferred ori-

entation along the MD because of the speed of the moving web.

The average relative basis weights were similar for the three

groups of specimens. Statistical analysis proved that the relative

basis weights in the MD, CD, and DD were not significantly

different (p> 0.05). Nevertheless, it is important to note that

one standard deviation from the mean can change the relative

basis weight from �0.3 to 0.5.

The local fiber orientation in combination with the number

of fibers surrounding a bond influenced the resulting mechanical

behavior of the specimens. Figure 9a shows a linear correlation

between the stiffness and the product of the orientation parame-

ter and relative basis weight. The stiffness of the specimens was

low when there were few fibers and the fibers were not aligned

along the axial loading direction. When the total number of

fibers increased and more fibers were aligned with the axial

loading direction, the specimens’ stiffness increased. For the

specimens with their longitudinal axis aligned along the MD,

the stiffness increased from 0.25 to 0.50 N mm21 and linearly

correlated to the alignment of fibers with the loading direction

and the density of fibers surrounding the bond. Similarly, the

maximum load increased as the fibers aligned with the loading

direction and the total number of fibers increased as shown in

Fig. 9b. Consequently, the ability to transfer the load through

the bond was attributed to the number of fibers (relative basis

weight) and the alignment of those fibers to the loading direc-

tion (fiber orientation parameter). These data demonstrated how

the initial fibrous structure surrounding the bond determined the

load that the bond could sustain even after significant displace-

ment (>5.0 mm) of the specimen.

The data reported in Fig. 9a and b indicated that the intrinsic

variation in the stiffness and maximum load of the bonds in

nonwoven fabrics can be reduced by considering the local fiber

orientation and relative basis weight. Thus, discerning the influ-

ence of various manufacturing processing parameters on the

mechanical performance of a bond would be extremely difficult

without accounting for variations in the local fiber orientation

and density.

In this study, force and displacement data were collected to

evaluate the mechanical behavior of the bonds. Although stress

and strain data are needed to compute the mechanical properties

of the bonds, the discontinuous nature of the specimens pre-

vented their measurements. Indeed, the width of the specimens

varied along the length of each specimen due to voids or win-

dows in the bonds and empty space among fibers. Similarly,

strain could not be computed for the entire duration of the tests

due to individual fiber failure and bond failure. In our previous

study [39], we attempted to compute strain of individual bonds

in a nonwoven under biaxial testing by manually tracking the

displacement of ink particles placed on the bonds and using the

digital image correlation (DIC) method. However, the discontin-

uous nature of the bonds and their failure during biaxial testing

TABLE 2. Averages and standard deviations of measured quantities computed over n 5 20 bowtie specimens with their longitudinal axes oriented along the

MD, DD, and CD.

Direction Stiffness (N/mm) (0.1–0.3 mm) Maximum load (N) Orientation parameter Relative basis weight

MD 0.360 6 0.086 0.489 6 0.138 0.772 6 0.102 0.405 6 0.097

DD 0.109 6 0.035 0.232 6 0.103 0.190 6 0.048 0.416 6 0.096

CD 0.043 6 0.017 0.155 6 0.063 0.078 6 0.029 0.461 6 0.083

FIG. 9. (a) Orientation parameter multiplied by relative basis weight parameter versus stiffness. (b) Orientation

parameter multiplied by relative basis weight parameter versus maximum load. [Color figure can be viewed at

wileyonlinelibrary.com]
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limited the applicability of the DIC methods to small continuous

regions of the bonds and to the initial portion of the biaxial tests

before fibers and bonds started to fail.

CONCLUSIONS

This research proposes a novel method for analyzing the

mechanical properties of individual bonds in low-density, ther-

momechanically bonded nonwovens. By laser cutting commer-

cial nonwoven fabrics into specimens of bowtie shaped

geometry, individual bonds were examined optically by a

through-light scanner and then mechanically tested by perform-

ing uniaxial tensile tests. The bowtie specimens were isolated

with their longitudinal axes along three different directions in

regards to the nonwoven: machine direction (MD), cross direc-

tion (CD), and at 458 between these two directions, diagonal

direction (DD). By using image capture during tensile testing,

different modes of failure of the bonds were also determined

and correlated with the fiber organization around the bonds.

Through-light scanning provided a quick local measurement

of fiber areal density (relative basis weight) and fiber orienta-

tion, indicating a high degree of variation in the fiber organiza-

tion surrounding individual bonds. Most notably, even for

specimens with the longitudinal axes oriented along the same

direction, such as the MD, the local fiber structure surrounding

the bond varied significantly. The relative basis weight within

the specimens in the MD group varied from 0.25 to 0.63 while

the calculated orientation parameter varied from 0.57 to 0.89.

Similarly, the local fiber orientation distribution surrounding a

bond differed from the global fiber orientation distribution. This

suggests that results from global measurements, which include

multiple bonds, are not sufficient to determine the mechanical

behavior of individual bonds accurately.

Both qualitative and quantitative measurements indicated the

importance of the local fiber structure of the bond to its

mechanical behavior. Nearly all the specimens in the MD group

displayed deformation of the bond during tensile testing, despite

the variation of local fiber structure. This was likely due to the

high number of fibers in the loading direction that allowed the

load to be transfer and deform the bond. Conversely, only bonds

with voids deformed for the specimens with their longitudinal

axes along the CD and DD. Partial bonds, that is, bonds with

voids or windows, in all the specimens of the three (MD, DD,

and CD) groups displayed a higher likelihood of cohesive fail-

ure than fully formed bonds. Specimens having bonds with

lower basis weight and fewer fibers aligned along the loading

direction had a lower stiffness and maximum load. As the basis

weight and fiber orientation increased, even in a single speci-

men group (MD, DD, or CD), the stiffness and maximum load

increased. Consequently, the variation in the structural proper-

ties of specimens from low density thermomechanically bonded

nonwoven fabrics can be reduced by accounting for basis weight

and fiber orientation.

This research demonstrates how the intrinsic variation of bonds

within low-density nonwovens may lead to thermomechanical

bonds having different mechanical responses. Understanding the

influence of the local fiber structure on the mechanical behavior

of individual bonds can assist in determining the performance of

the entire nonwoven fabrics as they undergo subsequent

manufacturing processes. Thermomechanical bonds are key

structural elements imparting the final integrity of the nonwoven

fabrics and their performance in various applications. Thus, more

efforts should be devoted to study the effect of processing parame-

ters (e.g., temperature) on the bonds in nonwoven fabrics. The

next step of this research will be to systematically examine how

these processing parameters alter the mechanical behavior of the

thermomechanical bonds.
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