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Abstract

A measurement of interfacial shear strength (IFSS) in fiber reinforced polymer (FRP) materials remains elusive after more
than fifty years. This is due in part to the many sources of uncertainty, the time-consuming nature of the measurements, and
the large amount of data required to statistically overcome that variability. A new device, called Snappy, was designed to
improve upon previous attempts at automating the single fiber fragmentation test (SFFT) by increasing the image acquisi-
tion rate during traditional step-strain experiment. This enhancement allows for the investigation of the fiber break evolution
during matrix relaxation periods and generates a record of the time, position, and local strain of each fragmentation event.
Minimizing manpower is a key motivation for designing and building this new automated apparatus. A computer program
was developed to process large image data sets acquired during SFFT and to automatically locate fiber fractures and store
the processed information in a database. The automated fiber detection algorithm implemented in Snappy allows for the
rapid acquisition of a record of the location of each break and the stress at which that failure occurred (tier 1 data), which is
important for calculating the strength of the fiber at the critical length.
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Introduction and Background

The urgent need to repair and modernize the Nation’s civil
infrastructure network and the projected price tag using tra-
ditional twentieth century solutions have spurred renewed
interest in the United States Congress to encourage the use
of innovative corrosion resistant materials, such as fiber rein-
forced plastics (FRPs) [1]. The Federal testing standards for
civil infrastructure must address the challenges associated
with using FRP composites in structural applications, with
particular emphasis on the tremendous range of loading
conditions they must withstand [2, 3]. However, for civil
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infrastructure, the stress-response and failure behavior of
these time dependent materials can be altered by their long-
term exposure to moisture, which causes plasticization of the
polymer matrix, degradation, and physical aging. In addi-
tion, with the added effects of thermocycling, this can pre-
sent unique challenges in predicting the fatigue and failure
behavior of FRP composites.

Recognizing that the failure behavior and efficient use of
FRPs must be understood at the micromechanics level, the
single fiber fragmentation test (SFFT), although not accepted
as a standardized test [4—6], is widely used by researchers and
industry as the micromechanics test that best mimics the fiber
loading behavior observed in full-scale composites. Research
at the National Institute of Standards and Technology (NIST)
focuses on overcoming many of the disadvantages listed in
reference [6] that have impeded the development of a standard-
ized SFFT (e.g., the manual testing of the specimen requires
6 h per test and at least 15 to 20 samples to get a statistical aver-
age, which then takes several weeks to complete for a single
evaluation and data analysis) and an algorithm to automatically
extract and process the tier 1 data that is essential for obtaining
realistic values of the interfacial shear strength (IFSS).
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Curtin [7] observed that the SFFT method developed
by DiBenedetto-Drzal [8, 9] admits the acquisition of sev-
eral types of raw data for IFSS analysis: (i) a record of the
location of each break and the stress at which that failure
occurred (tier 1 data), (ii) reformulation of the tier 1 data at
various stress or strain increments into a fiber fragment dis-
tribution (tier 2 data) where a fragment is the region of intact
fiber between two neighboring breaks, and (iii) a record of
the number of breaks that have occurred as a function of
stress or strain (tier 3 data). It was also noted that the tier
1 raw data contains a wealth of information on the in-situ
fiber strength at small gauge lengths on the order of /., the
critical length, which is essential for obtaining an accurate
estimate of the IFSS. However, there has been some debate
about how to best analyze the tier 1 SFFT data to extract
values for af{lc} [10], which is the strength of the fiber at
the critical length.

Early attempts to monitor the evolution of the fiber frac-
ture process in the SFFT and determine af{lc} focused on
using the acoustic emission (AE) source location tech-
nique to obtain fiber break location data (tier 1 data), to
measure actual fragment length distributions (tier 2 data),
and to count the number of fiber breaks with increasing
strain (tier 3 data) [11-17]. Although the AE approach as
applied to the SFFT has the advantage of monitoring the
fiber fracture evolution process in non-transparent matri-
ces, Manor and Clough [18] found that the AE source loca-
tion accuracy for fiber breaks in a SiC/Al test specimen is
about + 150 um, while Rouby and Farve [19] obtained an
accuracy of about+500 pm for fiber breaks in single fiber
graphite/epoxy samples. Subsequent research by Clough and
McDonough [20] noted that the AE source location tech-
nique requires complex and expensive equipment to measure
the microsecond differences in arrival time, which can be
defeated since the accuracy depends critically on the wave
speed of the matrix. Research by Netravali et al. [11] noted
that for polymer composites, the wave speed of the matrix
can easily vary by 10% with the applied strain, resulting
in corresponding uncertainties in the fiber break location.
Additional research by Kim et al. [21] on glass fiber epoxy
test specimens indicates that a break location accuracy
must be much less than + 150 um to accurately estimate the
strength of the fiber at /, since the average fragment length
(E) at saturation can be less than +400 pm.

Noting these difficulties, Clough and McDonough advo-
cated the acquisition of tier 3 data (i.e., number of fiber
breaks as a function of stress or strain) as the most practical
approach for determining IFSS values from the SFFT. Thus,
NIST had the first-generation automatic fiber fragmentation
test machine built to acquire tier 3 data by taking an image
after the dwell time following each step-strain [5]; how-
ever, the automated image analysis software to detect fiber
breaks was never developed [22]. Thus, all data analysis was
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performed manually. To address the objections of Li et al.
[23], Holmes et al. acquired tier 1 data on combinatorial
multi-fiber test specimens that contained a closely spaced
multi-fiber array (inter-fiber spacing =~ 1 fiber diameter) and
two single fibers [21, 24]. However, due to camera limita-
tions, the fiber break data from the first-generation auto-
mated fragmentation test machine is interval censored (i.e.,
when multiple fiber breaks occur within each strain-step,
the fiber breaks evolution process cannot be discerned from
a single camera scan at the end of the 10-min dwell time).

In this work, a new automatic system, named Snappy,
was designed, built and tested to improve on the original
automated test machine and overcome the many disadvan-
tages of performing this test that were summarized after the
second round-robin by Hunston et al. [5] and illustrated in
Lodeiro’s first table [6]. Based on data obtained from the
original automated fragmentation testing system [25], it
was also shown that the fragmentation process generally
occurs when the matrix is exhibiting nonlinear viscoelastic
behavior. Therefore, the new instrument also monitors and
records the load during the step-strain process. To overcome
the interval censoring that occurred in the original instru-
ment, image acquisition in the Snappy instrument is acceler-
ated and allows data acquisition to occur within the 10-min
dwell time, thereby, providing a more complete picture of
the fiber break evolution process during the early stages of
the test. To handle this increased volume of data, a com-
puter algorithm was developed to automatically catalogue
the location of each fiber break. In addition, the time that the
image is taken is documented, so that the stress and strain
can be extracted from the load-time curve of the SFFT and
facilitate the development of more accurate shear-lag mod-
els. This algorithm has proven to significantly reduce the
user presence during SFFT and to quickly process very large
amounts of acquired tier 1 data. This, together with rapid
image acquisition, enables the automatic, repeatable genera-
tion and processing of tier 1 data to enable the accurate and
precise determination of IFSS values.

Materials and Specimen Preparation

Diglycidyl ether of bisphenol-A (DGEBA, Epon 828, Miller-
Stephenson), 1,4-butanedioldiglycidyl ether (DGEBD, tech-
nical grade, 60 % purity, Sigma Aldrich), and meta-phe-
nylenediamine (m- PDA, 99 % purity, Sigma Aldrich) were
used as received. A tow of E-glass fibers, functionalized
with Silquest A-1100 silane coupling agent, were obtained
from Owens Corning. RTV 664 (two-part silicone resin,
Momentive) was used to make the silicone molds for the
dogbone specimens.

The silicone molds were prepared by blending the RTV
664 (91 g part A, 9 g part B) using a high-rate (FlackTek)
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speed mixer at 262 rad/s for 10 min. The mixture was poured
into an eight-cavity dogbone shaped aluminum master
mold (horizontally leveled and polished to a mirror finish)
and cured at room temperature for 24 h. Each cavity was
designed with a sprue slot at each end of the dogbone grip
with raised floors to ensure fibers were placed approximately
750 pm above the surface of the silicone mold floor. After
curing, the silicone molds were removed from the aluminum
master and post-cured in an oven for 1 h at 150 °C then
rinsed with acetone prior to use.

Approximately 30.5 cm long A-1100 E-glass fib-
ers were extracted from the tow and held with clean
gloved hands at the extremities. Single filaments were
laid in each cavity sprue slot using a method previously
described in [22, 26, 27]. Each fiber, with a 15 um aver-
age diameter, was then glued in place with a Double Bub-
ble two-part, 5-min epoxy. This was to ensure that the
fiber would be held in static tension in the silicone mold
during the epoxy curing step.

An epoxy blend was prepared by mixing DGEBA (80
mass %) with DGEBD (20 mass %). A stochiometric
amount of m-PDA was added to the blend and degassed
under a 30-mmHg vacuum for 10 min at 60 °C. The
degassed mixture was then poured into the preheated
molds (at 60 °C) with the pre-stressed E-glass fibers. The
filled molds were then cured using the following cure
schedule: (a) 22 °C to 60 °C in 14 min, (b) 60 °C hold for
3 h, (c) 60 °C to 121 °C in 22 min, (d) 121 °C hold for
2 h, (e) 121 °C to 130 °C in 3 min, and (f) 130 °C hold
for 1 h [21, 28-30].

This resin system satisfies the fourth bullet point
in the “disadvantages” section in Lodeiro’s first table
[6] about limited material applicability (or Table S1 in
the supplementary material or S.M.). Each specimen
was trimmed with wet sandpaper (gradually increasing
the grit from 320 to 1200) to remove the excess cured
materials from the edges. Both surfaces of the specimen

appear optically transparent due to the mirror finish of
the polished master mold. On the surface of the speci-
men, optically visible fiducial marks are made with a
permanent marker and used to calculate the strain in the
specimen matrix.

Design
Sensor and Optics

Snappy is designed to rapidly, stably, and repeatably
acquire images of the entire embedded single fiber gauge
length with submicron resolution. Therefore, the sensor,
optical and lighting elements will be initially described.
As noted as (A) in Table 1, the sensor is a line scan
camera, which captures a pair of sensor lines that are
2048 pixels x 2 pixels in resolution at a maximum of
50 kHz and 12 bits per pixel, or 1.2 GB/s, with a pixel
size of 10.56 pm X 10.56 pm. The camera is also equipped
with a time-delay integration (TDI) mode that is used
to sum the pair of sensor lines together (also known as
stitching) to boost light capture and signal-to-noise and
create a complete 2D image. The optical element (B) is a
10X compact adjustable objective with a 0.17 numerical
aperture mounted to the camera with a 67 mm extension
tube to produce a magnification of 21.17X that targets a
nominal pixel size of 500 nm in both the horizontal and
vertical directions. Illumination is provided by a light-
emitting diode (LED) source (C), and a 2.54 cm light line
with a focusing lens for uniform brightness across the
entire area of the specimen. The light source is primarily
operated with power to only the red LEDs to minimize
photochemical damage, heating, nonuniform attenuation
and scattering across wavelengths.

The sample is loaded in tension, and a nominal dis-
placement step of 0.086 mm is applied and held for

Table 1 Notation of instruments and function (with wiring diagrams illustrated in the S.M in Fig. S2 and Fig. S3)

Notation Instrument Name Function

(A) Piranha4 with Teledyne Dalsa Line scan camera with a line rate up to 50 kHz

B) Edmunds Optics 10X compact adjustable objective

©) Schott ColdVision- Light Source (CV-LS) LED light source

D) Thorlabs DDSM100 Direct-drive linear translation stage, providing 100 mm of travel
with 500 nm resolution

(E) Thorlabs KBD101 and a maximum speed of 500 mm/s

F) Teledyne Dalsa Xtium-CL MX4 Direct-drive brushless linear servo motor

(G) and (H) Thorlabs LNR25ZFS with ZFS25B Frame grabber card that supports the line scan camera

@ Thorlabs KST101 Linear translation stage fitted with a compact stepper motor actuator

[©) Thorlabs PY004 Compact single channel controller stepper motor

(K) Thorlabs MLJ150 High load pitch yaw platform

@ Springer
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10 min for the matrix to relax. From the step displace-
ment to the duration of the hold time, the entire sample
gauge length is automatically scanned with the high-res-
olution line scan camera (A) to locate all fiber breaks.
The key design mechanism of the system is the horizon-
tal motor (D) that drives the line scan camera across the
entire gauge length of the specimen. The translation stage
is driven by a direct-drive brushless linear servo motor
and a 500 nm resolution linear optical encoder with
controller (E). The stage (D) is electrically integrated
with the camera via a frame grabber card (F), such that
each line of the image is 500 nm from the previous line,
and + 1.5 pm from the same line on the previous image.
The motor (D) provides acceleration (up to 500 mm/s?)
and velocity (up to 3000 mm/s), both of which far exceed
the 50 kHz triggering limits of the camera (A).

This optical system is mounted on four axes of motion
in addition to the (D) stage: vertical, depth (to focus), tilt,
and yaw. These provide fine positioning of the objective,
so that the entire gauge length of the embedded fiber
remains in focus and in frame during the test. The (D)
stage is mounted on a linear translation stage (G) fitted
with a compact stepper motor actuator (H) with a theo-
retical step size of 0.46 nm. The stepper motor (I) allows
for continuously variable speeds, and the actuator (H)
uses integrated hard stops to automatically cut the power
when the motor reaches its mechanical limits. Beneath
the stage (G) is a high load pitch yaw platform (J) which
is mounted 90° from the direction of the camera such
that the pitch axis provides fine alignment of the direc-
tion of travel of the (D) stage with the fiber, while the
yaw axis keeps the fiber in focus over the entire range
of travel. Supporting this is a stepper motor lab jack (K)
with a 20 kg load capacity and 10 pm unidirectional posi-
tioning, repeatability allowing the entire apparatus to be
rapidly moved (3 mm/s) to bring a fiber into the center of
the frame. The entire apparatus is mounted on an optical
vibration isolation table.

Fig. 1 Automated fiber frag-
mentation testing apparatus
named “Snappy;” inset of a
closeup image of a single fiber

Tensile Frame

This motion-controlled camera system is placed in front
of an ADMET eXpert 4100 MicroTester (Fig. 1) with a
1 kN load cell, 25 mm stroke, and 10 nm position reso-
lution. The MicroTester was customized with a cutout
behind the sample area, attached to the guided slide
(Fig. 1 and Fig. S4 in the S.M.), to allow light transmis-
sion and a linear translation platform to increase linearity
of motion and prevent the specimen from moving out of
focus during the experiment.

Grips were machined to put the center axis of ASTM
D638-14 type IV dogbones [31] with up to 2 mm thick-
ness along the center of the crossheads, while allowing
the camera and light source to come within 1 cm of the
surface of the specimen. Figure 1 shows the complete
apparatus for straining single fiber composite specimens,
and the inset shows a closeup image of a single fiber
composite with two visible fragments acquired by the
camera post-straining.

Operation of the System

The system acquires images while the linescan camera
travels along the gauge length of the specimen (Fig. 2(a)).
The camera motion control software (Thorlabs Kinesis) is
programmed with a unified “sequence,” producing a repro-
ducible camera protocol file containing accessible tuning
parameters for focus, alignment, and image acquisition. Live
controller status information is displayed and output to a log
file useful for correlating camera motions to data produced
by the load frame and camera.

The load frame control software (ADMET MTEST-
Quattro) has a similar capability to automate and exe-
cute a step-strain sequence on the specimen, in accord-
ance with the DiBenedetto-Drzal test protocol, while

“‘ T -
' &= = Specimen A

composite with two visible
breaks acquired by the camera
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Fig.2 Image analyses workflow. a) An example of the image quality captured by the optical system; for illustration purposes, the unstressed
image at the end of the test that includes all fiber breaks is shown; b) cropped unstressed image with fiber breaks spatially numbered from left
to right; ¢) negative of the pixel sum vector (i.e., grayscale pixel values are summed in the vertical direction); d) peaks of the negative sum vec-
tor represent the breaks between the fiber fragments; e) sub-images for each break (automatically cropped by using the break center locations
obtained from the peaks above; f) before and after image processing applied on a sub-image; g) break geometry; and fiber length information

stored in a.csv spreadsheet

displaying and recording force and crosshead displace-
ment as a function of time.

A custom image data acquisition program based on
the linescan camera low-level application programming
interface (API) (Teledyne Dalsa Sapera Basic C API) was
written to read the configuration files of (A) and (F) (in
Table 1) and efficiently write the acquired images to disk
as tagged image file format or .TIFF files named according
to the time of acquisition, along with a text-based display
of important instrument status information and a graphical
display of the most recently acquired image. These stored .
TIFF images are subsequently analyzed in an offline digi-
tal image analysis workflow to be described later.

This multi-program control system is possible because
the controller (E) generates voltage outputs that we use
to electrically, rather than programmatically, control the
direction mode and the line trigger of the sensor (A), and
frame trigger of (F) (in Table 1). The user then needs
only to prepare a motion sequence and strain sequence
while the load frame is in standby mode, then activate the
motion sequence before activating the strain sequence.

Automated Single Fiber Fragmentation Test

Snappy’s design and operation have been described above.
Image calibration is first performed at the time of the test
to quantify measurement uncertainty in the entire field
of view prior to loading the specimen in the test area, as
shown in Fig. 3. For the calibration and tests conducted
in this paper, a velocity of 16 mm/s and acceleration of
200 mm/s® were chosen, resulting in an image acquisition
time of 2.5 s for a 26.5 mm of travel (grip-to-grip).

The calibration method consists of using a dual axis
linear scale micrometer glass slide, also known as a reticle,
that is approximately 76.20 mm (+0.10 mm) in length and
25.40 mm (+0.10 mm) in width. The graduations on the
scale extend to 25 mm in the horizontal axis and 15 mm
in the vertical axis, with divisions of 25 um (see Fig. 4).

The slide is positioned vertically to fit between the grips of
the test section. The horizontal traversal of the camera system
captures images of the micro stage tool’s linear and vertical
axes. Based on the reticle shown in Fig. 4, and the 16 mm/s
velocity of the camera, the pixel size was determined to be

@ Springer
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Fig.3 Specimen loaded in the
test section of the tensile frame.
During a typical tensile experi-
ment, the LED light source
located behind the specimen
test section is turned on, and the
camera scans the narrow section
of the specimen

Fig.4 (a) 2D image of the reti-

Specimen geometry

Narrow section length (L) = 20.3 mm
Gauge length (G) = 16.2 mm
Average Thickness (T) = 2.38 mm

T - Average width (W,) = 3.94 mm
Length Overall (LO) = 61 mm

LED light

source -

-

a e
cle for the optical microscope ) 3 —
calibration scale. Each division -
is 25 pm in the horizontal and
vertical directions. A linear
regression model was used to
fit the data of (b) the horizontal o= I8
and (c) the vertical axes, and the ——
R-squared numbers for each fit — :
are 0.9999996 and 0.9999994, Linear Regression Linear Regression
respectively b) 10 e Fozomai s ¢) 02 ERTTTET
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0.595 um in the vertical direction and 0.501 pum in the horizon-
tal direction. Thus, the size of each line image with the 21.17X
magnification is 1126.4 pm X 1.0 um. At an acquisition rate of
50 kHz and camera travel velocity of 16 mm/s, this results in
3.125-line images being acquired every 1 pum in the horizon-
tal direction. Coupled with the summing algorithm within the
camera system, the image size for the 26.5 mm travel distance
is 53000 pixels x 2048 pixels. The 2D image (Fig. 2(a)) was
cropped in the vertical direction to 53,000 pixels X 550 pix-
els, yielding a field of view (FOV) of 26,500 um x 302.5 um,
which is the region of space projected through the lens system
onto the camera detector. This FOV size can be adjusted hori-
zontally by selecting (from Table 1) the (D) motion start and
stop positions and vertically cropping the image in the camera
software, which is done prior to the start of the test.

For the automated SFFT, the loading is done in a series of
small displacement steps programmed in ADMET-MTEST-
Quattro software. The test settings used here are 31 strain-
steps with a nominal strain increase of 0.003 mm/mm (i.e.:
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0.08601 mm +0.00006 mm crosshead displacement increase)
and a 10-min delay between each strain-step. The total cross-
head displacement (in loading) is 2.66653 mm +0.00007 mm
(as illustrated in Fig. S5a of the S.M. document).

Figure 5 shows that as the strain increases, the relaxation
behavior of the matrix becomes more pronounced. This is
consistent with the constitutive law governing the behavior
of linear viscoelastic materials to step-strain and responses,
which was previously discussed in [32]; however, the onset of
fiber fracture occurs in the nonlinear relaxation region. This
means that there is a need for a nonlinear viscoelastic shear
lag model to accurately capture the change in the matrix
modulus with each strain step. Image acquisition for this
experiment was acquired with a 38 s interval. A total of three
specimens were tested, and for each experiment, more than
500 images were acquired during the loading and unloading
of the test. Figure 5 also shows the load-time curve with each
new break (open black squares) that appeared during image
acquisition (solid red dots). After each strain increment, the
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Fig.5 Load versus time with fiber break evolution. Image acqui-
sition is shown in solid red dots on the load versus time curve with
images acquired every 38 s. Fiber breaks are illustrated as open black
squares. Unstressed images are acquired at the end of the test. The
inset image shows a line plot of the fiber break evolution as a function
of engineering strain taken from fiducial marks on images

matrix is allowed to relax for 10 min. During that period of
relaxation, the load visibly decreases.

In Fig. 5, at low step-strain (first region) between steps 7 to
12, few fiber breaks occur. Then, a cascade of breaks occurs
between steps 13 to 19 (second region); in addition, the matrix
is undergoing significant relaxation. As the strain increases,
the matrix exhibits more pronounced viscoelastic behavior.
Finally, from step 20 to the end (step 31), the fiber break occur-
rence slows down (third region). The inset image in Fig. 5
shows the fiber break evolution as a function of engineering
strain, and the cascade of fiber breaks (steps 13 through 19)
is seen as a rapid increase in slope between 0.019 mm/mm to
0.029 mm/mm strain. As the curve begins to plateau (steps 21
to 31), the loading segment of the SFFT approaches saturation,
and the fiber break occurrence decreases significantly. How-
ever, step 31 shows that saturation was not achieved, which is
defined by Drzal and DiBenedetto as the occurrence of 3 to 5
strain steps in which no additional break occurs.

On Fig. 2(b), the break locations are typically numbered spa-
tially from left to right on the unstressed image after acquired
images are processed. Each break occurrence during the test is
catalogued with respect to strain, step, and time in the following
figure collage (Fig. 6) of matrix relaxation periods.

Figure 6 shows multiple relaxation period scans between
each 10-min time interval (i.e., step). It is a closeup exami-
nation of each relaxation period of Fig. 5. Each scan
shows image acquisition (in solid red dots) and each newly
occurred fiber break (in solid black squares) observed dur-
ing image acquisition within a step. If a step is skipped in
Fig. 6, it means that no fiber break occurred during that
10-min interval. The 10-min dwell time used by Drzal [5]

seems to be reasonable, since a quiescent period of more
than 30 s (except for Fig. 6(h)) is established where no fiber
breaks occur prior to the initiation of the next strain step.
Thus, the rapid scanning feature implemented in Snappy
supports the DiBenedetto-Drzal test protocol and under-
scores that any acceleration of the typical 6 h test time for
the SFFT by decreasing the 10-min dwell time is known to
lead to a different IFSS value when tier 3 data is analyzed.

Based on the research of Li et al. [23], this indicates that
the most promising approach for increasing the data output
from this test is to use multi-fiber fragmentation test (MFFT)
specimens. Specifically, the fibers in the MFFT specimen
must be spaced far enough apart, so they do not interact,
thereby, creating multiple individual single fiber regions.
For example, the rapid image acquisition feature of Snappy,
along with its ability to scan multiple regions within a dog-
bone specimen can effectively reduce the testing time for
a 3-fiber MFFT test specimen to 2 h from 6 h for a SFFT.

Automated Algorithm for Extracting Tier 1
Data from Snappy Images

A typical image for the automated feature extraction is
shown in Fig. 2(a). The two main features that must be
extracted from this image are the fiducial mark locations
and the fiber break locations.

Extraction of Fiducial Mark Data for Fiber Strain
Determination

The automated fiducial mark data extraction feature developed
in this work allows the fast tracking and calculation of strain data
(associated with each fiber break), which was done manually
on the original automated SFFT system [25]. This new feature
reduces the processing time from days to seconds. The area
of interest is cropped from the middle portion (highlighted in
Fig. 2(b)) by detecting the edges where the fiducial marks and
the middle region meet. This is accomplished by considering the
sum of the pixel intensities in the image in the vertical direction.
Because of the high contrast between the fiducial marks (dark)
and the sample region (light), the edge of the fiducial mark
region was accurately identified from the summed values in an
automated protocol. Since every pixel of the continuous dark
regions in the image (e.g., fiducial marks and grip regions) has
very similar intensity values, these regions emerge as plateaus
in the vertical summation data. To determine the starting and
ending points of these plateaus, which is used to crop the sample
region, the change of every consecutive point of the summa-
tion data (i.e., derivative) is calculated where the plateaus have
minimum change (i.e., derivative is zero or almost zero). After
finding the ending point of the left fiducial mark and beginning
point of the right fiducial mark (i.e., the points with minimum
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Fig.6 (a)-(s) Load versus time scans of the SFFT 10-min relaxation period. Image acquisition (solid red dots) and newly observed fiber
breaks (in solid black square) are shown. The fiber break numbers are based on the numbering shown in 4b (spatially from left to right) on the

unstressed image acquired at the end of the test

derivative values which are closest to the middle point), the sam-
ple region is cropped from the points. Furthermore, the distinct
gauge length region looked the same on all the images, making
it easy to crop. The length of these cropped images increased
as the sample was subjected to tensile loading. This cropped
image length information is recorded and used to calculate the
engineering strain.

The negative of the summed values in the vertical direction in
the matrix and fiber region is plotted in Fig. 2(c), which clearly
identifies the horizontal locations of fiber breaks as peaks (see
Fig. 2(d)). The global engineering strain is calculated by the
change in the gauge length, L, defined by the fiducial marks in
Fig. 2(a), to the original length, L,, (equation (1)). The engi-
neering strain versus time plot is shown in Fig. S6 of the sup-
plementary material.

L

e=——1

I )

Extraction of Fiber Break Location Data

The fiber break locations were extracted from each image
by performing a series of digital image analysis protocols.

@ Springer

All images were analyzed using the same workflow. Each
image covered a rectangular area consisting of fiber and
matrix regions in the middle and the grip regions at both
ends (Fig. 2(a)). Since there is no interest in the grip
regions, the area of interest is cropped from the middle por-
tion by detecting the edges where the grip and the middle
regions meet, as described earlier in Fig. 2(b). The nega-
tive of the summed values in the vertical direction in the
matrix and fiber region is plotted in Fig. 2(c), which clearly
identifies the horizontal locations of fiber breaks as peaks
(Fig. 2(d)). A similar strategy of summed values in the hori-
zontal direction was used to identify the vertical location of
the fiber breaks. The horizontal and vertical locations of the
fiber breaks are then used to crop a small sub-image of size
200 pixels x 200 pixels (100 um x 100 um) around each fiber
break location (Fig. 2(e)). Each sub-image is then further
analyzed for precise fiber break locations.

The four corner locations of the fiber break region
are identified in each sub-image in an automated pro-
tocol. This is accomplished using a sequence of image
processing algorithms that included operations such as
sharpening, noise removal (smoothing), image segmenta-
tion, erosion, and dilation. Similar operations have been
used extensively in material science research to detect
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different features of interest in micrographs of material
microstructures [33—35]. The protocol developed specifi-
cally for the present problem started with noise removal,
which smooths the images by modifying undesirable pixel
values (i.e., darker pixels in the matrix region). Since
it is very important to preserve the edges correspond-
ing to the fiber break in the image, an edge-preserving
median filter was preferred [36], and MATrix LABora-
tory or MATLAB’s ‘medfilt2’ function was used to fil-
ter the sub-images [37]. After de-noising, a sharpening
algorithm was employed to make the edges more distinct,
i.e., MATLAB’s ‘imsharpen’ function was used, so that
the fiber break region became clearly discerned in each
sub-image [37]. Furthermore, a segmentation algorithm
called adaptive thresholding was used to label the pixels
in the de-noised and sharpened grayscale image as either
0’s (matrix) or 1’s (break) [38]. The resultant binary
image (obtained after thresholding) was cleaned-up by
morphological operations such as erosion and dilation.
The finalized binary image (Fig. 2(f)) was then ready for
precise marking of the four corners of the break region.
This task was accomplished by fitting a bounding rectan-
gular box to the segmented fiber break region using the
‘regionprops’ function in MATLAB [37]. The X and Y
coordinates of the four corners are automatically stored
in a spreadsheet or a comma-separated value (.csv) file
(Fig. 2(g)). Using two consecutive locations of the fiber
break regions, the fiber break length is calculated and
saved in the same.csv file.

The image analysis protocols described above are
computationally efficient and greatly reduces the data

Pixels

analysis time to address a further disadvantage of manual
methods listed in Table S1 (in the S.M. document). As
a test of the algorithm’s ability to accurately detect each
fiber break, automated break location data was compared
to manual data (Fig. 7). The four corners and the centroid
for each break are detected. Manual fiber break locations
are plotted in blue dots and automatically detected loca-
tions in red dots.

Figure 8 shows three images of a segment of a single
fiber composite specimen at different times during testing.
Figure 8(a) and (b) are images acquired subsequently dur-
ing the same loading step #30 while maintaining a con-
stant strain, hence, the global strain remaining constant
(0.060 mm/mm). However, after unloading the specimen
(unstressed length) in Fig. 8(c), the global strain decreases
significantly (0.016 mm/mm).

The fiber strain depends on each fiber fragment, which
can be automatically determined from the fiber break loca-
tion tracking. Each fiber fragment length can be referenced to
the unloaded specimen fragment length, shown in Fig. 8(c),
which contains all the breaks at an “unstressed” length. The
fast acquisition rate of Snappy and the automated fiber break
location tracking provide the possibility for determining the
fiber strain, which is a step toward calculating the strength
in the fiber at the critical length, and subsequently the IFSS.

The image in Fig. 8(c) appears blurry because it was not
refocused at the end of the test. Some user input may be needed
(at the end of the SFFT) to refocus the last image acquired
after the unloading event to extract accurate estimates of the
strength of the fiber at the critical length, [, and additional fea-
tures necessary for applying the appropriate shear lag models

Automated and Manual Tracking
27500 28000

Pixels

Fig.7 Manually identified fiber break locations (blue dots). Fiber break four corners and centroid data are automatically detected and plotted in
red on an image acquired during the SFFT. The fragment lengths (e.g., /; and /,, which are distances between each break) are determined auto-
matically on each image and stored in the comma-separated value (.csv) spreadsheet

@ Springer
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Fig.8 Single fiber composite specimen. Image (a) represents a segment of the single fiber composite under load (502 N and 0.060 mm/mm
strain) during the loading part of the SFFT. The embedded fiber shows two breaks and their highlighted locations. Image (b) was acquired right
after (a) during the same step (#30) and shows that a new break occurred; de-bonded length a=25.5 um. Image (c) represents the same segment
with the fiber break locations after unloading the specimen (unstressed image) and de-bonded length b=25.5 um

to calculate IFSS values. This effort will be the subject of future
work.

Conclusion

Snappy was designed to improve on earlier attempts at auto-
mating the single fiber fragmentation test (SFFT), which meas-
ures the interfacial shear strength (IFSS) in fiber reinforced
composite materials. Snappy provides great advances in data
acquisition and processing needed to extract features necessary
to determine the strength of the fiber at the critical length, [,
which is subsequently applied to shear lag models to calculate
IFSS values. The following highlights Snappy’s advances:

e The rapid image acquisition feature implemented in
Snappy allows the complete examination of the fiber
break evolution process within each strain step.

e Data presented in this paper supports the need for the at
least 10-min test protocol implemented by DiBenedetto
and Drzal to accommodate time-dependent fracture of the
fiber due to the viscoelastic nature of the matrix in the
single fiber composite.

e The automated image acquisition feature, coupled with
the ability of the new instrument to scan multiple regions
within each dogbone, offers the promise of accelerating the
data output of this test by using multifiber fragmentation
test (MFFT) specimens where the fibers are well spaced.

e The automated fiber detection algorithm implemented
in this new instrument allows for the rapid acquisition
of tier 1 data. These automated features should reduce
the tediousness of this test, facilitate the standardization
of this testing protocol, and allow for the rapid imple-
mentation of this automated test throughout industry.

@ Springer

Future research at NIST will focus next on demonstrat-
ing how to calculate the strength of the fiber at the critical
length from saturated tier 1 data. Additionally, a more rigor-
ous examination of the statistics of the fiber fragmentation
process, particularly, the testing of closely spaced multifiber
arrays should help quantify the fiber—fiber interaction effect
that occurs in real composites.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40799-022-00611-3.
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