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Abstract

The use of short fiber reinforced polymers (SFRP) is increastieadily in automotive and aerospace industry due to its
mechanical properties and light weight. The mechanical and physical propErt@ERP depend on the geometrical
characteristics of the reinforcing material. Under tensile stress various deteatduced in SFRP composit¥sray computed
tomography (XCT) is a non-destructive method for damage characterizatiofR®f. $t helps to understand the material
behaviour under different stress conditions and to evaluate the strengthnudtéreal The study of the evolution of various
defects in SFRP composite material was conducted for damage characteri$aioamposite consisted of a polyamide matrix
and 30 wt. % of short glass fibers oriented 90° relative to the directifomoaf. Damage was induced after application of pre-
determined tensile force in a quasi static method usirig aitu tensile testing devicQuasi static tensile force was applied
from 85% to 99 % relative to the pre-evaluated final fracture forcéN4Damages were analysed after every step of the force
enhancement using XCT at the resolution of (4.5%umyel edge length.

The detected defects were classified into four types: 1) fiber pull-2dufiber fractures, 3) matrix fractures and 4) fiber/matrix
debondings. Fiber pullouts and matrix fractures comprised of maned0% of all the defects detected. The maximum number
of separate defect voxels were detected prior to the final fracture post licatagpof 90% of final fracture force. The increase
in tensile force from 90% to 96% showed a corresponding 66% incredséeat volume. Higher defect density was observed
in the notched region. Fiber pullouts and fiber fracture togetherefbithe prospective plane of final specimen fracture region.
Small defects critical in the initiation of damage processes such as evalViogts and matrix inhomogeneities were observed
from 85% to 90% of the final fracture force. The classificationedécts at every step after applying force kdip understand
evolution of damage mechanisms in the stressed region.

Keywords: Damage characterization in SFRP, XCTin situ tensile tests, defect classification
1 Introduction

The automotive and aeronautic industries have to comply with stripgiution regulations regarding emissions and are always
concerned regarding the overall weight reduction. Short fiber reinfqrolythers provide the required compromise of light
weight and possess expected thermomechanical properties [1]. Stulgirtgpe of defects developed in these polymer
composites as well as their evolution is of high interest to understand tltegelanmechanisms of the material in detail.
Quantitative assessment of evolving defects can be closely related to predamieis of damage initiation and propagation.
X-ray computed tomography (XCT) is a useful non-destructive techrtmubserve and quantify the defects and fiber
microstructures on the fracture surface and in three dimensions insideatarial [2] Cosmi et al. have investigated fatigue
damage evolution in SFRP using micZd-[3]. In this worka quasi static tensile test until fracture was performed. Thesfiber
were extracted using an algorithm proposed by Salaberger et alh@t{lefects were characterizietb following four types:
fiber pull-outs, fiber fractures, matrix fractures and fiber/matezahdings [5].

2 Experimental

2.1 Investigated SFRP Sample

The experiment was performed on short fiber reinforced poly(B&fRP). The investigated samples were polyamide filled with
glass fibres 30% wt. (PA GF30). The fiber diameter was ab@pm. The average length of the fiberas 300 um. The entire
specimen was 70 mm in length, 3.1 mm in width and 2.1 mimigkness. The specimen was notched using 3 mm drill at the
centre. The samples were manufactured using injection moulding teehififog fiber orientation of the specimens used was 90°
relative to the force direction. Pre-evaluation tensile t@stse performed on three separate test specimens in order to evaluate
the average force at breakage. The average tensile stress evaluated for this onesagi®iN/mr In accordance with those
preliminary tests, incremental force steps were planned and appliecansimgrrupted in situ tensile test device. The applied
force steps were related to the average tensile strength. After every stegeptiie specimen including the ongoing damage
evolution was scanned using the XCT device

Table 1 shows the relative tensile stress applied and the specimen integityTdtatapecimen broke after six force steps after
the application 0B9% of the average tensile strengHigure 1 (a) shows the GE Nanotom XCT device used (b) shows the
specimen clamped vertically and mounted on the tensile testing staghenitalp of two vertical mounting screws.(&) the
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stage is tightly fixed and placed in the proximity to the X-ray sourbe. broken and unbroken test samples are shown in
Figure 1(d).

10 mm (d)

Figure 1 (a) Nanotom XCT (b) Specimen mounted on in situ tensilegesstige (c) Closed in situ tensile testing stage inside the XCT
(d) Unbroken and broken PA GF test samples

2.2 Insitu tensile testing stage and the method of quasi static tensile load application

The high precisionn situ tensile testing stage manufactured by Deben (UK) was used. Thigesticconography tensile /
compression stage is primarily designed for use within X-ray imgagiachines. The maximum force possible to applykiN.5
The mounting of the specimen under evaluation is performed withelpeof guiding screws. This ensures proper central
alignment of the sample covering entire detector area. Using Deben microtest matér@glinesitu device and Nanotom XCT
it was possible to achieve maximum resolutidii4.5 pm§.

The quasi static force was applied using the controlled servo motorisechrob@E® mm per minute. The forces were applied
to the sample in percentage proporttorthe force at breakage evaluated previously at 56niK/ It was noted during the
breakage tests that the material had a brittle behaviour. Hence most of the wefecexpected to be evolved just before
breaking forceThe evaluations were planned at 80%, 85%, 90%, 93%, 95% and 99%. The equivedestieips applied were
370N, 393 N, 416 N, 430 N, 444 N and 458Aiter application of every force step and prior to scan a wait timé@ afiButes
was chosen. This was done to avoid motion artefacts induced due to relefi@tids in polymer matrix. The sample broke after
achieving 458 N force and after 3 minutes of relaxation time.

Table 1: Planned force steps for specimen with 90° orientation and spe®@n dimensions

Orientation 90° Relative percentag( Force applied (N) Specimen breakag
Average breaking stress| 56 N/mn? 80% 370 -
Specimen length 70 mm 85% 393 -
Specimen width 3.9 mm 90% 416 -
Specimen thickness 2.1 mm 93% 430 -

96% 444 -

99% 458 yes

Figure 2(a) shows the incremental quasi static tensile force applied in six pre-detestépsdintil breakage. It also shows an
extension in length of the specimen after the application of everydtepeFigure 2Zb) depicts the relaxation time required for
force to be in quasi static condition prior to the XCT scan. The overalltiswarafter each force step was 251 minutes. The
decrease in force during the XCT sgallr) can also be seen in Figure 2(b).
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Figure 2 (a) Incremental quasi static tensile force applied to the specirhe®O¥fiber orientation showing extension in length of the
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2.3 Scan settings and software utilized

The force data was acquired using the Deben Microtest® V 6.0.21 sofivesided with the Deben in situ testing modules.
XCT scans were performed on a Nanotom 180 NF device manufactu@ plgoenix|x-ray. The device uses a 180 keV nano-
focus tube and a full digital 23042 pixel flat panel detector (Hamamatsu)biferlym was used as target material. No pre- or
post-filters were used for the scans. Applied voltage on the X-bayias 80 kV at a voxel size of (4.5 Enf)he reconstruction

of the acquired images was performed using GE reconstructitwasefphoenix| DatoXCT data processing and evaluation
was done using VG Studio Max 3.0 from Volume Graphics and oususendeveloped software iAnalyse v3.1.

2.4  Methodology used to detect and classify the evolving defects

The vision based inspection system can be primarily divided into fajor etages. Image/Data acquisition, pre-processing,
post-processing, result analyses and interpretation. The stimuliedapphis experiment was quasi static témfrce and the
response of the SFRP was measured using an XCT machine.

The acquisition of the XCT data was at the resolution of (4.5.Tihg reconstruction was performed at a double resolution in
32 bit. The effective resolution after reconstruction was (2.25%ifile 32 tol6 bit grey level mapping was done usiiG
StudioMax 3.0. This provided the grey level range from 0 to 65&38very dataset acquired. Air and material grey levels were
mapped at 8000 and 30000 respectively. The central notched regisarimg8 mm in height in the front view was extracted.
The 3-D region was selected based upon the adaptive rectangle tool of \t@/&tud.0 set at ISO of 23000 and depth 14. The
volume was eroded using erosion tool with strength of -2 to avgidiaregions on the border of the volume of evaluation. This
data was then provided to the iAnalyse 3.1 software for furtbergrocessing steps. After importing the data into iAnalyse the
data was filtered using the gradient anisotropc diffusion filter (GADR)s was performed to remove inhomogenieties in the
matrix.

2.4.1 Selecting multiple OTSU(M-OTSU) as an optimum segmentation threshold
The segmentation of defects was critical component stage of the entire proeetseTholds are classified primarily into local
thresholding and global thresholding. Global thresholding is widely usedaity defect detection / non-destructive XCT
evaluations as it is easy to implement. Different global segmentation threghettifor various applications depending on the
histograms in material sciences and region of interest. Different threxhaoteéthods were studied for wood segmentation by
Funck et. al in [6] and steel segmentation by Santanu et al. in [7]. Multi-leeshtiiding based segmentation for pulmonary
nodules was studied by Jibi john et al. in [8]. It separated the cancermuigs in lung CT images.
In this experiment, we have a near-unimodal histogram foddtesets. The voxels representing defects are very few and the
voxels representing matrix and fibers are very high in number. OTSUWdhetbrks well for the data with a clear bimodal
distribution but fails at the unimodal or close to unimodal distributi®shown by Hui Fuang in [9]. It was also shown clearly
by Xiao-cui Yuan in [10] and Jiu-Lun Fan et al. in [11] that the impdo®TSU threshold using weighted object variance method
was accurate in detecting smaller defects especially in the images with lowtcontras
The data was iteratively tested using the software tool porosityzendgveloped by Weissenbéck et. al [1ZO050, OTSU,
RATS and multiple OTSYm-OTSU) global segmentation thresholds were tested and visually comipaved observed that
m-OTSU with valley emphasis provided the best global segmentation to detecpusihoalls in shortest time. Figure 3 shows
small evolving pllouts segmented using m-OTSU threshold. Figures@a)s the variation in the grey levels of m-OTSU global
segmentation threshold at various force levels.

2.4.2 Segmentation and post processing
The 3-D datasets were then segmented using multiple OTSU (m-OTSU) threshofthraitieters as number of histogram
bins = 6530 and threshold = 2. This divided the dataset into threeediffgrey levels. Defects were mapped to 0, matrix was
mapped to 1 and fibres were mapped to 2. Evolving defects are sedrasseen in Figure Bhis mask is then futher binarised
to generate a defect mask which includes surrounding air. This dafantes processed using 4DCT tool in iAnalyse. The
connected component filter from 4DCT tool was used. A labelled compamage without surrounding air and sequential
numbered defects was created. This served as a defect mask for defeitatlassiDefect visualisation tool requires following
inputs 3D-filtered image of the specimen, extracted fibers, defe&t amasextracted features of defects from 4DCT tool. The
fiber extraction was performed using the fiber extraction tool in iAnalyse pahameters are shownRigure 4 (b) The defect
features were extracted using 4DCT tool in iAnalyse.

Figure 3 Small evolving defects segmented using m-OTSU global segimarhresholdaf) pullouts (g-h) fiber fracture
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3 Results

3.1 Local Anisotropy in SFRP specimen

To evaluate the effect of quasi static tensile force on the individual fibeas itmportant to consider the orientation of the fibres
along with the force applied. Local anisotropy was observed as repottezl 8FRP material by Bernasconi et al in [18
showed the three separate regions of skin, shell and core in gioimjaoulded specimen have a varied orientation. The core
region has the orientation different to that of surrounding shellnegitigure 5 (a) shows the 3-D visualisation of the specimen
ROI evaluated post-extraction. Figure 5 (b) shows the overall distnitaftmrientation of fibres in the sample. The fibers aligned
in 90 degresin the shell regions are indicated in green and fibers aligned 0 degteescore region are shown in blue colour.

Figure 5 (c) shows the XCT slice images in the shell and core regiameF¢d-f) shows CT-slice view of the orientation of
fibers in the shell and core regions.

Figure 5 Fiber orientation and local anisotropy visualisation @)V8tume rendering of the specimen ROI. (b) Fibers extracted; anisotropy
observed in core region as compared to the shell regions (c) XCT sliceshwagag local anisotropy (d) Front and shell region fiber
orientations (e) core region fiber orientation

There were primarily two orientations observed in the specimen sisatied in Figure 6 (aJ he fibers in the core region aligned

in the 0 degrees and fibers in the shell region aligned in the 90 degheefibers in the intermediate regions had mixed
orientations. The concentration of force at fibre ends in the core regimthé s shown in Figure 6 (b). The figure illustrates
the development of a pullout at increasing force steps. The surface posaaxo the direction of force is higher in the Ishel
region as shown in Figure 6 (b). The figure illustrates the developrhariiber-matrix debonding.
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Figure 6 (a) Fiber orientation in shell and core regions (b) Force expedienfiber ends and development of a pullout in core region
(c) Force experienced at surface of the fiber in the shell region

3.2 Comparative defect classification at various Force steps

The XCT datasets corresponding to O N, 370 N, 393 N, 416 N arld 4é4de analyzed using the flow chart given in section 2.4
In Figure 7(a-d) progressive damage visualization at O N, 416 N, 430 N and 44ghidws) The green highlighted region shows
the pullouts at 416 N which combine as a connected defect at 444 N. Itseagaubthat the final fracture occurred in the region
near the edges where the separate evolving defects accumulated and increass#drttesto give rise to final fracture. The red
highlighted region shows a fiber fracture at 416 N. In Figure 7 Fipi@ethe rise in number of defect voxels detected can be
seen. It shows an over-all increase of defect volume as the forcee@sedr In Figure 7 (f) the total number of defects detected
at increasing force is shown. It can be noted that the numbereaftsleiecrease significantly as the force is increased.
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Figure 7 XCT visualization of progressive damage evolution aftercagpipln of force steps for 90° orientation specimen in core region
(a) ON (b) 416 N (c) 430 N (d) 444N; green region highlights fiber cluster gaulh-outs red region highlights fiber fracture

Figure 8(a-d) shows the percentage of number of each type of defects detecteidas incremental force steps from 370 N to
444 N. Figure §e-f) shows the percentage of volume detected for each of the four typefeofs. Figure 8 (i) shows rendered
volume of the bottom part of the broken specimen. Highlighted resjiows the fibers that were pulled out of the other part.
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Figure 8 Comparison of various defect classes at incremental force stepsé&gedcharacterization (a-d) trend in the number of defects
detected (e-h) trend showing percentage of volume detecte® (joB+me rendering showing fibers outside of the specimen.

4 Discussions

The process of the formation of final fracture from its initiatias many intermediate steps. Understanding the damage evolution
involves quantification and visualization of all the intermediate steps in theagjenasf final crack. In this experiment, we were
successful in segmenting and classifying different types of defeSSRP specimen non-destructively. The overall increase in
the volume of defects detected can be seen in Figure 7 (e). It washaedhe volume of the defects increased from
35.5 x10° un? to 71.1 um as shown in the Table 2. The increase of defect volume frorhl3@@t16 N is lower as compared

to the increase from 416 N to 444 N. It shows that most of the defecte/cluge took place between 90% to 96% of the force
at final fracture. There were very few fiber-matrix debondings detected.

Figure 7 (f) shows decrease in the number of defects detected atentakforce steps. The decrease in number of defects
detected from 370 N to 393 N is lower. There is a huge decrease lienahuefects detected from 416N to 444 N. At the lower
forces the defects detected were very small in volume. Also, there walteverel clusters within matrix showing matrix in-
homogeneities detected and classified as matrix fractures.
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Table 2: Volume of the defects detected at various force steps and relative increaspercentage

Applied Force| Total volume of defects (x 2Qunm?®) | % increase
370 355
393 40.9 15.1
416 42.6 4.36
444 71.1 66.8

4.1 Damage characterization based on the classified defects and3#sualization

The classified defects from 370 N to 444 N were quantified based on the pezoaitagnber of separated defects for every
type in Figure 8The pullouts and matrix fractures together account up to the 9héndfer of defects at all force stages. There
is a 4 % decrease in number of pullouts from 370 N to 3938.¢an be attributed to the large number of pullouts with volume
ranging from single voxel to a few voxels at low tensile forces. Th€ Xi@facts induced due inhomogeneities within matrix
material are classified as defedide number of fiber fractures increase constantly from 2 % at 370ttN&1% at 444 N. There
were very few fiber-matrix debondings detected.

The volume of each type of defects detected presents a broader undegstéittirevolution of damages as shown in Figure 8
(e-h). The volume of pullouts and matrix fractures together account up % 6f the defects detected. There is 50 % of the
defect volume initially detected which grows at a higher rate from 398 td 416 N and depreciates by around 2 percentage
points from 416 N to 444 N. Correspondingly the volume fatrix fractures decreases from 370 N to 416 N and remains steady
after further increase in forc&he volume of fiber fracture rose from 6 % at 370 N to 8.5 % &tN8From 393 N to 416 N it
was steady and showed a meagre increase of 1 percentage poiiiaTAd4/o0lume of fiber-matrix debondings is lowest from
1.5 % at 370 N to 3 % at 444 N. The volume is significantly higher relatifteetoumber of defects detected.

Figure 9 (a) shows the 3D distribution of the various defects detecteah Withispecimen at 416 N. Figure 9 (b) shows he
concentration of defects near the notch region. Many pullouts were etiserthe core region of the specimen where the
orientation of the fibers is 0 degrees. Majority of the defects are smallimg as compared to the volume of total specimen.
The density of the defects near the notch regi@iso higher as compared to the central shell regions. Also, the spreaglots def
signifies the probability of the final fracture plane occurrence.

Fiber pullout

Fiber fracture
Matrix fracture
Fiber/Matrix debonding

High density of
defects and
prospective
specimen rupture
region

Figure 9 (a) 3-D visualization of all the classified defects detectecbai 41
(b) Zoomed-in figure shows the dense distribution of defects at natebied

5 Conclusion and Outlook

It was noted that maximum number of defect voxels were detected afsgptheation of 90 % of the force required for final
fracture. Defect density was significantly higher in the notched reglanregion with high density of defects was in proximity
to the final fracture. Pullouts and matrix fractures comprised oé itiam 90% of the total number of defects segmented in this
material system. Fiber fractures detected were comparatively less in numioecapid a higher volume. Fiber pullouts and
fiber fracture together form the prospective plane of final specinaetufie region.

The efficiency of the final defect detection results depends on the overallreffidiem the acquisition step through all the
intermediate pre-processing and post processing stages and finallyhepdafect classification tool itselflthough XCT
provides us with a great possibility to observe and evaluate the eydefacts, it suffers with certain constraints. There is an
inherent distance between the X-ray source and the specimen depgmalinthe thickness of the in situ tube. This limits the
resolution of XCT scans. There were small single/few voxel detections initia¢ force steps. These were either evolving
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pullouts or XCT artefacts due to uneven absorption resulting in nmiattomogeneities. It is very decisive to remove the
inhomogeneities using the gradient anisotropic filter (GADF) withoun¢psivolving defects.

The segmentation of the small defects poses a big challenge in industriatedtamoography images with low resolution and
near uni-modal histograms. Also, in the initial scans the defecdt@myout of the matrix had similar grey levatsthe matrix.
These are important as they are the initiators of the damage mechanS8RRRmpolymers. It was observed that most of the
evolving defects we segmented using the m-OTSU threshold. There was low deviation in@ESW grey level threshold
which establishes robustness of the segmentation methodology.

It is now possible to scan SFRP specimens non-destructively usifiga& application of quasi tensile force steps. It is also
possible to visualize how the defects are evolved, to classify the typ&eofgland to quantify volume occupied by thesfedts.

It helped us to observe quantitatively and qualitatively the evolving geamachanisms in a composite SFRP structure.
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