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Abstract

A digital x-ray imaging system was equipped to meaghe shrinkage/swelling behaviour of a
knitting cotton Jersey ready-to-wear clothing unther influence of the variations of climatic
conditions during an adsorption/desorption cyaieages of the samples are recorded at different
equilibrium states of the cycle. Then, the 2D stfald is computed using an image correlation
process.

These original experimental results establish ckeaisotropic shrinkage/swelling behaviour.
They are explained by the local structure due éontlanufacturing process. In addition, the results
show hysteresis between the adsorption and themtesosteps, which denotes the effect of the
material’s history. Finally, ESEM observations shihwe yarn's structure that could explain shear

effect.
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1 Introduction

The natural textile materials are highly hygroscopihey change their moisture content and their
dimensions (shrinkage/swelling) under the influeméeclimatic conditions (temperature and
relative humidity) (Benamar 1998). Cotton is madecellulose, i.e. each glucose has three
hydroxyl groups. This generates a very hydrophigbaviour that causes morphological changes
of the material.

Many works studied the coupled heat and mass gapsienomena in woven fabrics using laws
of the water transport (Ogniewicz and Tein 1990t&kef and El-Masri 1990) and consisting to
the steam's adsorption / desorption phenomenan(izhu 2004; Li et al. 2001). Few of them
were interested in the modelling of the sorptidafgetics to determine the steam diffusion in
textile materials (Li and Holocombe 1992; Li andoL1999, 2000). Others were interested in the
modelling of the adsorption and the desorptionhieohs to study the evolution of the sorption
hysteresis according to the temperature, the ptatuecture or the material’s history (Nordon et
al. 1960; Jannot 2003; Tvardovski et al. 2001; Wand Yasuda 1991; Barnes and Holocombe
1996).

The mechanical behaviour of textile materials wppreached by Magno (Magno et al. 2002)
who developed a mathematical model that describedéhaviour of textile materials under the
influence of large stress. The modelling approacBen Boubaker (Ben Boubaker et al. 2002,
2003) focused on the estimation of the internadrégfbetween warp yarns and weft yarns of the
same material. Others studies were interestedaipedrsuch as Nadjombe (Nadjombe 2002) who
elaborated a specific mathematical model to desdhb behaviour of a textile material around a

table corner.



Nevertheless, literature remains poor concerniegtéxtile behaviour according to hygrometric

variations. Technological properties, such as &age or swelling, are badly known. This field of

interest is widely treated in case of others hygwp& materials such as wood (Badel 1999;
Botosso 1997; Mariaux and Masserann 1985; Koporteal.€1991; Watanabee et al. 1998;

Yamamoto 1999), concrete (Dwiargo 1994), or agmmehtary materials (Baucour 2000; Bizot

1983; May and Perré 2002; Bizot et al. 1985).

In this work, the shrinkage swelling behaviour dfratting cotton Jersey ready-to-wear clothing

was measured. For that reason, an x-ray imagingelevas coupled with a climatic chamber to

have regular cycles of adsorption / desorptionctEdaic images of the structure were recorded in

order to explain the samples behaviours.

2 Experimental set-up
21 Materials
The digital x-ray imaging system was initially dgséd to study wood shrinkage (Badel and Perré
2001). This experimental device (Figure 1) includesnicro-focus x-rays source, a sample
chamber and a 2D detector that are aligned onahe saxis. The sample partly attenuates the
incident polychromatic x-ray beam according totltickness, density and chemical constitution.
The transmitted beam is converted into visibletligy a scintillator situated in front of a cooled
CCD detector, which is connected to a computeetond the images. Compared to visible light,
the use of x-ray light led to several advantages:
- the x-ray path is always a straight line. It ggnno reflection problem as visible light
does,

- the grey levels on the image does not vary ddtiveen dry and wet states,



- appropriate processes generate very homogenigbti®h the sample,
- x-rays don’t cause shadow effects through mdgeriaremoves the most usual difficulty
when using visible light.

The complete details of this device are availabl¢Badel and Perré 2001). Let us sum up the
main characteristics of its components:
The micro focus x-ray source (Hamamatsu L6731) igges a polychromatic beam from a very
small emission point (8 um). It allows x-ray geoneail magnification to be performed. The
voltage can be adjusted up to 80 kV and the cutneno 100 pA.
The scintillator, which is placed after the sammenverts x-ray photons into visible light. It
consists of a thin layer of CsI(Tl) coupled to adti Optic Plate (FOP). The field of view is 20
30mnf.
The camera (RTEA/CCD-1317-K) is based on a 131@351pixels detector. The CCD is cooled
at - 30°C to reduce the electronic noise. It all@awguire time up to 30 minutes.
The sample holder is made of a circular metallatglvith 14 holes, each of them is covered by a
100um thick Mylar sheet, almost transparent toxtngy beam. The samples are simply placed on
the tight film to ensure their free deformation. @of these holes are kept free for incident beam
calibration. Finally, 12 samples can be placed Heneously in the climatic chamber.
Preliminary experiments showed that the fabricedip during desorption steps. Then the
shrinkage/swelling measurement has been spoiledsefond concentric PVC plate was
positioned one millimetre above the metallic pléfgure 2). This configuration allows free
displacement in the two plane directions of theriabbut restrict them in the third direction

(perpendicular to the plane).



An external air generator was plugged in the chantie is isolated by glass wool. Then dry
temperature and relative humidity of the air arataled with reliable accuracy (Badel et al.
2006).
Raw images contain many defaults. Most of them lmamemoved with the help of appropriate
treatments.

» Settings of the x-ray source
Assuming that signal/noise (S/N) increases with phetons number, intensity is set at the
maximum level (100pA). For the same reason, theagelis optimised. A previous work (Badel
and Perré 2001) showed that very good results lasned using 70 kV even with low-density
materials. This range of energy matches with tleetspl performances of the CsI(Tl) scintillator.

e Settings of the camera
The quality of an image is mainly characterisedhgyspatial resolution and the S/N ratio:
The spatial resolution depends on the x-ray sget $he scintillator, the camera detection and the
x-ray magnification. According to the size of ouangples, a compromise between these
parameters is defined and the spatial resolutiaches about 30 um.
The S/N ratio increases as the square root ofuh&er of detected photon. Assuming that the x-
ray source and the scintillator’s efficiency deterenthe incoming flux, two ways are possible to
improve the S/N ratio: to increase the detectiametor to modify the image parameters. Indeed,
the pixels of the CCD can be grouped in order toegate "super-pixels". Super-pixels made of
3x3 pixels reduce the spatial resolution, but altbes photons number to be multiplied by 9 and
hence the S/N to be tripled.
The acquisition time is adjusted in order to filet12 bits potential of the CCD detector (90

seconds during these experiments). For each sampleach equilibrium state, 26 consecutive



images are recorded and digitally accumulated deoto ensure a very good S/N ratio. Finally,
the non-homogeneous x-ray light is corrected adogrb the well known “flatfield” process:

Im age, ., (x, y) — Background (x, y)
Flatfield (x, y)— Background (x, y) 1)

Im age(x, y) =

The background image is recorded without light tredflatfield image is recorded with light but
without sample. This process ensures that the §reyf level represents the physical attenuation
property of the material for each pixel. Figured&picts an example of the data collection. We
observe the regular structure of the Jersey knftdbdc. A small aluminium marker (arrow) is
placed in a corner. It allows the sample to bequan the same position at the different humidity

steps.

2.2 Method: Experimental protocol for shrinkage/swelling experiments
A constant temperature of 35°C, close to the teatpeg of human body, is used. Only the
relative humidity of the air varies during the expent. At first, the relative humidity increases
through four steps from 20% to 87% (20% - 41% - 628%4%). Then, a desorption phase brings
back the relative humidity to the initial statediie 4) following the same four steps.
* Kineticsconsideration

Preliminary sorption experiments were performedet@luate the minimum waiting time to

ensure stable moisture content of the samples Weryeclimatic condition. These specific

experiments were performed using a micro-balaneetdg8us MG, sensitivity 0,1pg, accuracy

2ug). That was installed in a climatic chamber whesmperature and relative humidity are

carefully controlled (May and Perré 2002). The massasurement was recorded during a



complete sorption / desorption hygroscopic cyclee Telative humidity of the air was ranged
from about 20% to 80%. The moisture content wamddfby the following equation:

MXIOO

Mo 2)

- X%(t) is the moisture content of the sample,

X%(t) =

- M (t) is the mass of the sample,

- Mg is the dry mass of the sample (4 hours at 104°C).

Figure 6 depicts two parts of the evolution of theisture content versus the time during
adsorption (6a) and desorption (6b) cycle. It shtvas the kinetic of knitted fabrics is very rapid

and it follows the kinetic of the climatic chamber.

« Sample preparation and experimental protocol for x-ray imaging
The initial sample dimensions are 30ma25mm (Table 1). They are placed on the sample
holder in the x-ray imaging device. The relativeridity of the air is fixed at 20% and the dry
temperature is fixed at 35°C. After a stabilisatst@p of 6 hours, a first x-ray image is recorded
for each sample. It is the “reference” image thedens to the initial state. Then, the relative
humidity is modified according to the adsorptiorsdgtion cycle (Figure 5). An image is
recorded for each step after a waiting time of @redo ensure a complete stabilisation of the

conditions.

» Dataanalysis: computation of the deformation
The deformation is measured by image analysis wusiogrrelation process. For that purpose, the

grey level distribution is exploited. The straielfl is supposed to remain constant over the entire



image. Assuming that image 1 is the initial statd enage 2 is the deformed one, an arbitrary 2-
D strain field (often the vector zero) is appliedhe initial image (image 1). The new position of
each pixel is computed, which allows the grey Isvadfl a new virtual image to be determined.
This virtual image can be compared to the real meéd image (image 2) by the following

objective function (Figure 7):

N

z(gliin‘ageZ _ glicomputed )2

C=-

N ®3)

gli™% s the grey level of thdipixel on the image 2

gli®mPuis the grey level of thd'ipixel on the virtual computed image

N: is the total pixel number of the images.
Function "C" is minimised using the simplex meth{@eukolsky et al. 1992) and finally the six
parameters (solid displacement + strain) for eatdtive humidity are determined.
The analytical expression of the strainin the plan is composed of three coordinatesis the
elongation along the horizontal axis of the imageis the elongation along the vertical axis of
the image&£, is the shear that depicts the deviation's angtedsn the horizontal and vertical
directions. Because the main axes of the fabrimatairected exactly along the physical axes of
the CCD detector, the deformation values are ctedeby applying a solid rotatio®, which is
measured by image analysis (Visilog 50).
Finally, the new values of the deformation are walied along the Course (C) and Wale (W)

directions of the fabric according to the followieguations.



£q =(cos8)? e, +(sinb)? &,, + 2£,, sinfcosd
Ewe = &2 cos(26') - [szzzj sin(2¢9)

Eu = (siNB)? £, + (cos8)? £,, — 2£,, SinB cosl @

3 Resultsand discussions

Four identical pieces of fabric have been tested.gach one, the image, which was obtained at
each relative humidity step, has been compared iwitial step (relative humidity = 20%). The
strain parametergd, w, €wc) represent the overall deformation of the samples.

Figures 8, 9 and 10 represent the evolution ofeflbagations & ande) and shearg(,) as
functions of the relative humidity of the air. Alhle samples show very similar behaviour. This
proves the excellent reproducibility of the meamests.

Along the course direction, which represents thdthviof the knitted (Figure 8) and along the
wale, which represents the length of the knitteidyife 9), we observe a hysteresis of the cotton
jersey fabrics during the entire cycle of climatimnditions. Indeed, during the adsorption step,
the swelling increases very slowly when the sargpé low humidity conditions. Then, the slope
of the curve increases quickly. We observe the sashaviour during the desorption steps: the
shrinkage occurs more slowly at the beginning then slope of the deformation increases.
Nevertheless, the complete adsorption / desorpgtyate is a closed loop and the dimensions
come back to their initial state. The slopes of tburve could be explained by geometrical
considerations. The structure of fabric containgnescopic pores between the yarns. During the
adsorption step, the yarn fibres swell almost fregld mainly in their transversal direction. They

fill the micro-pores without deformation of the sl structure. Then, when the contact is



established between the yarns, their transversalllisg generates an overall and large
deformation. During the desorption step, the yatast to shrink individually with a low overall
deformation of the material. The micro-porosityastored during this stage. Finally, we observe
that the fabric comes back to its initial stateisTlast step is resulting to memory effect of the
initial yarns curvature.

The deformation magnitude is clearly lower in thieection of the wale, what reveals the
anisotropic character of the cotton knitted fabhiceed, the manufacturing process generates a
continuous and sinuous yarn along the width ofntiagerial (Figure 4b and Figure 4c) that build
up a very flexible structure mainly in this diresti This anisotropic behaviour is well known for
the mechanical properties of the Jersey that iemgrd in the course direction (Rios et al. 2007,
Boisse et al. 2001). Figure 11 depicts the evatutibthe strain along the course versus the strain
along the wale direction. It shows the evolution tbhe anisotropic behaviour during the
adsorption / desorption cycle. This graph exhilbigsv information: the hysteresis affects the
anisotropy. During the first adsorption step (ppibtto 3), the slope of the curve is very high (the
anisotropic ratio is around 2). Then the behaviends to become isotropic.

The shape and the manufacturing parameters otitbkes can explain the first part of the curve.
As said before, the yarns can swell in their trensal directions almost freely. They do it
according to the geometrical shape of the stit¢hgse,) until the micro-pores are filled. Here,
the ratio between the stitch number along the watkalong the course directions (Table 1) has a
great importance on the anisotropic behaviour efrttaterial. As the main part of the yarn is in
the wale direction, the overall swelling occursthie course direction. Finally, at the end of the

desorption step, the loop is closed in accordanttethee.. andey,, curves.
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Figure 10 reveals that a shear deformatig) (occurs during adsorption (Figure 4a). Then, this
deformation decreases during desorption, and Jintle structure comes back to its initial state.
This shear effect cannot be explained by the maoms structure of the stitches, which is
regular and symmetrical. However, at the yarn letred ESEM views show the highly twisted
fibres (Figure 12). On the front face, the anglé¢hef twist (straight lines) is different betweee th
two wings of a stitch. Indeed, the samples are nbgdecircular knitting machine (Table 1). This
machine produces continually deviated stitches \wihcal form. It results a non-symmetrical
yarn and the twist between the wings shows diffeesgles. At this level, the structure is not
symmetrical anymore, it brings a macroscopic sldedormation that is observed on Figure 4a.
Indeed, the twist factor between the two wingshef $ame stitch is different, therefore, when the
fibres swell, the yarn untwists, causes non-homeges length in stitches that generate the shear

strain of structure.

4 Conclusion

We coupled an x-ray imaging device and a climati@ancber to evaluate the deformation
(swelling and shrinkage) of ready-to-wear knittedt@n Jersey during an adsorption / desorption
cycle. Thanks to the x-ray device, the 2D strairs waaluated without contact by comparison of
images. The first results reveal the excellent aépcibility of the experimental protocol and
proved that the method is efficient to measure slgfbrmations.

For the two material directions, we observe a hgsie that reveals the relationship between the
behaviour and the history of the sample. A greaadropic behaviour is also observable. The
deformation is always lower along the wale dirattihan along the course direction. This

anisotropic behaviour, already well known for theammanical properties, is explained by the

11



macroscopic structure of the stitches. The parasetsed in the manufacturing process have a
major role in this behaviour. Surprisingly, a shéaformation is also measured. This is explained
at the yarn level by the non-symmetrical structfrthe wings. Again, the manufacturing process
is involved in the property.

Complementary investigations are in progress tdystbe sorption properties and to understand
the relationship between the fabric history, thecture and the behavior of the material when

relative humidity varies.
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Fig. 1: Principle of the 2D X-ray imaging devicedageneral view of the experimental device (the

X-ray imaging system is coupled with the air coiwadtiéer).

Fig. 2: The climatic chamber allows several samptebe placed simultaneously in the same

conditions. The captors allow the record of thatreé humidity and the dry temperature.

Fig. 3: Samples holder: the fabric is positionedaghin Millar sheet. A PVC plate, 1 mm above,
limits the vertical displacement of the boundariese holes in the 2 plates allow the X-ray to
through the sample holder. The plate can rotateder to place each sample in the path of the X-

ray beam.

Fig. 4: Structure of the Jersey knitting cottondseto-wear clothing: Image obtained by x-ray
attenuation (a). Micrographs obtained by electronicroscopy (ESEM). Front face (b) and back
face (c). (LERMAB by F. Huber)

Fig. 5: Evolution of the relative humidity and tteemperature versus the time (one entire cycle) in
the x-ray imaging device.
Fig. 6: Kinetics measurements: Adsorption (a) amsodption (b) kinetics versus Relative

Humidity condition: The complete stabilization isnast reached after 1 H.

Fig. 7: The 2D strain field determination proceAsvirtual strain field is applied to the initial
image until the resulting image fits the experinaéndeformed image. Six parameters are

evaluated: solid translation (2), solid rotatiolp &hd strain (3).

16



Fig. 8: Evolution of the strain versus the relativemidity of the air during adsorption and

desorption cycle (along course direction).

Fig. 9: Evolution of the strain versus the relativemidity of the air during adsorption and

desorption cycle (along wale direction).

Fig. 10: Evolution of the shear versus the relativemidity of the air during adsorption and

desorption cycle.

Fig. 11: Anisotropy. The strain along course dimctis plotted versus strain along wale
direction. Open marks represent the individual mesments. Line and plain marks represent the

average values. The anisotropic behaviour is irasin the first adsorption step.

Fig. 12: Micrograph of the Jersey stitch obtaingaelectronic microscopy (ESEM). The angle of
the twist is not the same on the left and rightgsinThis difference causes the shear deformation.
(LERMAB by F. Huber)
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Fig. 1: Principle of the 2D X-ray imaging devicedageneral view of the experimental device (the
X-ray imaging system is coupled with the air coiudhiér).
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Fig. 2: The climatic chamber allows several samfiid®e placed simultaneously in the same conditibhe captors
allow the record of the relative humidity and thg temperature.
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Fig. 3: Samples holder: the fabric is positionedcadhin Millar sheet. A PVC plate, 1 mm above,
limits the vertical displacement of the boundarigse holes in the 2 plates allow the X-ray to
through the sample holder. The plate can rotateder to place each sample in the path of the X-

ray beam.
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Fig. 4: Structure of the Jersey knitting cottondgeso-wear clothing
attenuation (a). Micrographs obtained by electromicroscopy (ESEM). Front face (b) and back
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Fig. 8: Evolution of the strain versus the relatienidity of the air during adsorption and
desorption cycle (along course direction).
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Fig. 9: Evolution of the strain versus the relatiemidity of the air during adsorption and
desorption cycle (along wale direction).
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Fig. 12: Micrograph of the Jersey stitch obtaingelectronic microscopy (ESEM). The angle of
the twist is not the same on the left and rightgsinThis difference causes the shear deformation.
(LERMAB by F. Huber)
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Table 1: Properties of the Knitting cotton readyatear clothing
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Type Jersey
Yarn number (km/kQ) 42
Thickness (mm) (standard conditions) 0,5975
Density (g/n) 166,67
Stitch yarn length (cm) 0,301
Stitches number along Wale direction (§m 20
Stitches number along Course direction ¢ 13

Finishing treatment

Bleached cotton

Yarns type

Ring spun
(twist factor: Z 960 t/m

Table 1: Properties of the Knitting cotton readyatear clothing
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