Uniformity and Anisotropy in Nonwoven Fibrous Materials
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ABSTRACT:

Operators from texture image analysis are used to quantify anisotropy in planar stochastic structures. A local gradient function provides information on local anisotropy and its variability, from 2-dimensional density images for foil materials like polymer sheets, nonwoven textiles and paper. Such images can be captured by radiography or light-transmission; results are reported for a range of paper structures. The method has potential for on-line application to monitoring and control of anisotropy and its variability, as well as local density itself,in continuous manufacturing processes.
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INTRODUCTION

For a range of foil-like manufactured materials, for example, nonwoven textiles, paper, polymer membranes and semiconductor coatings, quality control tests and sometimes continuous on-line monitors yield greylevel images representing areal density variations. From these images, important information can be extracted. Since all image capture processes have a finite minimum pixel size (resolution), the information contained in an image consists of local averages over those pixel areas. By averaging zones consisting of blocks of pixels, it is possible to obtain the variance of local density as a function of the size of zones, which encodes information on the correlation structure of the image. Another way to treat the image is to use 2-dimensional Fourier analysis, which is particularly useful in extracting periodic structural information, such as wiremarks in paper [ianson:91]. In general, an image contains a composition of periodic and stochastic features at various scales, resulting from local clumping and aligning of constituent matter with varying degrees of regularity. Process engineers have the task of capturing and interpreting this information for production of stable materials.

The origin of anisotropy in engineered stochastic structures lies in the manufacturing process itself, and may be typified by that used to make paper. There, the nature of the raw material (e.g. long thin cellulose fibres) and speed differences between delivery of an aqueous suspension and a moving filter (forming fabric) leads to structural anisotropy. The complication in practice arises from the fact that this speed difference is used also to control turbulent energy needed to maintain fibre dispersion before structural consolidation through dewatering. Further complication arises from the variability of principal angle and intensity of anisotropy, across the width of a papermachine; local anisotropy is sensitive also to local density.

Off-line measurements of paper anisotropy use ultrasonic velocity meters. A fast on-line monitor that could provide local values and their distribution would be a valuable addition to machine instrumentation and such a monitor could be linked to control loops. We use the Prewitt operator as described in [pratt:91] for greylevel images and obtain a local gradient vector; the concept of local coherence is taken from texture analysis [rao:90] and provides us with an estimate of local anisotropy. The methodology is applicable to any material for which greylevel images can be obtained.

VARIABILITY OF LOCAL DENSITY IN STOCHASTIC TEXTURE IMAGES

There is a unique, well-defined finite stochastic structure that can be generated by a given finite population of constituent elements. It is that for which those elements are placed independently in a given region, with each location in the region and each orientation of an element equally probable. The size of the region determines the mean density of the resulting structure and the variance of its local density values is a known integral of an appropriate sum of covariance functions determined by the geometry of the elements. The case for rectangular elements is described in [dodson:71]; further discussion and applications may be found in [deng:94]. Two departures from such random structures arise in practice: disposition of the elements may have dependencies reflecting mutual attractions or repulsions, and preferential orientations of rectangular elements may give rise to a degree of local order and anisotropy.

We study local density variability through the behavior of local gradients of stochastic structures. The first step is the calculation of these gradients and the local averaging of grey (density) values. More details can be found in [Scharcanski&Dodson:96].

The behaviour of the local gradients encodes important structural features. Analysis of greylevel maps for planar stochastic structures has been the subject of many studies in recent years [eg deng:94], and we begin this analysis by finding the variance of local density for complete sampling using a range of sizes of square inspection zones---a procedure that is well understood analytically for a Poisson process of rectangular elements [dodson:71]. Then, compared with this latter Poisson (ie random) structure, the variances are higher in the presence of particle clustering, lower in the presence of particle dispersion; the variances usually decay monotonically with increasing zone sizes. The cloudy appearance of nonwovens in transmitted light is an example of a stochastic process in which the constituent elements, fibres, have through entanglement become flocculated into irregular. Other researchers have pointed out the inadequacy of standard texture representations (e.g. second-order statistics) in dicriminating among certain situations occurring in practice (see [ripley:86]). Here we consider local gradient magnitudes, as a representation for density variability in planar stochastic structures. 

The distribution of the gradient angles over all image locations (x,y) represents structural anisotropy. In the case where all angles are equally probable, the sample is isotropic. 

EXPERIMENTAL RESULTS FOR PAPER SAMPLES

In order to illustrate the concepts developed, we analysed radiographic and optical density images of paper and other nonwoven samples for which data is in the public domain and accessible via a hypertext document on the World Wide Web pages: 

http://www.chem-eng.utoronto.ca/papersci/PaperSci.html

In general, radiographic images using (-particles have more contrast than  optical transmission images.

Experiments with (-Radiographic Images

We used a series of increasingly oriented samples supplied by J. Silvy and studied in detail by him [silvy]; our series pxxe.... corresponds to his sample numbers 20, 16, 19, 15, 18 in increasing order of mean anisotropy. These samples were made on a pilot plant papermachine of Fourdrinier type, at a medium to high level of flocculation. For comparision purposes, we included also the sample md1j44a1 (from the World Wide Web pages) as an example of a well-formed isotropic paper from a conventional gap former. 

Figure 1 shows the greylevel density images generated from the (-radiographs of the paper samples: md1j44a1 and pxxe50c1. In these images we may perceive the presence of fibre clumps (flocs) of different shapes and sizes (flocs are brighter areas in the images).  

Table 1 shows that these samples are ranked down the column in order of increasing anisotropy, using our index (see more details in [Scharcanski&Dodson:96]. 

The polar plots in Figure 2 show the angular distribution of the gradient

orientation, based on 32 classes; these type of plots are of particular value to machine operators since their content is rapidly assimilated at a glance. An isotropic structure would have a circular polar plot. More oblate, elliptic-type polar plots indicate higher anisotropy in the structure, and this is in fact measurable ultrasonically, with consequential influences on strength anisotropy of the paper [silvy] [deng:94]. The histograms of gradient magnitudes allow us to observe the characteristic shape of these distributions.  

Experiments with Light Transmission Images

Figure 1 shows the optical density images generated using light transmission through the paper samples: md1j44a1 and pxxe50c1. To the human eye these images differ significantly from those in the (-radiographic set, and appear to be more isotropic. We attribute this effect partly to the higher dispersion of transmitted light through these samples (cf. [corte:82]) compared to the (-particles through the same samples. However, we show that our anisotropy operators are able to extract essentially the same information from both optical and radiographic images. This is important for instruments because optical transmission images could be captured faster and without the need of exposure to ionizing radiation. 

DISCUSSION

We observe a very similar behaviour in our indexes for radiographic and optical measurements, for all samples. This suggests a structural stochastic similarity which persists between the two different formers that made the samples. 

The ranking in terms of our anisotropy index remains the same using (-radiographs or optical images; for other properties (i.e. density variability) similar trends are observed. It is particularly noteworthy that the polar plots of local gradient vectors, Figure 2, contain precisely the information on anisotropy required for monitoring and control purposes, and they are remarkably reproducible between radiographic and optical image analyses. 

The new concepts provide insight into the problem of characterizing anisotropy 

and local density gradient variability of a stochastic planar structure, of which paper is an example. For laboratory tests, images of (-radiographs are 

adequate. However, for real-time operation on-line, light transmission images 

only would be available, and the results suggest that our method could also be 

effective in this case, for monitoring and control of production lines.

CONCLUDING REMARKS

A method for analyzing anisotropy in planar stochastic structures, as well as its relationship to other structural properties has been presented. This method has potential to be applied on-line for monitoring and control of the forming process for any nonwovens, or off-line for quality control purposes. It is suitable for multiple zone size analysis of structural properties and the 

distribution of local anisotropy values simultaneously provides a new index for 

quality control of these structures.
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Samples
Anisotropy index values

md1j44a1
1.766

pxxe48e1
6.141

pxxe46a1
16.272

pxxe46b1
30.791

pxxe48d1
35.599

pxxe50c1
45.576

Table 1: Comparative results for the test samples in terms of global eccentricity ((-radiographs)

Samples
Anisotropy index values

md1j44a1
2.214

pxxe48e1
5.993

pxxe46a1
10.214

pxxe46b1
15.401

pxxe48d1
19.171

pxxe50c1
28.002

Table 2: Comparative results for the test samples in terms of global eccentricity (light-transmission)
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Figure 1: Greylevel density images of (-radiographs: (a) md1j44a1 and (b) pxxe50c1; and using light-transmission: (c) md1j44a1 and (d) pxxe50c1. 
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Figure 2: Comparative results for the test samples: Polar plots of local gradient orientations using zone size $0.2mm$, using (-radiographs: (a) md1j44a1 and (b) pxxe50c1; using light-transmission: (c) md1j44a1 and (d) pxxe50c1. 
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