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Use of Near-Infrared Spectroscopy to Determine the 
Composition of High-Density/Low-Density 
Polyethylene Blend Films 

C H A R L E S  E. M I L L E R *  
MATFORSK, Norwegian Food Research Institute, Osloveien 1, N-1430 As Norway 

The ability of near-infrared (NIR) spectroscopy, combined with principal 
component regression (PCR), to nondestructively determine the blend 
ratio of high-density polyethylene (HDPE) and low-density polyethylene 
(LDPE) in extruded films is demonstrated. Results indicate that the NIR 
spectrum in the region 2100 to 2500 nm can be used to determine the 
HDPE mass percentage of 60-80-~m-thick film samples to within 2.5%, 
over a range of 0 to 100%. NIR spectral effects from scattering are 
important for the determination of the HDPE % for HDPE contents 
above 50%, and spectral effects from changes in the methyl group con- 
centration and perhaps the PE crystallinity are important for the de- 
termination of the HDPE % for HDPE contents below 50%. In addition, 
a large variation between the spectra of replicate samples, probably 
caused by variations in the degree or direction of molecular orientation 
in the samples, was observed. 

Index Headings: Near-infrared; Polyethylene; Principal components re- 
gression. 

INTRODUCTION 

Polyethylene (PE) is the major component of many 
food packaging products, including laminates, bags, and 
bottles. PE possesses the mechanical, optical, water-va- 
por-resistance, and heat-sealing properties that are very 
useful for food packaging applications, t-3 

Although a PE molecule could be simply thought of 
as a long chain of connected ethylene units, real poly- 
ethylene polymers contain a significant number of side 
branches that are attached to the main polymer chains. 
Two commonly used types of PE, high-density polyeth- 
ylene (HDPE) and low-density polyethylene (LDPE), 
refer to PE polymers that  have relatively low and high 
degrees of branching, respectively. The amount of 
branching significantly affects the morphological prop- 
erties of PE, 4,5 which in turn affects optical, physical, and 
thermal properties. Therefore, HDPE and LDPE have 
significantly different quality properties with respect to 
food packaging applications. 

Recently, the strategy for preparation of polymeric 
materials for specific applications has focused on the 
blending of easily obtainable polymers. In the case of 
PE, studies have shown that the blending of HDPE and 
LDPE can result in materials that have morphological 
properties that are intermediate between those of pure 
H D P E  and LDPE. 4,6 As a result, a special polyethylene 
with a specific quality can, in many cases, be prepared 
by simply blending two readily available PE materials. 

For food packaging laminate applications, PE blends 
are commonly extruded into a thin film. Effective and 
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efficient quality assessment and process control for such 
films requires the frequent, and preferably nondestruc- 
tive, determination of the relative amounts of H D P E  and 
LDPE. FT-IR reflectance and transmission spectroscopy 7 
can be used to perform such thin film analyses. However, 
because of the high absorptivities of IR bands, the film 
thickness must often be limited (up to approximately 50 
t~m, depending on the specific IR bands used for the 
analysis) in order to perform an accurate quantitative 
analysis. Other IR methods, such as attenuated-total- 
reflectance (ATR) s and photoacoustic 9,1° methods, can 
provide IR spectra of optically thick materials, because 
they sample only a very thin layer at the surface of a 
material. However, it is important to note that  the ef- 
fective pathlength (or sampling depth) for the ATR and 
photoacoustic methods depends on the refractive index 
and thermal diffusivity of the material, respectively. 
Therefore, the use of these techniques for the quanti- 
tative analysis of nonhomogeneous materials, such as 
multi-layer laminate films, can be difficult. 

If the optical thickness of a film sample is too large 
for FT-IR transmission analysis, then spectroscopy in 
the near-infrared (NIR) region can also be used for quan- 
titative analysis. 11,12 Because NIR bands have lower ab- 
sorptivities than IR bands, thicker and more highly scat- 
tering films can be sampled by NIR transmission than 
by IR transmission. In addition, the use of transmission 
spectroscopy for quantitative analysis can be accurately 
implemented through the Beer-Lambert  law. Further- 
more, NIR spectroscopy is easily adaptable to optical 
fibers, 13,14 which enable remote sampling for process or 
quality control analyses. Earlier works ls-17 have shown 
the usefulness of NIR spectroscopy for the nondestruc- 
tive and noninvasive quality control of multi-layer lam- 
inate films. 

The purpose of this work is to assess the ability of NIR 
spectroscopy to determine the percentage of HDPE in 
blend films of HDPE and LDPE. 

EXPERIMENTAL 

Materials. Melt-extruded blend films of HDPE and 
LDPE at seven different blend ratios (0, 2.5, 5, 10, 25, 
50, and 100% HDPE) were provided by STAT-OIL 
(Stathelle, Norway). For each of the seven different blend 
ratios, HDPE pellets (STAT-OIL H930, M. = 35,000, 
Mw = 223,000, CHJl000C = 5) and LDPE pellets (STAT- 
OIL L412, M. = 29,900, Mw = 215,000, CH3/1000C = 27) 
were weighed and mechanically mixed before extrusion. 
Films were then prepared with a circular-die extruder 
(Windm511er and HSlscher, Varex 60.30D), with a 200- 
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mm-diameter die and 1.2-mm die gap. The melt tem- 
perature and pressure depended on the blend ratio, and 
varied between 215 and 231°C and 174 and 278 bar, re- 
spectively. The blow-up ratio was 2.85 for all extrusions. 
After extrusion, the films were allowed to relax for 24 h 
before cutting. For each blend ratio, about 10 to 20 in- 
dividual pieces were cut at various points along the ex- 
truded film. The resulting film pieces were approxi- 
mately 30 cm x 30 cm and 25 to 40 ~m thick. Observation 
of the films under polarized visible light indicated that 
they were highly oriented. 

Spectroscopy. Five replicate NIR samples were pre- 
pared for each HDPE percentage. Because 25 to 40 um 
is much less than the optimal sample thickness for NIR 
spectroscopy, each sample used in this analysis was in 
fact a "double-layer" of two 25- to 40-#m-thick pieces 
(where the two layers were obtained from two adjacently 
extruded pieces). Each sample was cut as a circle of ap- 
proximately 3.5 cm diameter. They were then placed in 
an NIR reflective-transmission sample cell, with a gold- 
reflecting background and a glass cover. NIR reflective- 
transmission spectra were then collected over the region 
2100 to 2500 nm in 2-nm increments, with the use of a 
Technicon InfraAlyzer 500 NIR reflectance instrument 
(Technicon Instruments, Tarrytown, NY). 

In order to study the effect of sample rotation on the 
NIR spectrum, a second series of samples were analyzed 
(five double-layer samples for each HDPE percentage). 
In this case, four replicate NIR scans of each sample 
were obtained in the following manner: after the first 
scan was obtained, the sample cell was rotated by ap- 

proximately 45 ° (about the axis of the incident NIR light 
beam) and another scan was obtained; and two additional 
scans of the sample, rotated approximately 90 ° and 135 ° 
from its original position, were then obtained. 

Data Analysis. Mult ip l ica t ive  sca t te r -cor rec t ion  
(MSC) TM was applied to the NIR spectra before multi- 
variate modeling. The MSC-corrected spectra of the 
samples, and the known percentages of HDPE used in 
the different extrusions, were used to construct a prin- 
cipal component regression (PCR) (Unscrambler, CAMO 
A/S, Trondheim, Norway) calibration model that  sub- 
sequently enables the prediction of the HDPE percent- 
age of a PE film sample from its NIR spectrum. The 
calibration error (RMSEE) was determined as the root- 
mean-square of the differences between the known HDPE 
% values and the HDPE % values that  were estimated 
from the PCR model. 

Cross-validation was used to estimate both the pre- 
diction error and the optimal number of factors to be 
used in the PCR model. This procedure involved the 
removal of validation samples from the original set of 
samples, the construction of PCR models (that use dif- 
ferent numbers of factors) from the remaining samples, 
and the use of these models to estimate the HDPE per- 
centage values for the removed samples. The prediction 
error (RMSEP), for each number of factors, was esti- 
mated as the root-mean-square of the differences be- 
tween the known HDPE percentages and estimated 
HDPE percentages, for the removed samples only. The 
optimal number of factors in the PCR model was deter- 
mined as the number at which the addition of another 
factor did not greatly decrease the RMSEP. Two sepa- 
rate cross-validation analyses were done, and the re- 
ported RMSEP is simply the average of the individual 
values obtained from the two cross-validation analyses. 
Figure 1 shows the sample selection for the two cross- 
validation analyses. 

It was found that  the first two principal components 
obtained from the PCR calibration model had to be ro- 
tated to enable better interpretation of the model. This 
rotation was done as described in other referencesJ 649 
with the use of a LOTUS-123 spreadsheet routine. It 
should also be noted that  one of the five 0% HDPE 
samples was removed from the analysis, because the error 
of its PCR-estimated HDPE % value was found to be 
unusually large. 

For the sample rotation study, the NIR spectra were 
first corrected by the MSC method and then analyzed 
by principal component analysis 2° (Unscrambler, CAMO 
A/S, Trondheim, Norway). 

THEORY 

Principal Component Regression. The principal com- 
ponent regression method, as well as similar multivariate 
calibration techniques, has been discussed in other ref- 
erences. 21,22 Only the aspects of the method that  pertain 
to this work will be briefly reviewed. 

Given the spectral responses at several wavelengths, 
each obtained from several calibration samples (con- 
tained in the matrix X), a PCR model is constructed that  
describes the spectral data in X in terms of a linear 
combination of orthogonal factors: 
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MSC-corrected NIR spectra of some of the PE blend samples. 

X = tip1 t + t2p2 t + . . .  + t ,pJ + E (1) 

where the vectors tl, t2, . . . ,  tn are the PCR scores for 
factors 1 to n, the vectors Pl, P2, . . . ,  P, are the PCR 
loadings for factors 1 to n, and E contains the model 
residuals. The optimal number of factors to be used in 
the PCR model (n) can be determined by several meth- 
ods, including cross-validation (described in the previous 
section). If the vector called y contains the known values 
of the property of interest for all the calibration samples, 
PCR calibration can then be done by multiple regression 
of the PCR scores ( t ,  t2 . . . . .  t,) onto y. 

Each factor in the model can be thought of as an ab- 
stract phenomenon that  is a source of variation in the 
NIR spectra of the calibration samples. The scores for a 
single factor can be thought of as the "intensities" of the 
corresponding abstract phenomenon for each sample, and 
the loadings for a single factor can be thought of as the 
"spectral signature" of the corresponding abstract phe- 
nomenon. Therefore, the scores for each factor can be 
used to determine whether the spectroscopy is sensitive 
to known trends in the samples, and the loadings can be 
used to better understand how the NIR spectrum is in- 
fluenced by different properties that  vary in the samples. 
Furthermore, the spectral residuals (in the matrix E), 
which contain the spectral information for each sample 
that  is not explained by the PCR model, can provide 
information about the nature of the random spectral 
information that  is not useful for the determination of 
the property of interest. 

It  should be noted that  each of the abstract phenomena 
that  are explained by each PCR factor often does not 
correspond to a single chemical or physical property of 
the samples. However, if sufficient information about the 
sample design is available, the PCR factors can be ro- 
tated so that  each factor corresponds more exclusively 
to a single known property of the samples. Such rotation 
has been used previously ~9,23 to improve the interpreta- 
tion of multivariate models. 

TABLE I. Calibration and cross-validation results. 

Calibration error (RMSEE) 2.31% HDPE 
Optimal number  of factors a 3 
Prediction error (RMSEP)" 2.48% HDPE 

Determined by cross-validation. 

brought about by variations in film condition and film 
configuration in the sampling part of the spectrometer) 
and multiplicative variations in the spectra (primarily 
caused by variations in the sample thickness) were ob- 
served to be present. 

The two prominent bands at 2310 and 2350 nm cor- 
respond to the combinations between the methylene scis- 
soring mode (6) and the asymmetric methylene stretch- 
ing (~a~) and symmetric methylene stretching (~s) modes, 
respectively. The numerous bands that  are observed in 
the region 2360 to 2500 nm are probably overtones and 
combinations involving the methylene stretching (~s and 
rag), scissoring (6), and wagging (w) modes, or the result 
of vibrational resonance effects between various overtone 
and combination modes involving these vibrations. 24,2~ It 
is interesting to note that  only very weak visual differ- 
ences are observed between the spectra of the different 
film samples, even though the samples range from 0 to 
100% HDPE. 

Calibration and Prediction Statistics. The results of 
calibration and cross-validation analyses are summa- 
rized in Table I. Cross-validation analysis results indi- 
cate that  three factors were optimal for the PCR model, 
which implies that  there are three independent sources 
of variation in the NIR spectra of the PE film samples. 
The prediction error (RMSEP) estimated from the cross- 
validation analyses is 2.48% HDPE, which corresponds 
to the entire 0 to 100 % HDPE range. It should be noted 
that  this prediction error provides only a rough estimate 
of the prediction performance of the NIR method. In a 
later section, sources of error in this work will be ad- 
dressed, and possible strategies for improvement of the 
method performance will be proposed. 

PCR Model Interpretation. Although the calibration 
and validation statistics indicate that  the NIR method 
can be used to estimate the percentage of HDPE in PE 
blend films, it is not yet clear how the NIR method 
determines this property. Furthermore, it is important 
to know whether there are other variations in the PE 
film samples or spectral effects that  can interfere with 
the determination of this property. These issues are ad- 
dressed through interpretation of the PCR calibration 
model. 

Analysis of PCR Scores. As mentioned earlier, the first 
two of the three factors used in the PCR model had to 
be rotated in order to improve their interpretability. The 
amount of spectral variation described by each of the 
three factors (after rotation) is shown in Table II. It 
should be noted that  the rotation procedure caused the 

RESULTS AND DISCUSSION 

Spectral Data. The MSC-corrected NIR spectra of sev- 
eral of the PE film samples are shown in Fig. 2. The MSC 
correction procedure was necessary for these data, be- 
cause significant baseline offset variation between the 
spectra (presumably caused by scattering variations 

TABLE II. Amount of spectral variation described by each PCR factor 
(after rotation). 

Factor number  Percentage of spectral variation 

1 46.67 
2 49.25 
3 2.56 
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FIG. 3. The PE blend samples represented in the two-dimensional 
space defined by the first and second PCR scores (after rotation of the 
original PCR factors). The sample labels refer to the HDPE percentage. 

second factor to explain more spectral variation than the 
first factor, even though this was obviously not the case 
before the rotation. 

The sample scores for the first two PCR factors are 
shown in Fig. 3. This plot indicates that  factor 1 describes 
a variation between replicate samples of the same com- 
position (for each composition), and factor 2 describes a 
variation between the 100 % HDPE samples and the rest 
of the samples. It is interesting to note that neither of 
these factors describes any differences between the sam- 
ples with different HDPE percentages between 0 and 
50% HDPE, even though they together explain almost 
96 % of the spectral variation. However, observation of 
the first and third PCR factor scores (Fig. 4) indicates 
that  factor 3 is the most relevant for the determination 
of HDPE percentage for the samples with 0 to 50% 
HDPE, even though it explains only 2.56% of the vari- 
ation in the spectra. 

Variations with HDPE Percentage. The loading for 
the second PCR factor, which describes the difference 
between the 100% HDPE samples and the rest of the 
samples, is compared to the average calibration spectrum 
in Fig. 5. This loading spectrum resembles the inverse 
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FIG. 5. The loading for the second PCR factor (after rotation), com- 
pared to the average of the spectra of the calibration samples. 

(or horizontal reflection) of the average spectrum of the 
PE samples in the region 2260 to 2500 nm, but contains 
positive peaks of the average spectrum at 2446 and 2488 
nm. It has been shown previously 16,19 that  such a pattern 
in a loading spectrum obtained with MSC-corrected NIR 
spectra (obtained from the InfraAlyzer 500 reflectance 
spectrometer) could indicate that  the factor describes a 
variation in the scattering ability of the samples. There- 
fore, because this factor is used to discriminate between 
the 100% HDPE samples and the other samples, it can 
be proposed that  this discrimination was possible be- 
cause the 100% HDPE samples have unique scattering 
properties. Although this proposed mechanism can be 
confirmed by a simple visual observation of the PE films 
(the 100 % HDPE films appear "whiter" and less trans- 
parent than the other films), this analysis provides spe- 
cific information regarding the sensitivity of MSC-cor- 
rected NIR spectra to scattering ability. 

More detailed observation of the loading spectrum for 
factor 2 reveals other spectral effects, in addition to the 
scattering effect described above. The small negative peak 
in the loading spectrum at 2272 nm is at the position of 
a known methyl combination band. 2s,27 This observation 
is expected, because the concentration of methyl groups 
in the polyethylene blends decreases as the HDPE per- 
centage (or the amount of chain branching) increases. 
An additional effect in this loading spectrum is the sharp 
positive band at 2318 nm. The sharpness of this band, 
and its proximity to the main ( ~  + 6) combination band 
at 2310 nm, suggests that  it corresponds to a special (was 
+ 6) combination band for crystalline PE. Therefore, 
this band in the loading spectrum probably indicates that  
the 100 % HDPE samples have significantly more crys- 
tallinity than the other samples, which is expected from 
earlier studies. 6 It is interesting to note, however, that  it 
is the scattering effect in the NIR spectrum that  appears 
to be more important than the crystallinity effect or 
methyl group concentration effect for the discrimination 
between the 100% HDPE samples and the other sam- 
ples. 

The loading spectrum for PCR factor 3, which explains 
the difference between the samples with different HDPE 
% values (for those samples between 0 and 50 % HDPE) 
is shown in Fig. 6. This loading contains positive peaks 
at 2274 and 2454 nm, which have been previously as- 
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signed as methyl group peaks. 2~2s More specifically, these 
two bands can be attributed to a methyl stretching/bend- 
ing combination band and second-overtone bending band, 
respectively. This observation is expected, because (as 
discussed earlier) the methyl group content should be 
inversely related to the HDPE percentage. 

The sharp negative peak at 2312 nm in the loading 
spectrum for the third PCR factor (Fig. 6), like the sharp 
2318-nm band observed in the loading spectrum for the 
second PCR factor (Fig. 5), might be a special (vas + 5) 
combination band for crystalline PE. Likewise, another 
sharp negative peak in the third PCR factor loading at 
2354 nm might be a special (v, + 5) combination band 
for crystalline PE. It is interesting to note that  each of 
these sharp peaks in the loading spectrum is slightly red- 
shifted from the dominant (v,s + 5) and (~ + 5) com- 
bination bands at 2310 and 2350 nm (Fig. 2). Earlier IR 
studies of PE 29 indicate that  an increase in crystallinity 
causes an increase in the intensity of two sharp methy- 
lene scissoring (5) bands: one at the high-frequency side 
and one at the low-frequency side of the broad scissoring 
band for amorphous PE. Therefore, it is reasonable to 
suggest that  the observed sharp bands at 2312 and 2354 
nm in the loading spectrum correspond to a crystalline 
form of PE in the blends. If this is true, our PCR results 
indicate that  the amount of crystalline PE in the blends 
increases as the HDPE content increases, which was ob- 
served to be true in earlier work. ~ 

There are numerous other bands in the third PCR 
factor loading spectrum which could be attributed to 
several different properties. For example, the negative 
peak at 2370 nm is at the same position as a peak that  
was observed to have significant dichroic activity for NIR 
studies of oriented PE films2 °,31 In the following section, 
it will be shown that  the light used for the NIR mea- 
surements in this work was not randomly polarized, and 
that  this effect in the loading spectrum could therefore 
indicate a variation in the degree or direction of orien- 
tation of the PE polymer chains in the film samples. An 
additional property that  might be represented in this 
loading is phase segregation of the LDPE and HDPE, 
which is known to occur for HDPE contents below 50 % 2 '32 
In fact, it is possible that  phase segregation is the primary 
reason why completely different spectral trends with 
HDPE percentage are observed for samples between 0 
and 50% HDPE and samples between 50 and 100% 
HDPE. However, further studies of the NIR spectrum 
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FIG. 7. (A) The loading for the first PCR factor (after rotation); (B) 
the effect of sample rotation in the sampling compartment of the spec- 
trometer (estimated from principal component analysis of the NIR 
spectra for all of the samples obtained at four different rotations for 
each sample). 

of PE are necessary to enable a more accurate assessment 
of the influence of crystallinity, molecular orientation, 
and phase separation on this analysis. 

Variation between Replicates. As discussed earlier, 
PCR factor 1 describes a variation between the replicate 
samples within each composition. Because this variation 
accounts for about half the total variation in the NIR 
spectra of the film samples, it is important to discuss its 
possible origins. The NIR spectral effect corresponding 
to this variation, given by the PCR loading for factor 1, 
is shown in Fig. 7A. 

A better understanding of the replicate sample effect 
can be obtained through observation of the results for 
the sample rotation study. The PCA results obtained 
from this study indicate that, for each film analyzed, 
there exists a unique change in the NIR spectrum from 
simple rotation of the film sample about the axis of the 
NIR source beam. Because the film samples were found 
to have a significant degree of molecular orientation (as 
determined by viewing the films under polarized visible 
light), this result indicates that  the light used for the 
NIR measurements was not randomly polarized. Fur- 
thermore, if the PCA loading that  most closely corre- 
sponds to the sample rotation effect (Fig. 7B) is com- 
pared to the loading for PCR factor 1 (Fig. 7A), which 
corresponds to the replicate sample effect in the PCR 
calibration model, a striking resemblance is obtained. 
This result indicates that  the replicate variation for the 
calibration samples might be caused by variations in the 
direction of molecular orientation of the films in the 
spectrometer, relative to the direction of polarization of 
the NIR source light. However, it should also be men- 
tioned that  an increase or decrease in the degree of mo- 
lecular orientation would also be expected to give a sim- 
ilar spectral effect if the source light was not randomly 
polarized. Unfortunately, the direction and degree of ori- 
entation of the film samples used in this work were not 
independently determined, and it is therefore difficult 
to determine the relative contributions of these two sim- 
ilar effects to the replicate variation observed in the PCR 
calibration model. However, it is important to note that  
the PCR method was able to model this interfering rep- 
licate effect, and thus enable accurate predictions of the 
HDPE % values of the samples. 

226 Volume 47, Number 2, 1993 
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In light of the above discussion, the loading for PCR 
factor 1 could indicate the NIR spectral sensitivity to 
two phenomena: (1) rotation of the orientation axis of 
the PE film relative to the polarization direction of the 
NIR source light, and (2) changes in the conformation 
of the methylene groups that  accompany changes in the 
degree of molecular orientation. For a given vibrational 
mode, the sensitivity to the first phenomenon is often 
referred to as the dichroic sensitivity. 

The first-derivative features at 2310 and 2350 nm in 
the loading spectrum for PCR factor 1 (Fig. 7A) indicate 
shifts in the two strong bands at these wavelengths (Fig. 
2). If it is assumed that  these bands correspond to the 
(v~ + 5) and (~s + 5) modes, respectively, the shifts in 
these bands might be the result of the dichroic sensitivity 
of the 5 mode 33 or the sensitivity of the 5 mode to con- 
formation of the methylene groups in the polymer 
chains24 The strong positive peak at 2368 nm is at the 
same position as a band that  was previously observed to 
have a large dichroic sensitivity. 3°,31 As discussed by Glatt 
and Ellis, ~° this band probably corresponds to the (~ + 
w) mode. If this is the case, then this band would also 
be expected to be sensitive to methylene group confor- 
mation, on the basis of earlier studies of the w mode. 29,34 
However, it should be noted that  vibrational resonance 
effects 24,25 are expected to complicate the spectra in this 
region, thus making accurate peak assignment difficult. 

Interference Fringes. Significant sources of random 
spectral variations in this analysis can be revealed through 
observation of the spectral residuals (E in Eq. 1), for 
some of the calibration samples (Fig. 8). These residuals 
indicate typical interference fringe patterns, which are 
superimposed on some spectral structure and noise. This 
result indicates that, although interference fringes were 
not visually observable in the raw data (Fig. 2), they were 
present as a weak variation in the spectra. Furthermore, 
because these fringes appear in the residuals, rather than 
in the PCR model loadings, they are considered to be a 
source of random variation in the spectra. 

Interference fringes are commonly encountered in the 
IR spectra of thin films ~,36 and are caused by the inter- 
ference of light waves that are reflected at different points 
along the depth of the sample. For this experiment, in 
which the light transmitted through the film sample is 
reflected back by the gold-reflecting background, it is 
expected that  no interference fringes would be observed, 

because all light that  is incident on the sample (except 
that  which is absorbed) should be returned to the de- 
tector. However, weak fringes were observed anyway, 
presumably as a result of small inefficiencies in the gold- 
reflecting background and light collection optics of the 
spectrometer. 

If the frequency and phase angle of the interference 
fringes are the same for each sample, then the interfer- 
ence fringe effect over all samples can be explained by 
a single linear PCR factor and, therefore, incorporated 
into the PCR calibration model as an interfering effect. 
However, this does not appear to be the case for this 
analysis, because the frequencies of the fringe patterns 
in the spectral residuals were observed to vary from sam- 
ple to sample. These variations were probably the result 
of variations in the refractive indices, thicknesses, and 
surface roughnesses of the PE film samples. Consequent- 
ly, the fringes of all samples could not be explained by 
a single PCR factor, and were thus treated as random 
spectral error. Therefore, from a calibration point of view, 
the fringes increased the "noise" of the spectral data, 
thus degrading the prediction performance of the cali- 
bration. 

Possible Improvements of the NIR Method. Although 
the NIR method described here can be precise enough 
for many applications, there are several ways in which 
the method performance could be improved. For ex- 
ample, the use of the weight percentage of HDPE fed 
into the extruder as the property of calibration might be 
of practical interest, but could have resulted in errors 
for the HDPE % values of the actual film samples that  
were used for the NIR calibration. Such errors would 
most likely have come from sample nonhomogeneities 
caused by phase segregation of the HDPE and LDPE 
before extrusion. Therefore, the use of reference analyt- 
ical analyses of the identical samples that  are used for 
NIR calibration could result in improved performance 
of the calibration. 

Regarding the interference fringe problem stated ear- 
lier, there are several special experimental and instru- 
mental procedures that  could be used to suppress such 
fringes26,37 Experimental suppression methods, such as 
the use of refractive index matching liquids and rough- 
ening of the film surface, might not be suitable for non- 
destructive process and quality analysis. However, in- 
strumental methods, such as the use of plane-polarized 
light, an IR-cavity accessory, or other special optical ar- 
rangements, would be more appropriate for such anal- 
yses. 

It should also be noted that  substantial improvement 
in the NIR method performance would also be expected 
if films thicker than 50 to 80 ~m are analyzed. Earlier 
NIR work has shown that  quantitative analyses of lam- 
inate films up to 250 #m thick can be done with the use 
of the NIR reflective-transmission method in the region 
of 2100 to 2500 nm. is Not only would the use of thicker 
films result in enhanced spectral signals, but it would 
also result in the reduction of interference fringes, which, 
in this case, would cause a significant decrease in the 
amount of useless random variation in the spectra. 

Finally, because the NIR response to HDPE percent- 
age is nonlinear (in that  different spectral trends are used 
to determine this property for HDPE contents above and 
below 50 % ), a nonlinear calibration modeling approach 
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might produce better results. Such nonlinear approaches, 
including artificial neural  networks ~s,3s and locally 
weighted regression, 4°,41 have been shown to perform more 
accurate predictions than linear multivariate methods in 
cases where nonlinearities are present. 

CONCLUSION 

This study has shown that NIR spectroscopy in the 
region 2100 to 2500 nm, combined with multivariate cal- 
ibration techniques, can be used to determine the com- 
position of thin film blends of high-density and low- 
density polyethylene. For the samples containing 50 to 
100 % HDPE,  NIR spectral effects of scattering, and per- 
haps the degree of crystallinity, are used to determine 
the I-IDPE percentage. However, for the samples con- 
gaining 0 to 50% I-IDPE, spectral effects of the methyl 
group concentration, and probably the degree of crys- 
tallinity, are used to determine the HDPE percentage. 

It was found that a variation between replicate samples 
was responsible for almost half the variation in the NIR 
spectra of the film samples. Through observation of the 
PCR model loadings and the results of a model experi- 
ment, this variation was attributed to variations in both 
the direction and degree of molecular orientation in the 
samples. Unfortunately, the relative contributions of 
these two effects to the replicate variation could not be 
determined. In addition, it should be noted that the sen- 
sitivity of the NIR method to the direction of molecular 
orientation in the film samples was brought about by the 
fact that  the NIR source light was not randomly polar- 
ized. 

Weak, but  significant, interference fringes were found 
to be present in the NIR spectra of the films. Because 
these fringes vary in their frequency, and therefore can- 
not be explained by a single linear PCR factor, they 
contribute to the random error in the spectral data, which 
ultimately limits the prediction ability of the calibration 
model. 

The prediction performance of the NIR method de- 
scribed in this work is not necessarily indicative of the 
performance of the method for more specific applica- 
tions. Substantial improvements in the method as de- 
scribed in this work could be made through optical or 
experimental suppression of the interference fringes, more 
accurate reference analyses, and the use of nonlinear 
calibration modeling. In addition, it is expected that NIR 
spectroscopy in the same spectral region would perform 
better if samples thicker than those used in this study 
(50 to 80 ttm) were used, because the spectral signal would 
be enhanced and interference fringe-based noise would 
be greatly reduced. 
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