
The Application of Multiple Regression Analysis to the
Property–Structure–Processing Relationship on
Forging of Isotactic Polypropylene

SATOSHI OSAWA,1 HIROAKI MUKAI,1 TOSHIO OGAWA,1 ROGER S. PORTER2

1 Department of Applied Material Science, Kanazawa Institute of Technology, Nonoichi, Ishikawa 921, Japan

2 Department of Polymer Science and Engineering, University of Massachusetts, Amherst, Massachusetts 01003

Received 16 April 1997; accepted 31 July 1997

ABSTRACT: The property–structure–processing relationship on the forging of isotactic
polypropylene (iPP) has been investigated by applying multiple regression analysis.
The analysis showed that the optical and mechanical properties of forged iPP can be
described quantitatively by phase structures and the compression draw ratio (CR).
For optical clarity, appropriate variables to explain the property are the smectic fraction
(Xs ) , the amorphous fraction (Xa ) and CR01 . The increase in the smectic fraction and
CR reduced the turbidity (for example, the increase in optical clarity) of the sample.
The contribution of smectic phase estimated by the analysis was about one-third of the
compression draw, as revealed by CR01 . For mechanical properties, Xs , Xa , and CR1/2

were the appropriate variables. The existence of the smectic phase reduced the tensile
mechanical properties. The effect of Xs is 12 times higher in modulus than that in
strength. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 1297–1302, 1998
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INTRODUCTION The basic equation for linear multiple regression
analysis is

In any solid-state deformation of polymers, the
Y Å a0 / ∑

j

ajXj (1)resultant physical property is correlated to mor-
phologies, such as molecular orientations, and
phase structures. The processing variables, such
as draw ratio, compression ratio, and tempera- where Y is a criterion variable and X1 , X2rrrXj
ture, also affect the morphologies.1–3 Therefore, it are explanatory variables; a0 is a constant; and
is important to understand the quantitative con- a1 , a2rrraj are the regression coefficients, which
tribution of the morphology or the processing vari- means the rate of contribution of each variables.
able to the resultant property. The method is used to describe analyses of data

The multiple regression analysis is one of the that are multivariate in the sense that numerous
statistical methods for describing the characteris- observations or variables are obtained for each
tic of the subject as a function of many factors.4,5

individual or unit.6 For example, appropriate
amounts of fillers, such as glass and talc, on im-
proving mechanical properties of polypropylene
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are controlled based on the results of multiple re-
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q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/081297-06 gression analysis.7,8 The analysis is also applied
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to optimization of the injection molding process
with multicavity molds.9

In this study, the method is applied to un-
derstand the property–structure–processing re-
lationship of planar deformation of isotactic poly-
propylene (iPP). The quantitative contributions
of draw ratio and phase structures to the optical
clarity and mechanical properties of forged iPP
are compared to each other.

EXPERIMENTAL

The isotactic polypropylene (iPP) for study (sup-
plied by the Phillips Co., Bartlesville, OK) had a
melt index of 4.0 corresponding to a molecular Figure 1 Typical DSC thermogram of iPP forged
weight (Mw ) Å 2.9 1 105. The original pellets at 507C.
were molded into 5.6-mm-thick sheet in a vacuum
press at 2207C. The molded sheets were uniaxially
compressed under isothermal conditions, at 50 In the forging experiment, iPP samples de-
and 1407C. The forging experiment consists of formed at 1407C are composed of a-crystal only,
squeezing the polymer out of the compression plus amorphous; on the other hand, the sample
zone. The compression area (1.0-inch-diameter forged at 507C contains draw-generated smectic,
cylinder) remains unchanged during forging. The a-crystal, and amorphous phases.10,11 To estimate
compression draw ratio (CR) is defined by the the phase fractions of a-crystal (Xc ) , smectic (Xs ) ,
sample thickness ratio before (d0) and after (d ) and amorphous (Xa ) , thermal analyses were per-
compression, that is, CR Å d0 /d . The range pre- formed on the forged samples with a Perkin–El-
pared in this study is up to CR of 42. A detailed mer DSC 7 calorimeter. All scans were recorded
description of the method has been given.10,11

at a heating rate of 207C/min. Figure 1 shows the
The optical transmission of forged iPP was typical differential scanning calorimetry (DSC)

measured using a micron photosizer (Seishin En- thermogram for the samples forged at 507C. The
terprise Co., SKN-1000). The transmittance (T ) exotherms for formation of the smectic phase
is a ratio of beam intensity transmitted through (DHs ) was observed at around 807C. The smectic
the sample to the intensity incident on the sam- phase reverts back to the a-crystal after the ex-
ple. The turbidity t was calculated by otherms (since the exothermic process is a transi-

tion from smectic to a-crystal) ,12 followed by the
t Å 0 ( log T ) /d (2) crystal-to-melt transition. Therefore, the heat of

fusion (DH ) indicated in Figure 1 consists of Xc

where d is sample thickness. plus Xs ; that is, DH Å (Xc / Xs )DH 7c , where
Wide-angle X-ray (WAX) analysis was made DH 7c is heat of fusion for a-crystal (33 cal/g) .13,14

with a Rigaku RAD system X-ray generator using The transition energy for smectic to crystals
Ni-filtered Cu Ka radiation. From diffraction pro- (DH 7s ) estimated in our prior study was 5.5 cal/
files of the 040 and 110 plane, the crystallite size g.12 Then the Xs , Xc , and Xa can be calculated as
was obtained by using Scherrer’s equation, as fol- follows:
lows:

Xs Å DHs /DH 7s (4)
D Å Kl /b cos u (3)

Xc Å DH /DH 7c 0 Xs (5)

Xa Å 1 0 Xc 0 Xs (6)where K is a constant, b Å (B2 0 b2
0)1/2 , B is

measured half-width of the experimental profile,
b0 is the instrument resolution, and l is X-ray For the sample forged at 1407C, there is no ex-

thotherms on DSC profile. Therefore, Xs Å 0 forwavelength. The instrumental resolution was ob-
tained from scans of single crystal silicon. the calculation of Xc and Xa in eqs. (5) and (6).
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common structural changes in both samples in-
duced by the forging. In semicrystalline polymers,
there are several factors that influence optical
clarity, such as the refractive index of phases, the
shape, and the size of spherulite. Among the fac-
tors, the refractive index would be directly related
to the phase fraction. The densities of smectic, a-
crystal, and amorphous are 0.916, 0.936, and 0.85
g/cm3, respectively.15 The density is proportional
to the refractive index. By the forging, a-crystal
transforms to smectic, which minimizes the differ-
ence in the refractive indices between crystal
(smectic is a disordered crystal form of iPP) and
amorphous phases, leading to higher transpar-
ency, that is, a decrease in t of the sample.Figure 2 The phase fractions of Xc (l ) , Xs (s ) , and

Xa (j ) as a function of the CR for samples forged The transparency of semicrystalline polymer
at 507C. film is also affected by the shape and size of spher-

ulites. We have shown that the spherulite is pan-
caked as deformation proceeds.16 At a high CR,

The modulus and strength of forged samples the layer structure is seen to be composed of a
were measured by a conventional tensile tester at stacking of deformed spherulite planes. Taka-
room temperature. The strain rate for the mea- hashi et al. have studied the structure of highly
surement of tensile modulus was 1003 (s01) . transparent polypropylene (called PURELAY).17

They suggested that the origin of the high trans-
parency is to have sheaf-like crystalline super-

RESULTS AND DISCUSSION structures instead of spherulite and to have
smaller radii of spherulites. The radii of spheru-

The phase structures of forged iPP are as func- lite along the compression direction decrease rap-
tions of draw temperature and compression draw idly by the forging because the radius is expressed
ratio (CR). Figure 2 shows the phase fractions of by D Å D0 /CR (D0 is radius of spherulite of unde-
forged iPP at 507C. A large amount of a-crystal formed iPP) if the deformation is affine. D is eval-
(Xc ) transform to smectic phase (Xs ) by a CR of uated as an average of 50 spherulites in the micro-
10. For samples forged at 1407C, on the other photograph. Figure 4 shows the D of forged iPP
hand, there was no smectic fraction. These change used in this study as a function of CR01 . The rela-
in phase fractions, especially the formation of tion between D and CR01 is almost linear, im-
smectic with draw, greatly affects the optical and plying an affine deformation. In the deformed
mechanical properties. Therefore, the fraction
and the CR are important explanatory variables
to explain the properties (criterion variables) in
the multiple regression analysis.

Optical Property

Figure 3 shows the turbidity t of forged iPP as a
function of the CR. The turbidity t seems to be
functions of smectic phase fraction and the CR.
The t of both samples forged at 50 and 1407C
decrease rapidly with increasing CR. Further, the
t of smectic generated sample (507C) is lower
than that of a-crystal sample (1407C) at a compa-
rable CR. These results suggest that at least two
factors provide optical clarity for forged iPP: One
is directly related to generation of the smectic Figure 3 The turbidity t of iPP forged at 50 (l ) and

1407C (m ) as a function of the CR.phase shown in Figure 2, and one is related to
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spherulite, the crystalline size Dc also decreases
with draw. Figure 5 shows the relation between
the Dc ( for 040 and 110 planes) and CR. The re-
sults indicate a linear relation between D2

c and
CR01 , though the data is scattered. The decrease
in the size of scatters would lead to the high trans-
parency and the structural change in the size is
closely related to CR01 . Thus, CR01 might be also
an important explanatory variable for linear mul-
tiple regression analysis expressed by eq. (1).

Let t be the criterion variable Y for the multiple
regression analysis. Then the phase fractions of
smectic (Xs ) , amorphous (Xa ) , and CR01 are
taken for this analysis as explanatory variables
of Xj because these variables are closely related
to t, as mentioned in Figures 3–5. The sum of

Figure 5 Relation between the crystallite size (Dc ) ofphase fractions Xs / Xa / Xc Å 1. Therefore, two
iPP forged at 1407C for (1, 1, 0) (m ) and (0, 4, 0) (l )of the three fractions are chosen for the analy-
planes.

sis. To compare each contribution of the explana-
tory variable to t, by comparison of each regres-

Sxx is a variance of Yj or Xj . Then, the followingsion coefficient, data must be normalized as Y *j
equation for t as three functions of Xs , Xa , andand X *j :
CR01 is obtained:

Y *j Å
Yj 0 YU j√

Sxx

(7) t Å 00.0002 0 0.310Xs

0 0.087Xa / 0.893CR01 (9)
X *j Å

Xj 0 XU j√
Sxx

(8)
This result demonstrates that the contribution

of CR01 (aCR01 Å /0.893) and Xs (aXs Å 00.310)
where Yj and Xj are data of each variable, and YV i to t are large and that of Xa is minor. The adjusted
and XV i are the average of Yj and Xj , respectively. R-square for the calculation is 0.994, indicating

that t can be well described by the sum of contri-
butions of the three variables. An adjusted R2 of
1 means that the criterion variable Y is completely
expressed by the sum of contribution of each ex-
planatory variable. The minus and plus for regres-
sion coefficients of Xs and CR01 mean to reduce
the t and to increase t, respectively. Namely, the
increase in CR reduces the t. The smectic contri-
bution is about one-third of draw as revealed by
CR01 , judging from eq. (9). When CR is taken
as a explanatory variable for this analysis, the
adjusted R2 drops to 0.64. This means that the
CR01 is an appropriate variable to describe the
optical clarity of iPP rather than CR. This also
suggests that the increase in clarity is directly
related to the decrease of spherulite diameter D
and/or crystallite size, D2

c , since they correlate
linearly to CR01 (see Figs. 4 and 5).

Mechanical Properties
Figure 4 Relation between spherulite diameter (D)

Another application of this analysis is for the ten-along the compression direction and CR01 for samples
forged at 50 (j ) and 1407C (l ) . sile properties of forged iPP. Figures 6 and 7 show
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the tensile modulus and strength of forged iPP as
a function of CR. For samples forged at 1407C,
both tensile modulus and strength parallel to the
planar direction (perpendicular to compression
direction) increased with CR. The smectic phase
generated by forging at 507C, however, reduced
the tensile modulus with no significant effect on
tensile strength. In planar deformation (forging),
DR for the planar direction equals CR1/2 .11 There-
fore, the CR1/2 is taken as a explanatory variable
in the multiple regression analysis. The analytical
equation obtained from the normalized data of Xs ,
Xa , and CR1/2 for strength and modulus are ex-
pressed by eqs. (10) and (11), respectively.

Modulus Å 0.00001 0 0.509Xs

Figure 7 The tensile strength versus CR for samples0 0.009Xa / 0.728CR1/2 (10)
forged at 50 (l ) and 1407C (m ) .

Strength Å 0.00002 0 0.043Xs

0 0.056Xa / 0.953CR1/2 (11)
highly transparent iPP with high strength, forg-
ing at 507C is recommended because the smecticThe adjusted R2 are 0.982 and 0.995 for eqs. (10)
phase is generated by the draw. For a highlyand (11), respectively. The contribution (refer to
transparent product with high modulus, on thethe regression coefficient) of the smectic fraction
other hand, forging at 1407C with a high CR isXs is 12 times higher in modulus than that in
necessary. The desirable optical clarity and me-strength. Equations (10) and (11) indicate that
chanical property of forged iPP can be designedCR1/2 contributes strongly to the tensile proper-
by using eqs. (9) – (11). The multiple regressionties. When the CR is taken as an explanatory vari-
analysis is thus useful, not only understandingable in place of CR1/2 , the R-square is not changed
the property–structure–processing relationshipsignificantly, indicating the CR is also a reason-
but also controlling the properties of forged sam-able variable to describe the tensile properties in
ples.this experimental range of the CR. To obtain

CONCLUSIONS

The multiple regression analysis is applied to un-
derstand the property–structure–processing re-
lationship on forging of iPP. The analysis showed
that the optical and mechanical properties of
forged iPP can be well described quantitatively by
phase fractions and the CR. For optical clarity,
appropriate variables to explain the property are
the smectic fraction (Xs ) , amorphous fraction (Xa )
and CR01 . The increase in the smectic fraction
and the CR reduced the turbidity of the sample.
The contribution of the smectic phase estimated
by the analysis was about one-third of the com-
pression draw, as revealed by CR01 . For mechani-
cal properties, Xs , Xa , and CR1/2 were the appro-
priate variables. The existence of smectic reduced
the tensile mechanical properties. The effect of XsFigure 6 The tensile modulus versus CR for samples

forged at 50 (l ) and 1407C (m ) . is much higher in modulus than that in strength.
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