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ABSTRACT

Poly (lactic acid) (PLA) is currently being commercialized at a large scale. Unlike 

previous applications in biomedical devices, the present interest in PLA is for various 

fibers and for packaging applications. PLA is degradable, but the rate of degradation 

may be controlled through a variety of methods thus enabling a number of uses. 

Advantages of PLA include 1) availability from renewable resources, 2) reduction in 

carbon dioxide emissions compared to conventional commodity plastics, and 3) 

significant property advantages over other materials. Cargill Dow is nearing completion 

of its first 300-million-lb-per-year PLA production plant in Blair, Nebraska. The thesis 

presented herein is comprised of four separate manuscripts. Each chapter focuses on a 

different aspect of two-step melt-spun fibers of a textile-grade PLA.

The thermal, mechanical, and morphological properties of PLA fibers are studied. 

Fibers are shown to exhibit a wide range of properties, dependent upon the combined 

effects of stress and temperature during drawing.

The supramolecular morphology of PLA fibers is elucidated in great detail for the 

first time. Using small-angle x-ray scattering and atomic force microscopy, the



morphology is found to be highly fibrillar. A complete model for PLA fiber morphology, 

depicting the skin-core morphology and alignment of crystalline regions within 

microfibrils, is presented.

Fibers spun from PLA of two different molecular architectures, one linear and one 

branched, are compared. Mechanical properties are found to be generally similar, but the 

branched demonstrates faster crystallization kinetics.

The effects of molecular weight stabilization on mechanical properties of PLA 

fibers are investigated. Addition of small amounts of tris(nonylphenyl) phosphite 

(TNPP) is shown to drastically reduce molecular weight loss during processing. 

Furthermore, mechanical properties of stabilized fibers are greatly improved over their 

unstabilized counterparts.
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Chapter 1

PHYSICAL PROPERTIES AND FIBER MORPHOLOGY OF POLYLACTIDE 

OBTAINED FROM CONTINUOUS TWO-STEP MELT SPINNING

1. Introduction

Polylactide (PLA) is currently being commercialized at a large scale. Unlike 

previous applications in biomedical devices, the present interest in PLA is for various 

fibers and for packaging applications. PLA is degradable, but the rate of degradation 

may be controlled through a variety of methods thus enabling a number of uses. 

Advantages of PLA include 1) availability from renewable resources, 2) reduction in 

carbon dioxide emissions compared to conventional commodity plastics, and 3) 

significant property advantages over other materials. PLA structure is shown below:

CH3 O

O CH3

An important feature of PLA is that its monomer possesses chirality. The lactide 

monomer may contain identical stereocenters (L:L or D:D) or enantiomeric stereocenters
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(L:D). In the structure above, the L and D stereochemical centers are dictated by the 

orientation of the methyl groups.

In the literature, solution-spun fibers of PLA, typically containing 100% L-isomer, 

have been widely studied, especially for biomedical applications. Horacek et al.1 

examined surface structure of porous fibers spun from high-molecular weight PLLA (L:D 

ratio of 100:0). Leenslag et al.2 and Gogolewski et al.3 also used very high-molecular 

weight material for solution spinning directed at the biomedical field. Fambri et al.4 were 

able to obtain fibers with tensile strength and modulus of 1.1 and 10 GPa, respectively, 

but did so with a PURAC brand biomedical material having Mv = 660,000. Production 

rates were very low. Similarly, Leenslag et al.5 produced fibers with tensile strength and 

modulus of 2.1 and 16 GPa from PLLA with Mv = 900,000. Generally, fibers of very 

high strength and modulus have been prepared by solution spinning with an emphasis on 

biomedical (primarily sutures) applications.

Melt-spun fibers of PLA have also been studied. Incardona et al.6 employed melt 

spinning to produce PLA fibers of high molecular weight, again for biomedical 

applications. Eling et al.7 polymerized PLLA of high molecular weight and spun fibers 

with tensile strengths of 0.5 GPa. Fambri et al.8 used a melt-spinning and hot-drawing 

process to obtain fibers with impressive properties: strength of 0.87 GPa and modulus of

9.2 GPa. However, the starting material was again of high molecular weight, the process
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resulted in a molecular weight loss of about 70%, and collection rates were extremely 

low (on the order of 5 m m in'1). Schmack et al.9 spun fibers with a two-step melt- 

spinning and cold-drawing process at collection rates suitable for the textile industry 

(approximately 1000 m min"1). A tensile strength and modulus of 0.46 and 6.3 GPa, 

respectively, were obtained, although crystallinity remained quite low because the 

starting material consisted of 92% L-lactide and 8% meso-lactide units. Spmiell et al.10 

obtained fibers of 0.385 GPa strength and 6 GPa modulus by high-speed melt spinning. 

Recently, Yuan et al.11 with another PURAC 100:0 high-molecular weight PLLA, 

produced fiber with a strength of 0.6 GPa and modulus of 5.4 GPa using a two-step 

method. However, the second-stage drawing apparatus was self-constructed and 

collection speeds were low.

Previous studies in the literature tend to involve fibers produced from rather 

expensive material of very high molecular weight. Most of the past work has either dealt 

with 100:0 L:D materials, biomedical applications, solution spinning, low collection 

speeds, or some combination of these. Little information is available concerning 

commercial grades of PLA suitable for textile or other fiber applications. The focus of 

this work is the effect of processing conditions on the thermal, mechanical, and 

morphological properties of melt-spun fibers of a textile-grade PLA containing a 98:02 

ratio of L:D stereochemical centers.
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2. Materials and Methods

2.1 Materials

The polylactide used in this study was 6200D standard staple-fiber-grade, with an 

L:D ratio of approximately 98:02, provided by Cargill Dow (Minnetonka, MN). Two 

batches of PLA resin were used. Initial molecular weights for Batch 1 were Mn = 47,600 

and Mw = 98,500, respectively, as measured by GPC and light scattering, while those for 

Batch 2 were Mn = 58,100 and Mw = 108,700. Prior to processing, the pellets were dried 

by spreading a 1-inch thick layer in the bottom of a stainless steel pan and placing it in a 

convection oven at 82 °C overnight (approximately 14 hours). Expected water 

concentrations after drying were 100 ppm.12

2.2 Methods

Fibers were prepared by a two-step melt-spinning process. The apparatus consists 

of a Killion KL-125 single screw extruder mated to a pilot scale Killion monofilament 

line. Polymer was melted and pressurized in the extruder prior to being fed to the 

monofilament gear pump. The monofilament line is depicted in Figure 1-1. The gear 

pump fed material through a spinneret of 2.16 mm; the polymer strand was then 

quenched in a water bath. From the water bath, the fiber passed around a heated godet 

kept at 65 °C, then through a radiant heating zone, around a second heated godet, through 

a nip roller, and finally onto a take-up winder.
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Godet 2

Radiant Heating 
Zone

Nip
Roller

n
Godet 1

u

Take-up  ̂
Winder

o
Air Wipe

Gear Pump

Water 
Bath

Figure 1-1. Schematic of the two-step pilot-scale monofilament line used in this study. 

A radiant heating zone operates between two variable-speed godets.
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The melt draw ratio, which is the ratio of the velocity at the first godet to that at the 

spinneret, was kept constant at 40. In this study, the draw ratio (DR) refers to the cold- 

draw ratio, defined as the ratio of the velocity at the take-up winder to the velocity at the 

first godet. The nip roller and take-up winder speeds were adjusted to keep a slight 

tension on the fiber. The first godet was operated at 60 feet per minute (FPM), and the 

speed of the second godet (and the winder) was varied to provide different draw ratios. 

Radiant heating levels of 50, 75, and 100% of full scale, corresponding to radiant heating 

element temperatures of 430, 535, and 620 °C, were employed. This approach allowed a 

thorough investigation into the effects of strain and temperature on fiber properties.

Light scattering, with THF as a solvent, was used to determine molecular weight 

of the starting PLA resin as well as the spun fibers. The molecular weight loss during 

processing was defined as

M —M e
MWLoss = — —------ —xl00% , (1)

Mwr

where Mwr and MWf are the weight-average molecular weights of the resin and fiber, 

respectively.

Differential scanning calorimetry (DSC) scans were performed using a Perkin- 

Elmer DSC 7, which was calibrated with an indium standard prior to each set of analyses. 

Samples were prepared by cutting fibers into pieces of 2-4 mm in length and drying in a
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vacuum oven at 40 °C overnight, then placing approximately 10 mg into each aluminum 

pan.

Shrinkage in boiling water experiments were carried out on the fibers made from 

Batch 1. From each draw ratio, five fibers were selected at random and their lengths 

measured. The fibers were then submerged in boiling water (the bath was at 93 °C due to 

high altitude) for 15 minutes. After removal from the bath, the length of each fiber was 

again measured. The percent shrinkage was defined as

I - I
% Shrinkage = —----x 100% , (2)

K

where lQ and I are the lengths of the original and shrunk fibers, respectively. Results were 

reported as the averages of five fibers for each draw ratio.

Mechanical properties were measured using an Instron tensile testing device fitted 

with fiber fixtures. Specimens of 2-inch length were tested at a crosshead speed of 1.2 

in/min using a 2-kg load cell. Diameters were measured using an optical microscope and 

LECO image analysis software after calibration. Results were reported as averages of ten 

tests for each sample.

The morphology of the PLA fibers was examined using atomic force microscopy 

(AFM). To prepare each sample, a razor blade was used to make a notch nearly parallel



to the fiber axis. The fiber was then pulled apart longitudinally to reveal an unscratched 

inner surface. An approximately 1-cm long section of the “shed” fiber was placed on a 

magnetic AFM disk using double-sided tape.

A Digital Instruments NanoScope Ella AFM operating in tapping mode (height 

and phase) was employed. A low scanning rate of 0.7 Hz was used for optimum 

accuracy. Typical amplitude setpoints ranged from 0.4-0.8 V. Silicon Nanoprobe™ tips 

with resonant frequencies near 330 kHz were used.

3. Results and Discussion

Two sets of data are described in this section. In the first, the radiant heater level 

is constant at 75% and the draw ratio is varied between 1 and 8. The PLA resin is from 

Batch 1. In the second data set, fibers formed from Batch 2 under nine different spinning 

conditions are described. Three different draw ratios (5, 6, and 7) and three different 

radiant heater levels (50, 75, and 100% of full scale) are employed to observe the 

combined effects of draw ratio and temperature.

A short description of processing effects on fiber appearance is warranted. Figure 1-2 is 

a photograph of the eight fibers spun from Batch 1, with the numbers above each strand 

indicating the draw ratio. Fibers spun at DR = 5 or less are translucent and essentially 

indistinguishable except for size differences. However, above DR = 5, opacity increases
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Figure 1-2. Images of PLA fibers drawn to eight different draw ratios showing that fibers 

become opaque above draw ratios of 5. Insets show optical microscopy 

images for DR = 5 and DR = 8; evidence of surface fracture or crazing is 

evident.
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significantly. Fibers drawn to DR = 8 are completely white. This change is possibly due 

to surface crazes, which apparently develop as a result of the high stresses imparted 

during drawing. The left and right insets of Figure 1-2 are images from an optical 

microscope, operating in transmission mode, of fibers processed at draw ratios of 5 and 8, 

respectively. The surface of the DR = 5 fiber is smooth and the bulk of the fiber allows 

light to pass through relatively easily. The image of the DR = 8 fiber, on the other hand, 

reveals a fiber that does not allow much light transmission. Furthermore, the dark and 

light bands perpendicular to the axis indicate areas where crazing is present.

The molecular weight loss results for each batch are summarized in Table 1-1. A 

28% MW loss is exhibited for Batch 1, while the loss for Batch 2 is 43%. One of the 

main degradation mechanisms for PLA is through hydrolysis. Consequently, MW loss is

Table 1-1. Molecular weight losses during processing.

Batch
Radiant Heater 

Levels Draw Ratios 4/wr Mwf MW Loss
1 75% 1,2,3,4,5,6,7,8 98,500 71,300 28%
2 50,75,100% 5,6,7 108,700 61,700 43%

highly affected by moisture content. Although the polymer resin is dried prior to 

processing, water uptake may still occur while the pellets are sitting in the hopper. 

Differences in relative humidity between the days that Batch 1 and Batch 2 were
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processed might account for the varying extents of degradation. However, MW loss is 

found to be independent of the day the material is processed, the draw ratio, and radiant 

heater level. It thus appears that nearly all of the degradation occurs in the extruder and 

is independent of the specific day of drying. Accordingly, if the degradation is due to 

hydrolysis it must come from the residual water level of approximately 100 ppm. Under 

these conditions, a greater percent loss is expected for higher molecular weight materials.

DSC thermograms of samples from Batch 2 drawn at 75% radiant heat are shown 

in Figure 1-3. The melting temperature, r m, is taken as the temperature at the maximum 

of the melting endotherm. Melting peaks for all samples are in the range of 157-164 °C. 

In some cases, a distinct second peak appears a few degrees lower than the main peak. In 

others, a clear shoulder can be seen on the low-temperature side of the melting peak. 

Similar observations have been made by Fambri et al.8 and Spruiell et al.10 Melting 

temperature is related to lamellar thickness through the Thomson equation:1314

where L is the lamellar thickness, is the surface free energy per unit area, A/ff is the 

melting enthalpy per unit volume of an infinite single crystal, Tm° is the melting 

temperature of the infinite single crystal, and Tm is the observed melting temperature. 

For PLA with an L:D ratio of 98:02, <7e = 48 mJ/m2, A//f = 93.6 J/g = 1.16xl08 J/m3, and

L = 2(7
(3)



He
at 

Flo
w 

En
do

 
U

p

12

DR=7

DR=6

DR=5

200130 140 150 160 180 190170

Temperature (°C)

Figure 1-3. DSC thermograms of samples drawn at a 75% radiant heat setting. Draw 

ratios influence the distribution of lamellae thicknesses found in the fibers
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Tm° = 200 °C.15 The dependence of melting temperature and lamellar thickness on draw 

ratio (for Batch 1) is shown in Figure 1-4. Calculations are based on the highest observed 

Tm. Lamellar thicknesses lie in the range of 10-11 nm. A definite transition occurs at DR 

= 5, where the melting temperature and lamellar thickness begin to increase, rather than 

decrease, with draw ratio. It is difficult to assign much significance to this

165

10.9164

10.6

10.3162

10.0161

9.7160
6 92 4 5 7 80 31

Ec

l
I

DR

Figure 1-4. Melting temperature and lamellar thickness as functions of draw ratio.

phenomenon due to the small spread in the observed values. It is apparent from the 

magnitude of the lamellae thicknesses that the observed shoulders and secondary peaks 

are most likely due to varying lamellae thicknesses being present in the respective fibers.
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Figure 1-5 presents a plot of percent crystallinity vs. radiant heat for draw ratios 

of 5, 6, and 7. Percent crystallinity is determined by dividing the area under the melting 

endotherm by a value of 93.6 J/g for 100% crystalline PLA.16 It is clear that temperature 

(radiant heater level) has an important effect on crystallinity. For most polymers, 

crystallization kinetics are fastest in the vicinity of (Tg + Tm) /  2.17 Isothermal 

crystallization studies performed on PLA confirm this, yielding an approximate Fcryst.max 

of about 110 °C.12 This value is consistent with our observations of the crystallization 

trough in DSC scans. Stress-induced crystallization likely has a different Tcrysumax than 

quiescent crystallization. In order to understand the temperature effects more clearly, an 

elementary heat transfer model is developed. While this model provides only an estimate 

of the actual fiber temperatures, it does aid in understanding the observed effects.

A model for the heat transfer in the radiant heating zone is employed to 

approximate the temperature of the fiber during drawing. Highly polished aluminum 

reflectors form a cylinder around the heating zone, where the fiber passes underneath the 

nichrome heating element consisting of two parallel tubes. Thus there are three 

mechanisms for heat transfer to the fiber: 1) radiation from the heating element, 2)

radiation from the reflectors, and 3) convection from the air. At radiant heater levels of 

50, 75, and 100%, measured heating element temperatures are 430, 535, and 620 °C, 

corresponding to average reflector temperatures of 159, 202, and 254 °C and air 

temperatures of 98, 135, and 175 °C.
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Radiation from the heating element to the fiber is modeled as parallel cylinders of 

different radii.18 Assuming that the two surfaces are gray bodies exchanging heat with 

each other and nothing else, the net rate of heat transfer is given by equation 4:

_________fffe-r;)
+ (  1 / ) + (1 - £ f1

/  £ / / Ay i /  Fh f  J /  £/t Af

o  = -, r_______ r_V£ ifV _____   (4 )
x-'rad,heater ( i  _  \  /  Z  X  Z i  _  \  /  ’ v /

in which the subscripts H and F refer to the heater and fiber, respectively, T is the 

temperature, A  is the surface area (circumference times length for each cylinder), e is the 

emissivity, and Fhf is the shape factor. Physical property values are given in Table 1-2.

Table 1-2. Physical property values for use in heat transfer modeling.

Stefan-Boltzmann constant, a  
Emissivity of heating element, %
Emissivity of fiber, 5F 
Reflectivity of reflectors, fR 

Length of heating zone, Lz 

Surface area of heating element, AH

Surface area of reflectors, AR 
Distance between element and fiber, 5 
Prandtl number for air at 371, 408, and 448 K

Kinematic viscosity, vA xlO5, for air at 371, 408, and 448 K

Thermal conductivity of PLA, k
Density of PLA, p

5.67x10 W-m -K 
0.96 
0.95 
0.96 

0.305 m 

8.95x10‘3 m2

0.096 m2 
0.045 m 

0.695, 0.689, 0.686

2.34, 2.76, 3.23

0.2 W-m '-K"1 

1240 kg-m3

Heat capacity of PLA, Cp 1800 J-kg -K~
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The fiber diameter used in calculating heat transfer is assumed to be the fiber diameter at 

the entrance to the radiant heating zone, which is approximately 300 pm. The initial fiber 

temperature, Tp, is assumed to be 65 °C (the temperature of the first godet). The shape 

factor, F Hf ,  is given by equation 5:18

where

s = X ’ (7)

C = l + /? + S , (8)

r is the radius of the respective cylinder and s is the edge-to-edge distance separating the 

cylinders.

Radiation from the aluminum reflectors to the fiber is modeled as long, concentric 

cylinders. The rate of heat transfer as Af/Ar approaches zero is given by equation 9:19

a ^ = < T £ fiAf (r„4 - r ; ) ,  (9)

where the subscript R refers to the reflector. The emissivity of the reflector is assumed to 

be equal to its reflectivity.



18

The convective heat transfer from the air to the fiber is given by equation 10:

-  2) ), (10)

where the subscript A denotes air. To evaluate the convective heat transfer coefficient, h, 

the Reynolds number (Re) and Prandtl number (Pr) must first be calculated. The Nusselt 

number for flow over a flat plate is then given by the following correlation:

N u =!j ^  = j ;  (11)

&F is the thermal conductivity and is approximated by the value for PET.

The total rate of heat input to the fiber is obtained by summing the three 

contributions. The change in enthalpy of the fiber, AH, is the product of the total rate of 

heat input, Q, and the fiber residence time in the heating zone, 0:

AH  = Q6 . (12)

The temperature rise in the fiber is obtained from the enthalpy change, the mass of the 

fiber in the radiant heating zone, m, and the fiber heat capacity, Cp:

AT = - ^ - .  (13)
mCp

The final fiber temperature, Tfiber, is given by

Taber = AT+ 65  °C, (14)



19

where the 65 °C is added because it is the temperature of the fiber at the entrance to the 

heating zone.

Figure 1-6 presents a plot of the calculated fiber temperatures vs. draw ratio at the 

three radiant heater levels. Figure 1-5 shows that for 50% radiant heat, the maximum 

crystallinity occurs at DR = 6, or that TcrysUm3LX = 69 °C. When the radiant heater is set at 

75%, a draw ratio of 7, corresponding to a temperature of 72 °C, gives the maximum 

crystallinity. There is no single TcrysUmax for fiber drawing because of the combined 

effects of temperature and stress.

U
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Figure 1-6. Calculated fiber temperature as a function of draw ratio for different radiant 

heater settings.
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Figure 1-7 is a plot of percent crystallinity and shrinkage in boiling water vs. draw 

ratio for Batch 1 (fixed radiant heater level of 75%). At very low draw ratios (1 and 2), 

the stress-temperature-time profile is insufficient to induce crystallization and the fiber 

remains amorphous. At DR = 3, 4, and 5, a transition occurs in the percent crystallinity. 

At draw ratios of 6 and above, crystallinity plateaus around 50%. Shrinkage in boiling 

water is also non-monotonic and is generally inversely proportional to the percent 

crystallinity. Shrinkage is attributed to the oriented amorphous polymer chains reverting 

towards a random-coil conformation,10 while crystals tend to anchor the amorphous 

chains and impede shrinkage. At DR = 2, the fiber is 100% amorphous, however, the 

molecules are evidently not completely stretched. At draw ratios of 3 and 4, crystallinity 

is developed, but the amorphous chains have been sufficiently stressed to produce 

additional elongation. Consequently, the fiber loses almost 60% of its original length in 

boiling water. In boiling water, the fiber is above Tz but well below 7m, indicating that 

the amorphous phase is certainly responsible for most of the molecular movement 

involved in shrinkage. The difference between the values obtained for DR = 3 and DR = 

5 demonstrate that the percent amorphous content alone does not explain the trend. For 

draw ratios of 6 and higher, shrinkage plateaus at about 20% corresponding to the plateau 

in crystallinity.
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Typical stress-strain curves for three draw ratios (1,3,  and 6) of Batch 1 material 

are shown in Figure 1-8. At DR = 1, it is clear that the fiber is brittle and weak, due to 

non-aligned natures of the molecules. Increasing the draw ratio to 3 causes a drastic 

change in tensile behavior. The polymer chains are partially oriented, providing some 

strength, but certainly not fully extended. The result is that once the fiber passes through 

a yield point during tensile testing, it undergoes a very long necking period, up to about 

60% extension, where the stress applied remains nearly constant. In this region, the 

molecules gradually uncoil and become oriented. The fiber is now stiffer and the stress 

applied begins to increase. In fact, as the strain reaches the break value near 1.8 (or 

180% extension), the translucent, shiny fiber turns dull and slightly white, indicating 

possibly crystallizing and/or forming crazes. Fibers drawn to DR = 6 do not exhibit the 

long necking phenomenon, but rather pass through the yield point and proceed steadily 

up to the fracture point. In all cases, modulus is determined by the slope at low 

deformations, while tensile strength and strain-at-break are taken at the point of fracture, 

which is also the point of highest stress.
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Figure 1-8. Typical stress-strain curves for PLA fibers produced by melt spinning and 

cold drawing; draw ratios of 1,3, and 6 are shown.
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A plot of modulus vs. draw ratio is shown in Figure 1-9 for a radiant heat setting 

of 75%. At low draw ratios, modulus steadily increases as the cold drawing of the fiber, 

and thus the alignment of polymer chains, increases. From DR = 5 to DR = 6, however, 

there is a jump from 2.3 GPa to 3.1 GPa. Beyond DR = 6, further drawing of the fiber 

does not result in increased modulus. In fact, the modulus drops off slightly, possibly 

because of crazing, but is essentially at a plateau value of around 3 GPa.

3.5 r
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0  2 -5  -

1  2.0 -
s
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0 1 2 3 4 5 6 7 8 9

Draw Ratio

Figure 1-9. Modulus as a function of draw ratio. Note the sharp transition between draw 

ratios of 5 and 6.
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To optimize PLA cold drawing, it is important to understand the effects of 

temperature. Figure 1-10 presents a plot of modulus vs. radiant heater level. At a draw 

ratio of 5, 50% radiant heat produces the highest modulus value (2.8 Gpa). Radiant 

heater levels of 75% and 100% provide too much heat and there is not enough

3.5

3.1

S  2.7 
O
J3

£  2.3

1.9
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40 50 60 90 100 11070 80

Radiant Heater %

Figure 1-10. Modulus as a function of radiant heater level demonstrating the existence 

of optimum drawing temperatures.

deformation to develop the modulus significantly. Presumably this is due to a lack of 

molecular orientation leading to the observed low crystallinity. Upon increasing the draw
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ratio to 6, the modulus at 50% radiant heat does not improve; it is already at the high 

draw ratio plateau. However, at 75%, the modulus increases to 3.1 GPa due to greater 

stress being simultaneously applied to the fiber with sufficient heat to allow molecular 

organization. At 100% and DR = 6, the temperature is too high for the applied stress, and 

the modulus is only 1.9 GPa. The results for DR = 6 clearly show that the temperature in 

the cold-drawing region can be optimized to maximize modulus. Increasing the draw 

ratio to 7 shows that the moduli have reached a plateau at both 50% and 75% radiant 

heat. At 100%, there is now enough stress to achieve considerable molecular orientation 

and the modulus drastically improves. As with percent crystallinity, the draw ratio 

required to reach the maximum modulus increases with radiant heater level, and the 

maximum attainable modulus occurs at the highest radiant heater level and highest draw 

ratio. This result makes sense, given that at higher draw ratios, the polymer chains are 

aligned and extended more. The residence time in the heater (which depends on draw 

ratio) dictates the temperature of the fiber, which strongly influences the achievable 

properties.

A plot of tensile strength vs. radiant heater level exhibits the same trend; this is 

shown in Figure 1-11. There is one exception: at 75% radiant heat, the strength goes 

through a significant maximum at DR = 6 rather than reaching a plateau. Further 

studies20 show that at 100% radiant heat, the tensile strength peaks at 0.38 GPa at DR = 7 

and decreases to 0.32 GPa at DR = 8. The decrease in strength at very high draw ratios
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may be due to the fiber being stressed so much that many of the amorphous polymer 

chains have slipped past each other. It is also possible that crazes have begun to form.21 

As with modulus and percent crystallinity, maximum achievable strength is highest at 

100% radiant heat and a draw ratio of 7.
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Figure 1-11. Tensile strength as a function of radiant heater level.
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The dependence of tensile strength on draw ratio is demonstrated in Figure 1-12. 

At low draw ratios, as with modulus, strength steadily increases with increasing draw 

ratio up until DR = 5. Strength then jumps from 0.24 GPa at DR = 5 to 0.35 GPa at DR = 

6 .

Draw Ratio

Figure 1-12. Tensile strength as a function of draw ratio.
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Figure 1-13 shows a plot of strain-at-break vs. draw ratio. Here the behavior is 

profoundly different than the results for modulus and strength. Namely, the strain-at- 

break first increases, then decreases with increasing draw ratio. There is evidently an 

optimal level of molecular-scale orientation that provides the maximum extension-to- 

break. The results imply that an oriented but uncrystallized material possesses the 

greatest extension-to-break.
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Figure 1-13. Strain-at-break as a function of draw ratio, exhibiting a non-monotonic 

response.
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To examine temperature effects on this property, a plot of strain-at-break vs. 

radiant heater level is presented in Figure 1-14. Decreasing strain-at-break with 

increasing draw ratio is again evident. At 50% radiant heat, the polymer chains are 

nearly at their maximum extension (for the given fiber temperature) for all three draw 

ratios and the strain-at-break stays around the plateau value of about 40%. At 75% 

radiant heat, the fibers drawn to DR = 5 are not fully extended, resulting in strain-at- 

break values of over 80%. Upon increasing to 100% radiant heat, the polymer chains in 

the DR = 5 fibers are extended so little that the fiber can be stretched to almost
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Figure 1-14. Strain-at-break as a function of radiant heater level.
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twice its original length before breakage. The fiber drawn to DR = 5 at 100% radiant 

heat, which is estimated to be at 80 °C in the heating zone, must posses little alignment of 

molecules. Increasing the draw ratio to 6 or 7 at 100% radiant heat brings down the 

temperature of the fiber, allowing cold drawing and greater molecular orientation.

A tapping mode phase AFM image of a fiber drawn to DR = 6 at 75% radiant heat 

is presented in Figure 1-15. The arrow indicates the direction of the fiber axis. The 

morphology is clearly fibrillar. Preliminary analysis provides nanofibril diameters in the 

vicinity of 40 nm. A schematic of fibrillar morphology, observed in PET, is depicted in 

Figure 1-16.22 Within each microfibril, alternating lamellae of crystalline and amorphous 

regions exist. Interfibrillar domains consist of aligned but noncrystalline molecules; 

these polymer chains are referred to as interfibrillar tie molecules.23 This model, where 

the crystallites and amorphous regions in adjacent microfibrils are staggered, contrasts 

with that of Nylon 6 in which the crystallites in adjacent microfibrils are reportedly 

aligned in a lamellar fashion.24 Each microfibril in these models is not necessarily a 

separate entity; one might terminate by connecting to another microfibril or it may branch 

into two others. This connecting type of phenomenon is evident in Figure 1-15. The 

figure also exhibits some features perpendicular to the microfibrils that might be 

interpreted as lamellae. Despite considerable effort using the AFM technique, no clearer 

images of the lamellae stacks could be observed to date.
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JLIM

Figure 1-15. Atomic force microscope image of the inner surface of a fiber drawn at 

75% radiant heat, DR = 6. Arrow indicates fiber axis.



33

Microfïbrils

m i / ^ 7

n '
Interfibrillar Area j \ > 

(Oriented But 
Uncrystallized 

Molecules)

j i „ .  Crystallites

W! Amoiphous
Unoriented 

|]{ Regions

fLMifiIflIllilïlfi
Figure 1-16. Schematic of the microfibrillar morphology24. The fiber 

axis is vertical.

During room-temperature drawing, such as tensile testing, the microfibrils 

themselves may not change much, but could slip past each other via extension or 

breaking of interfibrillar tie molecules. Modulus, which is dependent upon low- 

deformation stiffness, is sensitive to the number, or fraction, of taut interfibrillar tie 

molecules. If all interfibrillar tie molecules were taut prior to tensile testing, then the 

low-deformation stiffness would be large. This behavior is seen in the fibers of Batch 1 

with DR = 8. In contrast, a partially drawn fiber would require a large deformation 

before the fraction of taut tie molecules is significantly high. The DR = 2 fibers exhibit 

this type of behavior.
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While modulus is maximized by increasing the fraction of taut interfibrillar tie 

molecules, tensile strength depends on the ratio of interfibrillar area to total area. It is 

believed that fracture occurs when microfibrils slip past each other.24 If there is a large 

area of interfibrillar tie molecules, the microfibrils will simply slip past each other due to 

the weak interactions between them. Essentially, the tie molecules are unrestricted by the 

microfibrils, and may freely deform. Theoretically, reducing the interfibrillar area so that 

the microfibrils are close-packed will impede the slippage, increasing tensile strength. 

Taking that idea one step further by eliminating the interfibrillar area results in one giant 

microfibril with a diameter equal to that of the fiber. The tensile strength of the fiber will 

then be equal to the strength necessary to break apart the microfibril. Fiber morphology 

is being studied further and will be elucidated in greater detail in a future publication.

4. Conclusions

Fibers produced from PLA using a two-step melt-spinning and cold-drawing 

process can be manipulated to exhibit a wide range of physical properties. For example, 

moduli between roughly 1 and 3 GPa are achievable while tensile strengths between 0.10 

and of 0.35 GPa are obtainable. Strain-at-break reaches a plateau at high draw ratios of 

about 40% for all radiant heater levels, but at lower draw ratios can exceed 150%. 

Generally, a trade-off exists between higher modulus / lower extensibility and lower 

modulus / greater extensibility. This is attributed to the amount and extent of orientation
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in the amorphous phase. At a fixed radiant heater level of 75%, there is a rather abrupt 

transition at a draw ratio of 5 where the mechanical properties undergo a large change.

At a given radiant heater level, increasing the draw ratio tends to result in fibers 

with higher moduli and strengths. This is evidently due to increases in both orientation 

and crystallinity. The results point to the importance of the temperature in the cold- 

drawing region of the two-step process. Examples of specific optimums are given for the 

present material at the fixed draw ratios studied.

The thermal, mechanical, and morphological properties of the fibers have been 

measured using DSC, shrinkage in boiling water, tensile testing, and atomic force 

microscopy. Percent crystallinities fall in the range of 0-50% and generally increase with 

increasing draw ratios. Shrinkage in boiling water is almost 60% for low draw ratios but 

falls to 20% at high draw ratios. Preliminary AFM studies clearly show that a fibrillar 

morphology develops during processing. This study demonstrates how fibers with a wide 

range of properties can be successfully spun from a textile-grade 98:02 L:D PLA resin 

using a two-step process. The results suggest optimum processing conditions for such 

materials depending on the desired properties.
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Chapter 2

SUPRAMOLECULAR MORPHOLOGY OF TWO-STEP 

MELT-SPUN POLYLACTIDE FIBERS

1. Introduction

Globalization of the industrial revolution brings pressing questions about the 

sustainability of the present structure of the plastics industry. Reductions in embedded 

energy content are desirable from both economic and environmental perspectives. As the 

industrial world is becoming more focused on environmentally benign manufacturing, 

interest in plastics from renewable resources intensifies. A worldwide developmental 

effort is currently underway for polylactide (PLA), a polyester that can degrade under 

appropriate conditions but which can be manipulated to maintain a long service life under 

other conditions. The many advantages of PLA include 1) availability from renewable 

agricultural resources, such as com, 2) reduction in carbon dioxide emissions compared 

to conventional commodity plastics, 3) improvement of farm economies, and 4) excellent 

processability. In addition to its biodegradability, PLA is readily broken down thermally 

or by hydrolysis. Cargill Dow is wasting no time: a production plant in Blair, Nebraska 

with an annual capacity of 300 million pounds is nearing completion. Primary markets 

for PLA include packaging, film, and fibers.
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From a scientific viewpoint, one of the most intriguing features of PLA is that the 

monomer possesses chirality. The lactide monomer may contain identical stereocenters 

(L:L) or enantiomeric stereocenters (L:D). Copolymers of varying L:D composition may 

be formed using different ratios of monomers. Generally, L-units are present in greater 

amounts than L-units. Given that the L-units can serve as defects in an L-chain, fully 

amorphous materials can be made by including relatively high L content (greater than 

15%) while highly crystalline materials are obtained when L content is low (less than 

2%).

In the literature, several groups have reported mechanical properties of solution- 

spun1'5 and melt-spun611 PLA fibers. Scanning electron microscopy (SEM) has been 

used by Yuan et al.,11 Fambri et al.,16 and Leenslag et al.4 to examine surface structure 

with attention paid to roughness and fracture surfaces. Other groups, such as Hoogsteen 

et al.12 and Eling et al.,7 have used wide-angle x-ray scattering (WAXS) to examine 

crystal structure. However, a comprehensive study of the supramolecular morphology of 

PLA fibers has not appeared in the open literature, and this is the aim of the present work.
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2. Materials and Methods

2.1 Materials

The PLA resin used in this study was 6200D standard staple-fiber grade, provided 

by Cargill Dow (Minnetonka, MN) in the form of pellets. It had a 98:02 ratio of L:D 

stereochemical centers. Light scattering and GPC experiments indicated that number- 

and weight-average molecular weights were M n = 47,600 and Mw = 98,500, respectively. 

Prior to processing, the pellets were dried by spreading a 1 -inch thick layer in the bottom 

of a stainless steel pan and placing it in a convection oven at 82 °C overnight 

(approximately 14 hours). Post-drying water concentrations were expected to be about 

100 ppm .13

2.2 Methods

A two-step melt spinning process was used to produce the fibers. The apparatus 

consists of a Killion KL-125 single screw extruder mated to a Killion monofilament line. 

In this study, the draw ratio (DR) is the cold-draw ratio, defined as the velocity of the 

fiber at the take-up winder divided by the velocity at the first godet. The first godet was 

kept at 60 feet per minute and the speed of the take-up winder was adjusted to provide 

draw ratios from 1 to 8 .

Differential scanning calorimetry (DSC) scans were performed using a Perkin- 

Elmer DSC 7, which was calibrated with an indium standard prior to each set of analyses.
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Samples were prepared by cutting fibers into pieces of 2-4 mm in length and drying in a 

vacuum oven at 40 °C overnight, then placing approximately 10 mg into each aluminum 

pan. The samples were scanned from 25 °C to 200 °C at a rate of 15 °C/min.

Dynamic mechanical thermal analysis (DMTA) was performed using a 

Rheometric Scientific ARES rheometer fitted with fiber fixtures.14 Each strand was 

chosen at random and the diameter obtained using an optical microscope in conjunction 

with LECO image analysis software. Gauge lengths were 32.5 mm. The fibers were 

loaded at room temperature with a pre-strain of 3%. The temperature sweep was started 

at 30 °C and ramped to 130 °C at 2 °C/min. A frequency of 1 Hz and a strain amplitude 

of 0 .2% were used for all samples.

Five fibers from each draw ratio were selected randomly for shrinkage in boiling 

water experiments. Following measurements of initial lengths, the fibers were 

submerged in boiling water (the bath was at 93 °C due to high altitude) for 15 minutes. 

After removal from the bath, the length of each fiber was again measured. The percent 

shrinkage was defined as

I - I
% Shrinkage = — x 100% , ( 1 )

K

where l0 and I are the lengths of the original and shrunk fibers, respectively. Results were 

reported as the averages of five fibers for each draw ratio.



42

The morphology of the PLA fibers was examined using small-angle x-ray 

scattering (SAXS) and atomic force microscopy (AFM). SAXS data were obtained at the 

Oak Ridge National Laboratory. The fiber samples were carefully wrapped around an 

aluminum frame and mounted vertically. The sample-to-detector distance was 5.12 m.

To prepare each AFM sample, a razor blade was used to make a notch nearly 

parallel to the fiber axis. The fiber was then pulled apart longitudinally to reveal an 

unscratched inner surface. An approximately 1-cm long section of the “shed” fiber was 

placed on a magnetic AFM disk using double-sided tape. A Digital Instruments 

NanoScope IHa AFM operating in tapping mode (height and phase) was employed. A 

low scanning rate of 0.7 Hz was used for optimum accuracy. Typical amplitude setpoints 

ranged from 0.4-0.8 V. Silicon Nanoprobe™ tips with resonant frequencies near 330 

kHz were used.

3. Results and Discussion

A DSC thermogram of a sample having a draw ratio of 6 is shown in Figure 2-1. 

The melting temperature, Tm, is the temperature at the maximum of the melting 

endotherm. The glass transition temperature, Tg, is taken at the inflection point of the 

disturbance in the scan in the vicinity of 60 °C. For all draw ratios, a small exothermic 

region, an effect of physical aging, immediately follows Tg. In some cases, particularly in
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Figure 2-1. DSC thermogram of a fiber drawn to DR = 6 .

samples where crystallinity is low, a trough due to cold crystallization in the DSC is seen 

approximately halfway between Tg and Tm. To account for this effect, the percent 

crystallinity of the samples is determined by subtracting the area of the cold 

crystallization trough from the area under the melting endotherm and dividing by a value 

of 93.6 J/g for 100% crystalline PLA .15 Furthermore, two melting peaks separated by a 

few degrees are seen in some cases. In other cases, a distinct shoulder can be seen on the 

low-temperature side of the melting peak. Fambri et al.6 and Spruiell et al.10 have made 

similar observations.
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The Thomson equation relates lamellar thickness to melting temperature1617:

e (2)
A//, 1 —

V m y

where L is the lamellar thickness, <7e is the surface free energy per unit area, A//f is the 

melting enthalpy per unit volume of an infinite single crystal, Tm° is the melting 

temperature of the infinite single crystal, and Tm is the observed melting temperature. 

For PLA with an L:D ratio of 98:02, (Te = 48 mJ/m2, A/ff = 93.6 J/g = 1.16xl08 J/m3, 

and Tm = 200 °C .18 Calculations are based on the highest observed Tm. Table 2-1 

presents values for Tg, Tm, percent crystallinity, and lamellar thickness for each draw 

ratio. The temperature of the fiber during drawing in the radiant heating zone, derived 

from heat transfer modeling19, is also included in the table. The previous paper indicates 

that the fiber temperature plays a significant role in the development of properties. 

Figure 2-2 shows how percent crystallinity depends on draw ratio and the fiber 

temperature. It is clear that lower temperatures and higher draw ratios increase 

crystallinity. However, excessive drawing or insufficient temperature result first in 

surface crazing and ultimately fracture during drawing.
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Table 2-1. DSC data for PLA fibers. Fiber temperature during drawing is also included.

Draw
Ratio r ,  C O Tm (°C) % Crystallinity

Lamellar 
thickness (nm)

Cold-draw 
temperature (°C)

1 61.7 162.2 0 9.8 93
2 61.9 165.1 0 10.5 86
3 63.5 164.0 32.1 10.2 82
4 65.5 161.9 24.3 9.7 77
5 67.0 160.6 33.9 9.4 75
6 67.7 161.2 46.8 9.6 73
7 70.2 162.1 48.7 9.8 72
8 68.7 162.9 50.6 9.9 71
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Figure 2-2. 3-D plot showing the combined effects of stress and temperature on fiber 

crystallinity.
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A typical DMT A plot, displaying the elastic modulus (£ ') and tan ô  (= E"IE') as 

functions of temperature, is shown in Figure 2-3. The mechanical glass transition is 

taken as the temperature of the maximum in tan 5. Below Tg, the modulus does not 

change much with temperature because the amorphous molecules are still essentially 

glassy. As soon as Tg is approached, however, the uncrystallized polymer chains begin to 

move, resulting in decreased stiffness. In fact, for low-draw ratio fibers where orientation 

of the chains is less developed, the samples relax beyond the pre-strain at temperatures 

between Tg and 130 °C, thus terminating the test.

Glass transition temperatures obtained from the DSC and DMT A are compared in 

Figure 2-4. The first obvious point is that the Tg values increase with draw ratio. 

Considering that the glass transition is associated with motions of the amorphous 

molecules, it follows that if the molecular motions are inhibited, the temperature 

necessary to provide mobility will be higher than if the chains were unrestricted. 

Amorphous chains anchored by crystallites are restricted in their movements. Thus, the 

trend of increasing Tg with draw ratio coincides with increasing crystallinity, enhanced 

chain orientation, and restricted molecular mobility in the amorphous phase.
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Figure 2-4. Glass transition temperature vs. draw ratio from DMT A and DSC analyses. 

Note the abrupt jump at DR = 5 for the mechanically determined Tg.
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While the thermally determined Tg values from the DSC seem to increase 

somewhat smoothly with draw ratio, the mechanically determined values from the 

DMT A exhibit an abrupt jump of about 10 °C from DR = 5 to DR = 6 . This transition is 

also evident in a number of properties for the PLA fibers studied, notably fiber 

shrinkage.19 Moreover, the Tg values obtained from the DMT A are higher than those 

from the DSC. The fibers in the DSC are unconstrained and can relax prior to reaching 

Tg. Sub-Tg relaxation is inhibited for the DMT A experiment because the fibers are 

always slightly stressed. The confinement of the pre-strain prevents, or at least slows 

down, relaxation.

Physical aging reduces free volume in the amorphous regions of semi-crystalline 

polymers. This densification process results in increased stiffness. Figure 2-5 

demonstrates the effect of physical aging on the modulus of a PLA fiber drawn to DR = 6 

which was stored for 45 days before testing. The temperature is scanned up from 30 °C 

to 140 °C and back down to 30 °C at the same rate (2 °C/min). During the heating 

portion of the scan, secondary crystallization occurs above Tg. The modulus values for 

temperatures above Tg reported during the cooling portion are thus higher than those in 

the same temperature range for the heating portion. However, heating to 140 °C erases 

the physical aging history of the amorphous phase. Remarkably, the loss in modulus due 

to erasing the physical aging overcomes the increase caused by secondary crystallization. 

The result is a lower modulus below Tg, evident in Figure 2-5 at the low temperatures.
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Figure 2-5. DMTA plot demonstrating the effects of physical aging. The cooling scan 

shows that modulus above Tg is increased due to secondary crystallization, 

but decreased below Tg due to erasing the physical aging.
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Measuring the true modulus of fibers can prove difficult. Modulus values 

obtained from an Instron tensile tester are previously reported and agree with other such 

literature values.18 Modulus determined by DMTA as a function of draw ratio is shown 

in Figure 2-6. Trends are similar to the Instron results; the modulus increases with draw 

ratio but drops off at high draw ratios. The drop-off is attributed to crazing present in

10

8
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4

2
5 6 8 93 4 71 2
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Figure 2-6. Modulus vs. draw ratio, determined from DMTA.

fibers that have been highly stressed, weakening the fibers. The difference between the 

two testing methods lies in the actual values obtained: those from DMTA are about three 

times those from the tensile tester. The discrepancy may arise from the magnitude of the 

strain. From the tensile data, the modulus is determined by the slope at low
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deformations. Noise due to slack removal confounds the data at very low strain values. 

A straight line in the stress-strain curve is only apparent at deformations around 10%, 

where the supramolecular structure is already disrupted. In contrast, the maximum strain 

is 0.1% in the DMTA analyses, providing a much more accurate value for the modulus at 

low deformations. At 0.1% strain, the fiber morphology is not disrupted.

Small-angle x-ray scattering (SAXS) patterns of fibers produced at draw ratios of 3 and 7 

are shown in Figure 2-7. The patterns exhibit so-called “void scattering”, similar to that 

observed in Kevlar.20 Kevlar is known to exhibit fibrillar morphology. The term “void 

scattering”, although originally intended to describe scattering caused by voids along the 

axis of a fiber, has become the popular phrase to express all modes of producing 

equatorially concentrated scattering. The SAXS patterns obtained are consistent with 

having a fibrillar morphology. For low draw ratios (DR = 3), the equatorial scattering is 

evident but weak, indicating a small amount of fibrillar development. At high draw ratios 

(DR = 7), however, the scattering is highly concentrated in an equatorial streak, revealing 

the presence of a substantial population of microfibrils. Also in contrast with the DR = 3 

fiber pattern, the DR = 7 pattern shows some meridional scattering. The vertical 

scattering is faint and the resolution is insufficient to provide a clear indication of any 

morphological feature. Chu et al.21 have noted the lack of vertical scattering in semi

crystalline isotactic polypropylene fibers at high draw ratios. While the it-PP fibers did 

show sharp vertical scattering at low draw ratios, presumably due to lamellae, the PLA
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Figure 2-7. SAXS patterns of fibers with a) DR = 3 and b) DR = 7. The equatorial

streak, consistent with fibrillar morphology, grows as draw ratio is increased.
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fibers studied in this work do not exhibit substantial meridional scattering in any case. 

The equatorial streak simply intensifies and broadens as draw ratio increases. PLA is 

known to have low electron-density contrast between amorphous and crystalline 

regions.22

Tapping mode AFM images of fibers drawn to DR = 4, 6 , and 8 are presented in 

Figure 2-8. In each case, the arrow indicates the fiber axis. The morphology is clearly 

fibrillar. At DR = 4, the microfibrils are not very well defined and most are not exactly 

parallel to the fiber axis. At DR = 6 , the majority of microfibrils are aligned with the 

axis. The only obvious tilt occurs in small sections of each microfibril. Increasing the 

draw ratio to 8 results in microfibrils that are highly straight and regular. Figure 2-8 

represents the structure in the core of the fiber. Microfibrils bundle together to form 

fibrils, which are on the order of a few pm in diameter and are visible in an optical 

microscope.23’24 In each fibril, there may be thousands of microfibrils.

The outer surface of a PLA fiber cannot be imaged in exactly the same fashion as 

the core. A skin, presumably created due to high shear forces at the spinneret, envelops 

the microfibril-laden core. When using the AFM to image the outermost microfibrils 

(those just underneath the skin), the drive amplitude required to view them is on the order 

of ten times that needed to image the core. The high driving force is necessary to 

penetrate the homogeneous skin, which is thought to be on the order of 100 nm thick.25
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Figure 2-8. AFM images of fibers with draw ratios of a) 4, b) 6 , and c) 8 . With

increasing draw ratio, the microfibrils become more regular and aligned. 

The arrow indicates the fiber axis.
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Quantitative assessment of fiber morphology is depicted in Figure 2-9, a plot of 

microfibril diameter vs. draw ratio. The microfibrils are assumed to be close-packed, so 

that “microfibril diameter” is taken as the center-to-center distance. This distance almost 

doubles between DR = 3 and DR = 8 . A plateau of about 42 nm is exhibited for draw 

ratios of 4, 5, and 6 ; however, most mechanical properties undergo a significant change 

through these draw ratios.19
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Figure 2-9. Microfibril diameter as a function of draw ratio. Values nearly double from 

about 30 nm at DR = 3 to about 60 nm at DR = 8 .
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Due to the similarity of crystalline and amorphous regions of PLA, lamellae are 

difficult to view clearly with the AFM. Figure 2-10, an image of a PLA fiber drawn to 

DR = 5, demonstrates the alignment of lamellae. The lighter spots in the image are areas 

of higher rigidity, where crystallites are found. The AFM tip does not deform these areas 

as much as the amorphous regions, which appear as dark spots. The crystallites in one 

microfibril appear to be aligned adjacent to crystallites in adjacent microfibrils. The 

lamellar stacks are so prevalent in the image that they are more easily distinguishable 

than the microfibrils. Furthermore, the lamellae occasionally appear to span over two or 

more microfibrils, possibly indicating that areas of dense packing of extended 

interfibrillar tie molecules are being probed. However, the spanning lamellae could 

instead be artifacts resulting from the AFM tip not accurately following the contours of 

the microfibrils.

Determination of lamellar thicknesses is difficult due to the scarcity of images 

demonstrating distinct lamellae. Based on a number of AFM images, rough calculations 

provide long spacings of about 40 nm, from which lamellar thicknesses are estimated at 

about 25 nm. This number is more than double the values given by the Thomson 

equation, which were based on the melting points in the DSC. In support of the AFM- 

derived long spacing of 40 nm, Hoogsteen et al.12 calculated a long spacing of 50 nm for 

solution-spun PLA fibers using SAXS. In addition, the parameters in the Thomson 

equation are highly sensitive to L:D ratio, making any clear conclusion impossible.
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Figure 2-10. AFM image of lamellar alignment. The lamellae appear as alternating dark 

and light bands along the microfibrils. Crystalline regions (light areas) in 

one microfibril are adjacent to crystalline regions in adjacent microfibrils. 

Some lamellae appear to span multiple microfibrils. The arrow indicates the 

fiber axis.
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Larger-scale features are also observed in PLA fibers. At high draw ratios (7 and 

8 ), wavy striations appear perpendicular to the fiber axis, as shown in Figure 2-11. The 

draw ratio is 7. The microfibrils are not replaced by the striations; the former are still 

visible. Additionally, the striations are present not only at the surface of the fiber, but in 

the core as well. They could be caused by a draw resonance or elastic instability type of 

phenomenon. Their period length is roughly 500 nm, corresponding to a frequency of 

5 x l0 6 Hz. The striations are likely a signal of the onset of crazing; the fiber is on the 

verge of fracturing at such high draw ratios.

Barham and Keller26 propose that two classes of morphological features exist: 

Class 1 includes features resulting from stress- and flow-induced crystallization and those 

synthesized as extended chains. Molecules in Class 1 materials are first aligned and then 

crystallized. Class 2 includes materials in which the original crystalline structure is 

disrupted by solid-state drawing. The molecules are stretched and aligned with the 

orienting force. Class 1 features essentially retain their dimensions when heated close to, 

but not above, the melting point. Class 2 materials, on the other hand, because the solid- 

state drawing of the disrupted structure results in significant internal stresses, shrink 

enough to almost completely reverse the effects of orientation.
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Figure 2-11. AFM image of a fiber exhibiting wavy striations perpendicular to the axis 

(indicated by the arrow). Microfibrils are still visible parallel to the axis.
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A plot of shrinkage in boiling water is presented in Figure 2-12. At elevated 

temperatures, oriented amorphous polymer chains revert towards a random-coil 

configuration,10 resulting in the observed shrinkage. Crystals act as anchors and impede 

the movement of the amorphous molecules. Although the fiber at DR = 2 is completely 

amorphous, the low stress has not imparted full orientation to the polymer chains, and 

shrinkage reaches about 50%. Increasing the draw ratio to 3 and 4 induces some 

crystallization, while at the same time extending the amorphous chains. These fibers, 

containing low crystallinity coupled with greatly extended amorphous chains, shrink up 

to 60% in boiling water. A transition occurs at DR = 5. Despite the fact that percent 

crystallinity at DR = 3 and DR = 5 are the same, the latter fibers shrink only about two- 

thirds as much as the former. Given equal crystallinities, one even expects that the DR = 

5 fiber will shrink more than the DR = 3 fiber because the amorphous chains are more 

extended. This exception demonstrates that percent crystallinity alone does not dictate 

shrinkage. The high extent of shrinkage (approximately 60%) seen for draw ratios of 2, 

3, and 4 places these fibers in Class 2. The fibers drawn to DR = 6 , 7, and 8 shrink very 

little in boiling water (about 20%) and therefore belong to Class 1.
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Figure 2-12. Shrinkage in boiling water vs. draw ratio. The transition from high to low 

shrinkage at DR = 5 is reflective of the Class 2 to Class 1 transition.
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Figure 2-13 shows how E' varies with microfibril diameter. Modulus exhibits an 

abrupt change between microfibril sizes of 40 and 45 nm, where values nearly double 

from 5 GPa to over 9 GPa. The loss in modulus at large microfibril diameters coincides 

with the development of crazing in the high-draw ratio fiber. The graph indicates that if 

the desired property is high modulus, the microfibril size should be greater than 45 nm, 

while the diameter should be less than 40 nm when low modulus is desired (i.e. fabric 

drape and hand properties are superior when modulus is low). Microfibril diameters less 

than 40 nm correspond to Class 2 behavior (lower draw ratios) while larger diameters 

correspond to Class 1 behavior. Mechanical properties are thus not simply dependent on 

morphological feature size, but are highly influenced by Class 2 or Class 1 behavior.

Prevorsek et al.27 propose that microfibrils belong to Class 1 and extended-chain 

interfibrillar molecules belong to Class 2. However, the aforementioned shrinkage 

experiments on PLA fibers, coupled with the confirmed fibrillar morphology present at 

draw ratios of 3 through 7 (and possibly at DR = 2), imply that “Class 1” and “Class 2” 

describe mechanisms rather than actual structural features. It is thought that the low- 

draw ratio fibers first crystallize in the radiant heating zone and then fibrillate (form 

fibrils) immediately after exiting the zone, when the fiber is colder. The fibrillation and 

drawing disrupt the structure, resulting in substantial internal stresses. These stresses are 

relaxed at boiling water temperatures, as evident by the high degrees of shrinkage. The 

orienting force during drawing of the high-draw ratio fibers is so great that stress-induced
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Figure 2-13. Modulus determined by DMT A vs. microfibril diameter. Below about 42 

nm, modulus is low (Class 2 morphology); above 42 nm, modulus is high 

(Class 1 morphology).
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crystallization is simultaneously accompanied by, or preceded by, fibrillation. Because 

the chains are aligned and then crystallized, internal stresses are much smaller than those 

of Class 2 fibers. Theoretically, these fibers should not shrink in boiling water, but there 

must be some drawing after crystallization is complete; the fibers do shrink about 20%. 

This shrinkage may also arise from extended interfibrillar chains.

The transition from Class 2 to Class 1 fibers essentially reflects the relative rates 

of fibrillation and crystallization. Class 2 represents crystallization then fibrillation. 

Class 1 represents one of two processes: 1) fibrillation then crystallization, or 2)

simultaneous fibrillation and crystallization. The transition between the two classses 

occurs at a draw ratio of 5. Other thermal and mechanical properties exhibit a transition 

at DR = 5 as well. Melting temperatures and lamellar thicknesses decrease with draw 

ratio at low draw ratios (Class 2), reach a minimum at DR = 5, and increase with draw 

ratio up to DR = 8 (Class 1). Thus, whether lamellar thickness increases or decreases 

with draw ratio is dependent upon the morphological class of the fiber. Both modulus 

and tensile strength exhibit a jump in value from DR = 5 to DR = 6 . Although the 

microfibril diameters are approximately equal for draw ratios of 4, 5, and 6 , the transition 

from 60 to 40 to 20% shrinkage emphasizes the fact that shrinkage is not solely due to the 

amount or size of microfibrils, but rather on the mechanism of morphological 

development (Class 2 vs. Class 1). One could argue that percent crystallinity is
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responsible for the observed trend. However, crystallinities are equal for DR = 3 and DR 

= 5 while shrinkage values are significantly different.

A complete model for the fibrillar morphology in PLA fibers is depicted 

schematically in Figure 2-14. The lower inset illustrates the molecular-scale structure in 

relation to the microfibrils. Within each microfibril, alternating crystalline and 

amorphous regions stack in a lamellar fashion while the interfibrillar area is populated by 

extended but uncrystallized molecules. The model depicted in the inset of Figure 2-14, 

where crystallites in adjacent microfibrils are aligned next to each other, is also thought 

to represent the structure of melt-spun Nylon 6 fibers.27

The model for the adjacent alignment of crystallites contrasts with that for PET, 

where the crystallites in adjacent microfibrils are staggered so that crystalline sections of 

one microfibril are adjacent to amorphous regions of the next.27 Although one would 

expect PLA (a polyester) to behave like PET, the fact that both contain an ester linkage 

does not override more dominating molecular characteristics. PLA and Nylon 6 have 

fairly flexible molecular compared to PET, which contains phenyl groups.
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Figure 2-14. Supramolecular morphological model for two-step melt-spun PLA24. The 

lateral cross-section (upper inset) shows the skin-core morphology, where 

the skin is on the order of 100 nm thick. The longitudinal cross-section 

(lower inset) displays microfibrillar alignment with crystalline, amorphous,

and interfibrillar areas.
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4. Conclusions

Thermally determined glass transition temperatures of two-step melt-spun PLA 

fibers increase from 62 °C at low draw ratios to 70 °C at high draw ratios. Mechanically 

determined Tg’s follow the same trend, but occur at higher temperatures. After months of 

storage, physical aging results in increased stiffness, elucidated in DMT A analyses of the 

elastic modulus. Thermal and mechanical properties, such as shrinkage in boiling water 

and modulus, are not solely dictated by microfibril size or percent crystallinity alone. 

The combined effects of stress and temperature influence crystallinity, alignment, and 

morphological feature size and type, which in turn dictate the properties of the fiber.

Using SAXS and AFM, PLA fibers are found to exhibit fibrillar morphology. A 

model of the supramolecular morphology is proposed. The fibers consist of a skin, on the 

order of 200 nm thick, which surrounds a microfibril-populated core. Microfibril 

diameters range from 30-60 nm and increase with draw ratio. Alternating crystalline and 

amorphous lamellar stacks are indicated by alternating light and dark regions along a 

number of microfibrils in AFM images.
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Chapter 3

EFFECTS OF MOLECULAR ARCHITECTURE ON TWO-STEP 

MELT-SPUN POLYLACTIDE FIBERS

1. Introduction

Until now, the main application of polylactide (PLA) has been in the biomedical 

field. However, PLA is currently receiving attention because of its production from 

renewable, rather than petrochemical, sources. A polyester, PLA exhibits a number of 

advantages: 1) availability from renewable resources, 2) reduction in carbon dioxide

emissions compared to conventional petroleum-based commodity plastics, and 3) 

significant property advantages over other materials. Cargill Dow is nearing completion 

of its first 300-million-lb-per-year PLA production plant in Blair, Nebraska. Target 

markets for PLA include packaging, film, and textile fibers.

Because the PLA monomer possesses chirality, the stereochemistry of the 

polymer may be tailored with specific goals in mind. The lactide monomer may contain 

identical stereocenters (L :L  or D : D )  or enantiomeric stereocenters (L :D ) . Specialized 

catalysts hold the promise of controlling both isotactic and syndiotactic content using 

different enantiomeric units.1 Copolymers of varying L :D  composition can be
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s y n t h e s i z e d  f r o m  m i x t u r e s  o f  t h e  m o n o m e r s .  L - u n i t s  a r e  u s u a l l y  p r e s e n t  in  g r e a t e r  

a m o u n t s  t h a n  D - u n i t s .

Solution-spun fibers of PLA, typically containing 100% L-isomer, have been 

widely studied, especially for biomedical applications.2*8 A focus on high strength and 

high modulus permeates the literature, primarily because PLA fibers are traditionally 

used for sutures. However, the polymer resin is generally of very high molecular weight, 

is costly, and spinning speeds are low. Melt-spun fibers have been explored as well.3 913 

A range of production rates is studied, from a few meters to a few thousand meters per 

minute. Some groups have geared these fibers towards biomedical applications while 

others have aimed at producing fibers suitable for the textile industry. As with the 

solution-spun fibers, though, the PLA used is typically 100:0 L:D, of very high molecular 

weight, and expensive (such as the PURAC brand materials).

A previous study14 examines in detail the effects of temperature and draw ratio on 

the properties of textile-grade PLA fibers with an L :D  ratio of 98:02. However, no 

present literature is available concerning melt-spun fibers of differing molecular 

architectures. The focus of the current work is the combined effects of molecular 

architecture and processing conditions on the thermal, mechanical, and morphological 

properties of melt-spun fibers produced from 96:04 L :D  PLA.



77

2. Materials and Methods

2.1 Materials

The commercial-grade polylactide used in this study was provided by Cargill 

Dow (Minnetonka, MN) and contained an L:D ratio of approximately 96:04. The 

polymer was synthesized by melt polymerization in the presence of a stannous octoate 

catalyst. Two molecular architectures, one linear and one branched, were used. 

Branching was achieved by reactive extrusion of linear PLA, initiated by peroxide.15 For 

further detail, the reader is referred to a review of PLA chemistry.16 Based on zero-shear 

viscosity measurements, branch lengths were long enough to entangle.1 As measured by 

light scattering and GPC, initial number- and weight-averaged molecular weights for the 

linear material were Mn = 67,300 and Mw = 110,800, respectively, while those for the 

branched were Mn = 57,400 and Afw = 131,200. Prior to processing, the pellets were 

dried by spreading a 1-inch thick layer in the bottom of a stainless steel pan and placing it 

in a convection oven at 82 °C overnight (approximately 14 hours). Expected water 

concentrations after drying were 100 ppm .17

2.2 Methods

Fibers were prepared by a two-step melt spinning process, detailed in a previous 

study.14 The apparatus consists of a Killion KL-125 single screw extruder mated to a 

pilot-scale Killion monofilament line. In this study, the draw ratio (DR) refers to the 

cold-draw ratio, defined as the ratio of the velocity at the take-up winder to the velocity at
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the beginning of the cold draw region. The nip roller and take-up winder speeds were 

adjusted to keep a slight tension on the fiber.

Molecular weights of the starting resin and the spun fibers were determined using 

light scattering, with THF as the solvent. The molecular weight loss during processing 

was defined as

M
MWLoss = — ^ ------ — xl00%  , (1)

AC

where Mwr and MWf are the weight-average molecular weights of the resin and fiber, 

respectively.

Extensional viscosity measurements of the branched and linear PLA resins were 

carried out on a Rheometrics RME instrument. Molded rectangular bars (approximately 

54x8x2 mm) were tested at 180 °C and an extensional strain rate of 0.1 s '1. The actual 

strain rate was determined by video recordings of the tests per a protocol developed under 

a round-robin evaluation of the accuracy of the instrument.18

A Perkin-Elmer DSC 7 was used for differential scanning calorimetry (DSC) 

scans. The instrument was calibrated with an indium standard prior to each set of 

analyses. Samples were prepared by cutting fibers into pieces of 2-4 mm in length and 

drying in a vacuum oven at 40 °C overnight, then placing approximately 10 mg into each
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aluminum pan. The samples were ramped to 120 °C at the maximum rate (about 1000 

°C/min) to minimize recrystallization during heating, then scanned up to 200 °C at a rate 

of 15 °C/min.

Shrinkage in boiling water experiments were performed by selecting five fibers at 

random from draw ratios of 4, 6 , and 8 for both branched and linear materials. Their 

original lengths were measured. The fibers were then submerged in boiling water (the 

bath was at 93 °C due to high altitude) for 15 minutes. After removal from the bath, the 

length of each fiber was again measured. The percent shrinkage was defined as

/ - I
%Shrinkage = —-----xl00%  , (2)

h

where la and I are the lengths of the original and shrunk fibers, respectively. Results were 

reported as the averages of five fibers for each draw ratio.

Mechanical properties were measured using an Instron tensile testing device fitted 

with fiber fixtures. Specimens of 2-inch length were tested at a crosshead speed of 1.2 

in/min using a 2-kg load cell. Diameters were measured with an optical microscope and 

LECO image analysis software after calibration. Results were reported as averages of ten 

tests for each sample.
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Small-angle x-ray scattering (SAXS) and atomic force microscopy (AFM) were 

employed to examine the morphology of the PLA fibers. SAXS data were obtained at the 

Oak Ridge National Laboratory. The fiber samples were carefully wrapped around an 

aluminum frame and mounted vertically. The sample-to-detector distance was 5.12 m.

A Digital Instruments NanoScope IHa AFM operating in tapping mode (height 

and phase) was employed. To prepare each sample, a razor blade was used to make a 

notch nearly parallel to the fiber axis. The fiber was then pulled apart longitudinally to 

reveal an unscratched inner surface. An approximately 1-cm long section of the “shed” 

fiber was placed on a magnetic AFM disk using double-sided tape. Optimum accuracy 

was ensured by using a low scanning rate of 0.7 Hz. Typical amplitude setpoints ranged 

from 0.4-0.8 V. Silicon Nanoprobe™ tips with resonant frequencies near 330 kHz were 

used.

3. Results and Discussion

Data from the linear and branched PLA are described in this section. For each 

molecular architecture, fibers formed from eight different draw ratios (1-8) are studied.

Various grades of PLA are known to exhibit significant strain hardening in 

response to elongational deformations.19 A comparison of the extensional viscosities of 

the branched and linear materials with an L:D ratio of 96:04 is presented in Figure 3-1.
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Figure 3-1. Growth of the elongational viscosity vs. time for branched and linear

molecular architectures of PLA with an L:D ratio of 96:04. The strain rate is

0.1 s '1.
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Values for three times the zero shear viscosity are also indicated and show an 

approximate correspondence with the extensional viscosity at early times (that is, the 

Trouton ratio is near the expected value of 3). The branched PLA demonstrates a higher 

viscosity than the linear and the higher molecular weight and long-chain branching yields 

longer relaxation times than in the linear counterpart. Strain hardening is generally 

exhibited when the strain rate is much larger than the rate of molecular relaxation,20 thus 

one would expect the branched material to strain-harden earlier than the linear. This is 

exactly what is observed in the data. The strain hardening exhibited by both branched 

and linear materials is favorable for fiber spinning.

Due to the rapid thermal degradation of PLA, molecular weight loss during 

processing is an important issue. A 39% MW loss is seen for the linear, while that for the 

branched is 42%. One of the main degradation mechanisms for PLA is hydrolysis. 

Consequently, MW loss is highly affected by moisture content. MW loss is found to be 

independent of both the day the material is processed and the draw ratio. It thus appears 

that nearly all of the degradation occurs in the extruder and is independent of the specific 

day of drying. Accordingly, if the degradation is due to hydrolysis, it must come from 

the residual water level of approximately 100 ppm. Under these conditions, a greater 

percent loss is expected for higher molecular weight materials. The branched material, 

with a higher initial molecular weight, degrades to a greater extent than the linear.
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Differential scanning calorimetry shows no significant difference in melting 

behavior between the branched and linear PLA fibers. The melting temperature, Tm, is 

taken as the temperature at the maximum of the melting endotherm. Melting peaks for 

the branched are in the range of 150-153 °C while the range for the linear is 149-152 °C. 

An interesting correlation between Tm and draw ratio is presented in Figure 3-2. The 

melting temperature passes through a maximum at DR = 2 and a minimum at DR = 5 for 

both molecular architectures. A similar trend is exhibited for fibers produced from PLA 

with an L :D  ratio of 98:02.14 Lamellar thickness is related to melting temperature through 

the Thomson equation:21 22

where L  is the lamellar thickness, <7e is the surface free energy per unit area, A/if is the 

melting enthalpy per unit volume of an infinite single crystal, Tm° is the melting 

temperature of the infinite single crystal, and Tm is the observed melting temperature. 

For PLA with an L :D  ratio of 96:04, <Je = 37 mJ/m2, Aüf = 93.6 J/g = 1.16xl08 J/m3, 

and Tm = 187 °C .23 Lamellar thicknesses lie in the range of 8.0-8.6 nm for the branched 

and 7.7-8.3 nm for the linear.
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Figure 3-2. Melting temperature as a function of draw ratio.
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Figure 3-3 presents a plot of percent crystallinity vs. draw ratio. Percent 

crystallinity is determined by dividing the area under the melting endotherm by a value of 

93.6 J/g for 100% crystalline PLA .24 Crystallinity reaches a plateau of about 35% for 

both molecular architectures, but the branched reaches the plateau sooner (at DR = 3 as 

opposed to DR = 5 for the linear). Quiescent crystallization in the DSC demonstrates that 

the crystallization kinetics for the branched material are faster than those of the linear.1

■B— B r a n c h e d

■&— L in e a r

5 6 8 92 3 40 1 7
D r a w  R a t io

Figure 3-3. Percent crystallinity as a function of radiant heater level.

The greater crystallinity at lower draw ratios for the branched material is attributed both 

to its intrinsically faster crystallization kinetics and to the fact that its higher viscosity 

produces greater stresses for the same draw ratio, thus facilitating a greater degree of 

stress-induced crystallinity.
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A plot of shrinkage in boiling water vs. draw ratio is shown in Figure 3-4. The 

branched and linear samples are very similar at DR = 4 and DR = 8 , but at DR = 6 , the 

linear shrinks about 60% while the branched shrinks over 75%. The diameter of the latter 

fiber doubles during the experiment. Differences in percent crystallinity do not explain 

the observed trend; with the exception of the linear material drawn to DR = 4, all samples 

possess about 35% crystallinity. Melting temperature and lamellar thickness similarly 

fail to account for the trend. The error bars in Figure 3-4 represent the standard deviation 

of the five fibers studied at each condition. Error analysis shows that measurement 

precision is insignificant, indicating that the error bars reflect the natural variability in the 

fiber properties. The importance of these results rests in pointing out that branching can 

be used to increase the amount of shrinkage and that this result may be expected to carry 

over to the use of films in heat-sealing applications.

Figure 3-5 shows how modulus depends on draw ratio. For both molecular 

architectures, modulus increases monotonically with draw ratio up to a plateau value. 

While the values for the branched material are generally a little higher than those of the 

linear, there is essentially no difference between the two. Branching thus appears to have 

no impact on modulus. The same can be said for tensile strength vs. draw ratio, depicted 

in Figure 3-6. The decrease at DR = 8 is presumably due to the development of surface 

crazing observed at the highest draw ratio.
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Figure 3-5. Modulus as a function of draw ratio. Both branched and linear materials 

exhibit a large improvement in modulus between draw ratios of 4 and 6 .
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Figure 3-6. Tensile strength as a function of draw ratio. The weakening at very high 

draw ratios is attributed to crazing, which has developed as a result of the 

high stress on these fibers during drawing.
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A plot of strain-at-break vs. draw ratio is presented in Figure 3-7. Here, there is a 

difference between branched and linear fibers. The fibers spun from the branched 

material to a draw ratio of 2 are extremely extensible; reproducible strains-at-break are 

280% compared to 220% for the linear architecture. It is not possible to say with 

certainty if this difference is due to molecular weight or architecture effects. However, 

much smaller differences are seen in modulus and strength, which are expected to also be 

molecular weight-dependent. Accordingly, there is some possibility that this important 

physical property of the fiber can be manipulated by architectural variation in conjunction 

with processing steps.

SAXS patterns for DR = 2 and DR = 8 fibers of both materials are shown in 

Figure 3-8. The fiber axis is vertical. All patterns show the same kind of scattering as is 

typically seen for fibers with a morphology known as fibrillar.25 From the SAXS 

patterns, it appears that both branched and linear PLA fibers exhibit fibrillar morphology, 

even at a draw ratio as low as 2. Although the scattering is weak at DR = 2, it is 

definitely present and is equatorially concentrated. There is virtually no difference 

between branched and linear scattering patterns. At DR = 8 , the scattering is very strong 

and once again concentrated equatorially. Still, no difference between molecular 

architectures arises. Rough calculations give scattering object sizes of about 17 nm, but 

the resolution is too poor to provide accurate values. Vertical scattering (as might be
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Figure 3-7. Strain-at-break as a function of draw ratio.
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Figure 3-8. SAXS patterns for a) branched at DR = 2, b) linear at DR = 2, c) branched at 

DR = 8 , and d) linear at DR = 8 . Fiber axis vertical. The equatorial 

scattering implies fibrillar morphology.
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caused by lamellae) is essentially nonexistent in all patterns. This is attributed to the 

known poor electron-density contrast between amorphous and crystalline domains of 

PLA.26

Figure 3-9 displays tapping mode AFM images of the fibers produced. The arrow 

indicates the fiber axis in each image. Both images clearly reveal a microfibrillar 

network in which the microfibrils are mostly aligned with the axis. Areas where one 

microfibril branches into two are seen as well as areas of connection between adjacent 

microfibrils. AFM shows no extraordinary difference between the fibers produced from 

branched (Figure 3-9a) PLA and those produced from the linear (Figure 3-9b).

Microfibril diameters for PLA fibers with a 98:02 L:D content are explored in a 

previous paper.27 Contrary to the diameters of 30-60 nm found for those fibers, the 96:04 

L:D materials produce microfibril diameters that lie in the range of 19-32 nm and 

decrease with draw ratio. It is presumed that the smaller microfibrils result from the 

smaller crystallite sizes. The higher D content limits the growth of the crystallites, which 

in turn limits the lateral dimensions of the microfibrils. Table 3-1 lists the microfibril 

diameters at draw ratios of 4, 6, and 8 for fibers of both branched and linear PLA. It is 

evident that the difference between the branched and linear is small.



95

800

GOO

400

200

200 400 600 800
nw

(a)



0 200  400  600
HM

(b)

Figure 3-9. AFM tapping mode height images of fibers of a) branched and b) linear PLA. 

The arrow in each image indicates the fiber axis.
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Table 3-1. Microfibril diameter vs. draw ratio for PLA fibers with branched and linear 

molecular architectures.

Draw
Ratio

Microfibril Diameter (nm)
Branched Linear

4 32 30
6 19 24
8 19 23
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4. Conclusions

Fibers produced from PLA at various draw ratios exhibit a wide range of thermal, 

mechanical, and morphological properties. Atomic force microscopy reveals that the 

fibrillar morphologies of the branched and linear samples are nearly indistinguishable. 

Molecular architecture (branched or linear) appears to have only subtle effects on fiber 

properties. Indications are that shrinkage and extension at break are both increased as 

branching is introduced. The ability to control these properties through branching may 

prove important in the processing of PLA films.
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Chapter 4 

PHOSPHITE STABILIZATION EFFECTS ON TWO-STEP MELT-SPUN 

FIBERS OF POLYLACTIDE

1. Introduction

Although polylactide (PLA) has been traditionally used in biomedical 

applications, its pending competitiveness in the commodities market has raised the 

interest of a number of plastics manufacturers. The main applications currently targeted 

are fibers and packaging. Large-scale commercialization of PLA is underway: Cargill 

Dow is nearing completion of its first 300-million-lb-per-year PLA production plant in 

Blair, Nebraska. PLA is degradable, but the rate of degradation may be controlled 

through a variety of methods thus enabling a number of uses. Advantages of PLA 

include 1) availability from renewable resources, 2) reduction in carbon dioxide 

emissions compared to conventional commodity plastics, and 3) significant property 

advantages over other materials.

An important feature of PLA is that its monomer possesses chirality. The lactide 

monomer may contain identical stereocenters (L:L or D:D) or enantiomeric stereocenters 

(L:D). Copolymers of varying L:D composition can be synthesized from mixtures of the 

monomers. Fully amorphous materials can be made by including relatively high D
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content (greater than 20%), while highly crystalline materials are obtained when D 

content is low (less than 2%).

Because PLA rapidly degrades at elevated temperatures, molecular weight loss 

during processing is an important issue. Previous fiber-spinning studies have resulted in 

losses between 28% and 43%.12 Yuan et al.3 encountered losses of up to 69% and 

Schmack et al.4 experienced a 31% molecular weight reduction. Similarly, melt spinning 

by Fambri et al.5 and Penning et al.6 resulted in losses of over 60%. Generally, thermal 

degradation is more severe for melt spinning than for solution spinning.7 Higher initial 

molecular weights also tend to degrade to further extents. One of the main degradation 

mechanisms at high temperatures is hydrolysis. Although minimizing moisture content 

can help reduce losses, molecular weight preservation through the addition of a stabilizer 

agent during extrusion may be warranted.

Tris(nonylphenyl) phosphite (TNPP) is a model stabilizer and this study 

investigates its use during the formation of PLA fibers via the two-step fiber spinning 

process (TSP). NMR is used to elucidate the mechanism of TNPP stabilization. Fibers 

processed in the presence of TNPP are compared to ones formed without stabilizer 

addition and it is clearly shown that fiber properties can be improved by the addition of 

TNPP.
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2. Materials and Methods

2.1 Materials

The polylactide used in this study was 6200D standard staple-fiber-grade, with an 

L:D ratio of approximately 98:02, provided by Cargill Dow (Minnetonka, MN). Initial 

number- and weight-averaged molecular weights were Mn = 47,600 and Mw = 98,500, 

respectively, as measured by GPC and light scattering. Tris(nonylphenyl) phosphite 

(TNPP) was obtained from Aldrich and used as received.

2.2 Methods

NMR spectra were recorded on a Chemmagnetics 400MHz spectrometer.8 The 

solvent was CDCI3 and all the spectra were recorded at 25 °C. Two different samples 

were investigated: initial and final. Initial describes PLA compounded with TNPP at 180 

°C for approximately five minutes. Final refers to samples held at 200 °C for 30 minutes 

to accentuate chemical effects of residence time during processing. Spectra for the initial 

sample required three hours to obtain while those for the final sample required about 60 

hours.

Prior to processing, the pellets were dried by spreading a 1-inch thick layer in the 

bottom of a stainless steel pan and placing it in a convection oven at 82 °C overnight 

(approximately 14 hours). Expected water concentrations after drying were 100 ppm.9 

After removal from the oven, the pellets were soaked with TNPP to achieve two different
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concentrations: 0.11 and 0.80 wt%. The pellets/TNPP mixture was stirred to distribute 

the stabilizer. To aide diffusion of TNPP into the pellets, the mixture was placed in an 

ultrasound bath at 70 °C for 60 minutes. Finally, the mixture was poured into the 

extruder hopper, covered with plastic wrap to prevent water uptake, and processed as 

normal.

A two-step melt spinning process, detailed in a previous study,2 was used to 

prepare fibers. The apparatus consists of a Killion KL-125 single screw extruder mated 

to a pilot scale Killion monofilament line. In this study, the draw ratio (DR) refers to the 

cold-draw ratio, defined as the ratio of the velocity at the take-up winder to the velocity at 

the first godet. The nip roller and take-up winder speeds were adjusted to keep a slight 

tension on the fiber. The first godet was operated at 60 feet per minute, and the speed of 

the second godet (and the winder) was varied to provide different draw ratios.

Light scattering, with THF as a solvent, was used to determine molecular weight 

of the starting PLA resin as well as the spun fibers. The molecular weight loss during 

processing was defined as

M
MWLoss = — 12------ ^ x l0 0 % , (1)

where Mwr and Mwf are the weight-average molecular weights of the resin and fiber, 

respectively.
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Differential scanning calorimetry (DSC) scans were performed using a Perkin- 

Elmer DSC 7, which was calibrated with an indium standard prior to each set of analyses. 

Samples were prepared by cutting fibers into pieces of 2-4 mm in length and drying in a 

vacuum oven at 40 °C overnight, then placing approximately 10 mg into each aluminum 

pan. To minimize recrystallization in the DSC, the samples were ramped to 125 °C at the 

maximum heating rate (about 1000 °C/min), then scanned up to 200 °C at 15 °C/min.

Mechanical properties were measured using an Instron tensile tester fitted with 

fiber fixtures. Using a 2-kg load cell, specimens of 2-inch length were tested at a 

crosshead speed of 1.2 in/min. Prior to tensile testing, fiber diameters were measured 

with an optical microscope and LECO image analysis software after calibration. Results 

were reported as averages of ten tests for each sample.
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3. Results and Discussion

To provide some background of the mechanism for the reaction between PLA and 

TNPP, results from an NMR analysis are discussed first. Figures 4-1 to 4-3 show 161.9 

MHz 31P NMR spectra of PLA that has been compounded with 4 wt% tris(nonylphenyl) 

phosphite (TNPP). Figure 4-1 shows both proton coupled and proton decoupled 31P 

NMR spectra for the final (that is, heated at 200 °C for 30 minutes) sample. The proton 

decoupled spectrum shows five major resonance lines. When proton coupling is 

introduced, the spectrum becomes more complicated, indicating the presence of a number 

of phosphorus sites with 1H-31P couplings.
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Figure 4-1. Proton coupled and proton decoupled 161.9 MHz 31P NMR spectra for the 

final sample of PLA with 4 wt% TNPP.
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Both the proton coupled and proton decoupled spectra show a resonance line with 

a chemical shift of -16.7 ppm. Proton decoupling has no effect on its appearance, 

indicating negligibly small 1H-31P J-coupling for this phosphorus site. The lack of fine 

structure in the proton coupled spectrum indicates that protons are at least four bonds 

away. The chemical shift value of -16.7 ppm and the absence of fine structure indicate 

that this resonance is due to an organic phosphate phosphorus site; accordingly, peak 1 is 

assigned to the general structure (referred to as structure A):

O

R

In this case, each R can be a different organic group.

Peaks 2-5 of Figure 4-1 are all split into doublets when proton coupling is 

introduced, indicating that for these compounds, each phosphorus is coupled to one 

hydrogen. The values of the isotropic chemical shifts and 1H-31P J-couplings are 

summarized in Table 4-1.
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Table 4-1. Isotropic chemical shift and J-coupling values.

Peak Chemical shift (ppm) J-coupling (Hz)
2 1.16 723.7
3 3.74 730.5
4 5.35 743.9
5 6.90 745.7

The J-coupling of peaks 2-5 are all in the range of 725-750 Hz. This range is 

expected for a phosphorus atom directly bonded to hydrogen. Phosphite compounds may 

have P-H bonds:

O

J - H

R'/ 0  o 
/

Based on comparison of the 31P NMR spectrum obtained for the commercially 

available model compound diphenyl phosphite (8 = 0.89 ppm, "Jen = 730.6 Hz), peak 2 is 

assigned to the following structure, which is bis(nonylphenyl) phosphite:

O
II/  V o -HgCXHgCOyHgC Y y— O-----P— H
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It has been proposed that TNPP acts as a co-catalyst,10 but earlier work shows that 

it serves as a chain extender.11 In the presence of carboxyl acids, such as the end groups 

on PLA chains, formation of bis(nonylphenyl) phosphite can occur by Sn2 displacement 

of one nonylphenyl group of TNPP as follows (R is nonylphenyl):

R
0  |1 O

P L A 'w v C  OH +  I

P L A 'v w c  OR

O

H- -O R

more stable form O

R



I l l

This scheme provides one possible route towards the observed bis(nonylphenyl) 

phosphite). Similarly, a carboxylic acid group reacting with structure A (the phosphate 

resulting from the reaction of oxygen and TNPP) will provide structure B:

O O

PLA'wvc OH + R O- -O R

O

R

v

O

PLA 'W V C OR + HO- -p — O ------R

0
B
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Reaction of TNPP with the hydroxyl end group, rather than the acid, yields structure C:

R

O
P L A 'v w  OH +  I

C

P LA 'vnru---------Q  RZ
o z

R

+  ROM

O
\ .

R
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Likewise, the hydroxyl end group may react with structure A to produce structure D:

P L A 'v a / xz O H + R O-

O

O

R

-O R

P L A 'v w - O-

D
O

R

-R ROM
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Transestérification takes place when another PLA hydroxyl end group reacts with 

structure C:

.0'z
R

P L A ' v w  OH + P U Y 'x a / x,  O  R
Z
\ o

\ R

OH

P L A ' v w  o  v v z v z  P L A ’
+

R 'R

H P  0  R

O

R

Thus, bis(nonylphenyl) phosphite may be formed during the transestérification.



115

In parallel, a hydroxyl end group may react with structure D:

O

P L A 'v w  OH +  pLAl'vvru--------0 -------- P ------ 0 ------ R

O

R

D

O

P L A 'v w  o  rv w  PLA' + HO- -O R

O

R
B

Structure B is the same as bis(nonylphenyl) phosphite, except that the hydrogen directly 

bonded to the phosphorus in the latter is replaced by an alcohol group.

In addition to the preceding two chain-extending transestérification reactions, 

water may react with a number of phosphorus compounds, ultimately yielding 

phosphorous and phosphoric acids:
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O H
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Finally, water serves to hydrolyze PLA:

0

PLA'vn/vC O 'w n p U V  +  H20

V

O

PLA'W VC OH +  OH 'w v /p L A 1

For reference, dimethyl, diethyl and dibutyl phosphites have chemical shifts of 11, 

8 and 8 ppm respectively, and ^ ch = 673-707 Hz. A 30% aqueous solution of 

phosphorous acid exhibits a chemical shift of 5 ppm and "Jen = 690 Hz. Phosphoric acid 

and structures B, E, and F probably have chemical shifts and J-couplings close to those 

listed in Table 4-1. Hence, it is not possible to assign structures to peaks 3-5 in Figure 4- 

1 based on comparison with literature results alone.

Figure 4-2 shows 31P NMR spectra of the initial sample. Each spectrum took 

about 3 h to acquire. The lower spectrum was recorded in the first three hours after
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After 432 h in solution

M J ^  t** **WiV »'

Recorded from 0 - 3 h

150 100 50 0
ppm

Figure 4-2. 161.9 MHz 31P NMR spectra for the initial sample at two different 

residence times in chloroform-d. The TNPP resonance line intensity 

decreases over time while the bis(nonylphenyl) phosphite line intensity

increases.
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dissolution of the polymer in chloroform-d and the upper spectrum was obtained about 

430 h later. The intensity of the TNPP peak, with a chemical shift of 129 ppm, decreases 

over time while that of the bis(nonylphenyl) phosphite, with chemical shift of 1.16 ppm, 

increases. The phosphate peak (compounds with general structure A and chemical shift 

of -16.7) also increases. These results indicate that the increased mobility of the TNPP 

and other reactants upon dissolution into chloroform-d increases encounters of reactive 

sites and hence formation of bis(nonylphenyl) phosphite.

Figure 4-3 compares 31P NMR spectra of the initial and final samples. Exactly as 

for the dissolution of the initial sample, the spectrum of the final material shows that the 

resonance lines at 1.16 and -16.7  ppm grow in intensity at the expense of the TNPP 

resonance line. Thus, thermal treatment increases the mobility of the TNPP and PLA 

sufficiently for reaction to occur, therefore increasing the concentration of 

bis(nonylphenyl) phosphite and phosphates due to transestérification.
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Initial sample 
0-3 h

Final sample

100 50 0150
ppm

Figure 4-3. Comparison of initial and final samples with 161.9 MHz 31P NMR spectra.

Thermal treatment, simulating residence time in an extruder, clearly results 

in consumption of TNPP.
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Attention is now turned to the application of TNPP in fiber processing. Three 

types of PLA samples are employed. In the first, the PLA contains 0.11 wt% TNPP. The 

concentration in the second is 0.80 wt%, and the third data set represents the 0 wt% 

(unstabilized) control. Experimentation reveals that concentrations higher than 0.80 wt% 

cause the extrudate to be highly inhomogeneous. Eight different draw ratios (1-8) are 

studied for each material. For a detailed review of the properties of unstabilized fibers, 

the reader is referred to a previous study.2

The important aspects of molecular weight loss are summarized in Table 4-2. The 

loss for the unstabilized PLA is 28%, while enrichment with 0.80-wt% TNPP reduces the 

loss to 1.1%. Interestingly, the molecular weight for the 0.1 l-wt% batch actually 

increased by 2.5%. This finding is consistent with the premise that TNPP serves as a 

chain extender. It is evident that addition of TNPP in low concentrations drastically 

reduces degradation of PLA during processing.

Table 4-2. Molecular weight change during processing.

Batch A/Wr A/Wf Change
0.11 wt% TNPP 98500 101000 2.50%
0.80 wt% TNPP 98500 97400 -1.10%

Unstabilized 98500 71300 -27.60%
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DSC shows no remarkable differences in the melting behavior of the unstabilized 

versus stabilized fibers. The melting temperature, Tm, is taken as the temperature at the 

maximum of the melting endotherm. Melting peaks for unstabilized samples are in the 

range of 160-163 °C while those of the stabilized fall in the range of 161-164 °C. In 

some unstabilized scans, a distinct second peak appears a few degrees lower than the 

main peak. In others, a clear shoulder can be seen on the low-temperature side of the 

melting peak. Similar observations have been made by Fambri et al.5 and Spruiell et al.12 

Although no two-peak melting endotherms are found for the stabilized fibers, a shoulder 

is visible on almost all samples. The presence of broad melting endotherms, endotherms 

with shoulders, and double-peak structures are usually interpreted as indicating different 

populations of lamellar thicknesses.

Figure 4-4 is a plot of percent crystallinity vs. draw ratio for each batch. Percent 

crystallinity is determined by dividing the area under the melting endotherm by a value of 

93.6 J/g for 100% crystalline PLA.13 Essentially, no difference between the samples 

exists for draw ratios of 2-8. The only exception arises when DR = 1. Here, the 0.11- 

wt% TNPP fibers are over 40% crystalline, but the unstabilized fibers are almost 

completely amorphous. It may be that the TNPP acts as a plasticizer and facilitates 

crystallization in the DSC.
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60

50

40

unstabilized 
e -0 .1 1  wt% TNPP 
■A—0.80 wt% TNPP20

0 2 3 4 5 6 7 81 9
Draw Ratio

Figure 4-4. Percent crystallinity vs. draw ratio for 0.1 l-wt% TNPP, 0.80-wt% TNPP, 

and unstabilized fibers. Note that the only real difference between the three 

batches occurs at DR = 1, where it is clear that addition of stabilizer results in 

faster crystallization kinetics.



124

Stress-strain behavior for the three sets of fibers is nearly indistinguishable except 

for magnitude. The only difference lies in those fibers drawn to DR = 5. Typical stress- 

strain curves for these fibers are shown in Figure 4-5. It is clear that immediately after 

the yield point for the unstabilized fiber, there is a significant plateau in the data, making 

the plot markedly non-monotonic. The curves for the stabilized fibers do not demonstrate 

the plateau. Accordingly, the unstabilized PLA probably necks more during the 

deformation. For all samples, modulus is determined by the slope at low deformations 

while tensile strength and strain-at-break are taken at the point of fracture, which is also 

the point of highest stress.
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unstabilized

0.0
0.25 0.5 0.750

Strain

Figure 4-5. Typical stress-strain curves at a draw ratio of 5. The behavior of the three 

batches is noticeably different at the yield point.
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A plot of modulus vs. draw ratio is presented in Figure 4-6. The effects of the 

TNPP stabilization are most apparent at intermediate draw ratios where the stabilized 

fibers have significantly higher values than the unstabilized ones. The modulus gain is 

presumably due to the higher molecular weight of the stabilized fibers. One aspect of the 

higher molecular weight is greater viscosity, which corresponds to greater stress in the 

spinline for the same deformation field. The result of greater stress should be increased 

molecular orientation. At draw ratios of 6 and above, however, the large gap narrows and 

the increase associated with the TNPP shrinks. One positive aspect of stabilization at 

high draw ratios is the preservation of the modulus— for 0.80 wt% TNPP, the modulus 

plateaus at 3.2 GPa. The unstabilized modulus drops off, falling to 2.9 GPa at DR = 8. 

The difference between 0.11- and 0.80-wt% TNPP is insignificant over the majority of 

draw ratios.

The dependence of strength on draw ratio, depicted in Figure 4-7, exhibits more 

of a separation between the samples. As with modulus, low-draw ratio differences are 

small. Once DR = 4 is reached, however, a greater strength in the stabilized fibers is 

clearly demonstrated. Although the 0.80-wt% TNPP curve dominates draw ratios of 4 

through 7 (reaching a strength of 0.41 GPa at DR = 7, which is 30% higher than its 

unstabilized counterpart), it drops below the 0.1 l-wt% curve at DR = 8. This decrease in 

strength is attributed to minute inhomogeneities in the fiber associated with surface 

crazing.
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■0—0.11 wt% TNPP 
iÊr-0.80 wt% TNPP

3.0

2.5

2.0

1.0
0 1 2 3 4 5 6 7 8 9

Draw Ratio

Figure 4-6. Modulus vs. draw ratio for the three fiber batches. Modulus at high draw

ratios is preserved with addition of TNPP.
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e - 0 .1 1  wt% TNPP 
-A -0.80 wt% TNPP

0.0
4 5

Draw Ratio

Figure 4-7. Tensile strength vs. draw ratio. Addition of stabilizer greatly improves 

strength for draw ratios above 3.
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Figure 4-8 is a plot of strain-at-break vs. draw ratio. The differences between the 

three batches are small in most cases, and values plateau at about 40% at high draw ratios 

for all fibers. It appears that there is an optimal level of molecular-scale orientation, 

allowing maximum elongation, found at DR = 2 for both stabilized and unstabilized PLA 

fibers. Stabilization thus seems to have only modest effects on fiber extensibility.

300

250
-0— unstabilized 
■e-0.11 wt% TNPP 
-A -0.80 wt% TNPP

-9 150

5
£  100

95 6 80 2 4 731

Draw Ratio

Figure 4-8. Strain-at-break vs. draw ratio. No major differences between the stabilized

and unstabilized fibers are evident.



130

4. Conclusions

The molecular weight of extrusion-processed PLA may be stabilized and even 

increased by adding a small amount of tris(nonylphenyl) phosphite prior to extrusion. 

Crystallinity is approximately equal for both stabilized and unstabilized fibers. However, 

fibers produced from this modified PLA using a two-step melt spinning and cold-drawing 

process possess mechanical properties superior to unstabilized fibers. For example, 

moduli for fibers produced with 0.80-wt% TNPP remain at 3.2 GPa for all high draw 

ratios, as opposed to the unstabilized fibers, where moduli drop off above DR = 6. 

Tensile strengths are greatly increased by the addition of TNPP at intermediate and high 

draw ratios. The strength of 0.32 GPa at DR = 7 for unstabilized PLA fibers can be 

increased to 0.41 GPa with the addition of 0.80-wt% TNPP. At other draw ratios, 

increases of 10-25% are obtainable. Addition of 0.1 l-wt% TNPP results in mechanical 

properties that are improved to a lesser extent. Fiber extensibility is relatively unaffected 

by stabilization, as demonstrated by small changes in the strain-at-break.
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APPENDIX A 

STANDARD OPERATING PROCEDURES
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FIBER SPINNING 
STANDARD OPERATING PROCEDURE

1. Spread a 1-inch thick layer (or about three 8-oz. cups’ worth) of pellets in cake pan
and dry at 82°C overnight.

2. Perform a visual check on the entire apparatus.
3. Turn on extruder, fiber spinner, and water circulator.

EXTRUDER:
4. Turn all heating zone switches to AUTO; die to ON. Temperatures are as

follows:
ZONE 1 -  356°F 
ZONE 2 -  380°F 
ZONE 3 -  420°F 
DIE -  400°F 

WATER BATH:
5. Temperatures:

SET POINT -  115°F 
HIGH ALARM -  130°F 
LOW ALARM -  100°F 

FIBER SPINNER:
6. Gear pump should be off. Starting gear pump while polymer is still solid

may damage motor.
7. Turn on godet heaters to the following settings:

GODET 1 -D ial=190 (corresponds to 65 °C)
GODET 2 -  Dial=225 (corresponds to 80°C)
See godet temperature sheet for other settings.

8. Plug in and turn on radiant heater.
9. Turn on air at wall.
10. Allow one hour for heating up.
11. Turn on gear pump to ~6 RPM. Make sure the motor is turning!
12. Turn on extruder to ~3 RPM.
13. When confident that the gear pump is moving polymer, turn it to -15 RPM.
14. Turn the extruder up to about -5  RPM. You are now purging material. When

operating, ensure that the pressure gauge on the extruder reads between 200 and 
1000 psi. Increase or decrease extruder speed to stay within this range.

15. Calibrate winder to desired range of speeds. To calibrate, notice that as the winder
turns, the distributor bar that moves back and forth “clicks” each time it reaches 
the end of its travel. Two clicks corresponds to approximately 90 feet of winder 
travel. So, eight clicks per minute indicates that the winder is turning at 
approximately 360 FPM. If desired speeds are not attainable with the range of the
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winder, adjust the speed on the back of the unit by turning the MIN and MAX 
screws. Winder top speed is about 560 FPM.

16. Pour a cupful (~8 oz.) of pellets into hopper and replace air restrictor (the big white
bucket lid is used to minimize air flow in the hopper).

17. While operating, continually pour cups into hopper when level gets low. The idea is
to have enough polymer to keep running, but to minimize residence time in the 
hopper.

18. Purging is complete when extrudate is smooth and bubble-free. You’ll know that
purging is incomplete if you try and spin fibers and they break easily.

FOR SPINNING FIBERS:
Turn gear pump to 6 RPM and extruder to 2.5 RPM. Extruder speed may need 

adjusting to maintain correct pressure.
Turn on godet 1 (G 1) to 60 FPM, G2 to 80-130 FPM, and NIP to G2+10 to 

G2+50.
Set pre-calibrated winder to desired speed.
Thread fiber down around rollers in water bath, through air wipe, around G1 

five times (so that the fiber touches the top of the godet five times), 
through radiant heating zone (don’t worry about the little pre-RH zone 
loop yet), around G2 three times, down around the roller in the dry bath, 
and over the NIP. Close nip roller. Let the fiber spew out of the NIP.
Now go back and carefully move the spinning fiber so that it threads 
through the pre-RH zone loop. You are now ready to approach the desired 
draw ratio.

Take the fiber that is spewing out of the NIP and help draw it away with your 
hands, otherwise, it will get tangled in the NIP. While pulling the fiber 
with your hands, gradually increase the speeds of G2 and the NIP. Keep 
the NIP speed in the range of G2+10 to G2+50 to keep sufficient, but not 
excessive, tension on the line. Once the desired speed is reached, quickly 
wrap the fiber around the winder, which is already turning at the desired 
speed. Adjust the tension between the NIP and winder by varying the 
winder speed. Thread the fiber through the distributor and monitor tension 
as fiber is collected.

Cardboard collection tubes are in the fiber spinner cabinet. More can be 
purchased at the Xpedx paper store on Santa Fe Drive.
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DSC
STANDARD OPERATING PROCEDURE

This SOP describes a method for obtaining a flat or nearly flat baseline.

1. One hour prior to running DSC, fill the bath with ice.
2. Calibrate the instrument with the indium standard.
3. Using your program method, run a scan with an empty pan.
4. Run another empty-pan scan.
5. With the data analysis feature of the software, use the “add data” function to place

both empty-pan scans on the same graph.
6. Compare the slopes of the two scans. If the slopes are equal, a baseline has been

established. If they differ, the system is not at steady-state and you must run 
empty-pan scans until the slopes are equivalent.

7. Make sure the baseline graph you use is smooth and does not contain any bumps.
8. Rename the baseline scan that you will use to something unambiguous, like

“Baseline 1”. Delete all other baseline scans to minimize confusion.
9. Establish a new baseline every day that DSC scans are performed.

General DSC tip:
When starting a scan, you will notice that the sample is ramped to the starting 
temperature prior to the data-collecting scan. The status indicator on the software will 
read “equilibrating” for about 10 seconds. Sometimes, the software will forget to 
equilibrate and will immediately proceed to the scan upon reaching the starting 
temperature. If the status indicator does not say “equilibrating” for a few seconds before 
saying “heating”, immediately stop the scan, allow the sample to return to temperature, 
and start up again. Failure to do so will result in data collection errors during the scan.
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TENSILE TESTING 
STANDARD OPERATING PROCEDURE

1. Use the Instron machine with the MTS ReNew upgrade (the second machine from the
door).

2. Set up with the 2000-gm load cell unless fibers require a 50-lb load cell.
3. The top fiber fixture (with the smaller machined piece attached) fits into the load cell

with an adapter found in the Instron tools cabinet. Use one of the metal rods to 
secure the fixture in the adapter.

4. The bottom fixture slides into the bottom piece on the tensile tester. Use one of the
big rods in the cabinet to secure the fixture.

5. Each fixture has a hub around which the fiber sits. Position the bottom fixture so that
the distance between the hubs is 2 inches (or whatever nominal gauge length you 
desire).

6. Calibrate the load cell.
7. Modify the software method to use a strain rate of your choice. The “Fiber Tensile”

method currently is set for a strain rate of 1.2 inches/min. Typical strain rates are 
50-60% of nominal gauge length per minute.

8. When you are ready to run actual tests, take a fiber and place it in the bottom fixture
with an inch or two sticking out the bottom. Tighten the screw so that it’s tight 
enough to hold the fiber without breaking it.

9. Wrap the fiber once around the hub on the bottom fixture. Then, wrap it once around
the hub on the top fixture.

10. Thread the fiber through the tightening zone on the top fixture. Pull the fiber so that
it is taut between the two fixtures. Tighten the screw on the top fixture so that it 
just keeps the fiber in place. This fixture is more sensitive to over-tightening and 
will need some practice to find the correct pressure.

11. Start the test and proceed as normal.
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APPENDIX B

FIBER DIAMETERS AND TEXTILE INDUSTRY UNITS
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Sample Draw Ratio
Specimen
Number

Fiber Diameter, 
mm

Strength,
GPa

Strength,
g/den

Modulus,
GPa

Modulus,
g/den

FG 50% 5 1 150.5 0 .2 8 4 2 .60 2 .72 24.9
5 2 147.6 0 .2 7 4 2.51 2 .50 22.9
5 3 149.4 0 .276 2.52 2.86 26.2
5 4 157.9 0 .249 2.28 2 .70 24.7
5 5 158.9 0 .287 2.62 3.00 27.4
5 6 166.6 0 .274 2.51 2.76 25.2
5 7 166.2 0 .272 2.49 3.00 27.4
5 8 150.0 0 .2 7 4 2.51 2.67 24.4
5 9 151.5 0 .2 7 4 2.51 3.11 28.4
5 10 147.6 0 .276 2.52 2.73 24.9

FG 50% 6 1 154.4 0 .248 2.27 2.63 24.1
6 2 173.7 0 .238 2.18 2.59 23.7
6 3 152 .4 0 .269 2.46 2.57 23.5
6 4 169.6 0 .259 2.37 2.62 23.9
6 5 151.5 0.251 2.30 2 .64 24.1
6 6 160.3 0 .266 2.43 2 .64 24.1
6 7 154.9 0 .247 2 .26 2.62 24.0
6 8 141.6 0 .276 2 .52 2.95 27.0
6 9 134.8 0 .278 2 .54 3 .00 27.4
6 10 150.3 0 .266 2.43 2.71 24.8

FG 50% 7 1 139.4 0 .262 2.40 2.89 26.5
7 2 177.6 0 .255 2.33 2.58 23.6
7 3 141.8 0 .282 2.58 2.85 26.1
7 4 141.6 0 .2 6 4 2.41 2.50 22.9
7 5 140.0 0.281 2.57 3.06 27.9
7 6 126.2 0 .3 0 0 2 .74 3.03 27.7
7 7 142.9 0 .2 7 0 2.47 2.83 25.9
7 8 138.4 0 .269 2.46 3.00 27.4
7 9 122.9 0 .275 2.51 2.67 24.4
7 10 151.6 0 .269 2.46 2.93 26.8

FG 75% 5 1 159.2 0 .2 3 4 2 .14 2.00 18.3
5 2 139.1 0 .258 2.36 2.47 22.6
5 3 145.1 0 .2 5 8 2.36 2.46 22.5
5 4 148.3 0 .267 2 .44 2.72 24.9
5 5 167.7 0.231 2.11 2 .40 21.9
5 6 137.1 0 .2 5 4 2.32 2.39 21.8
5 7 148.6 0 .247 2.26 2 .62 23.9
5 8 149.8 0 .2 4 4 2.23 1.97 18.0
5 9 132 .4 0 .2 5 4 2.32 3.08 28.2
5 10 144.7 0 .2 5 4 2.32 2 .29 20.9

FG 75% 6 1 149.1 0 .312 2.85 2 .92 26.7
6 2 144.0 0 .363 3.32 3 .00 27.4
6 3 133.2 0 .327 2.99 3 .30 30.2
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6 4 127.4
6 5 144.6
6 6 137.3
6 7 122.0
6 8 143.7
6 9 128.9
6 10 147 .4

FG 75%  7 1 130.8
7 2 154.8
7 3 131.2
7 4 147.8
7 5 137.7
7 6 129.7
7 7 142.7
7 8 138.3
7 9 132.1
7 10 118.6

FG 100%  5 1 120.3
5 2 131.1
5 3 166.6
5 4 122.2
5 5 163.6
5 6 183.1
5 7 134.4
5 8 137.3
5 9 149.1
5 10 143.1

FG 100%  6 1 161.6
6 2 152.5
6 3 155.9
6 4 121.6
6 5 120.9
6 6 144.7
6 7 147.9
6 8 109.8
6 9 164.5
6 10 148.6

FG 100%  7 1 137.7
7 2 140.5
7 3 134.3
7 4 131.1
7 5 123.4
7 6 138.6
7 7 134.3
7 8 134.9
7 9 125.0
7 10 144.5

0 .332 3 .0 4 3 .00 27.4
0 .357 3 .26 2.89 26.4
0 .323 2.95 3.19 29.2
0 .339 3 .1 0 3.17 29.0
0 .325 2.97 3.43 31.3
0 .344 3 .15 2.97 27.1
0 .343 3 .14 2.97 27.1
0 .262 2 .40 3.42 31.3
0.262 2 .40 2.80 25.6
0 .265 2.42 3.09 28.3
0 .267 2 .44 3.30 30.2
0 .245 2 .24 3.09 28.3
0.271 2 .48 2.77 25.3
0 .253 2.31 2.88 26 .4
0.257 2 .35 3.08 28.1
0 .272 2 .49 3.25 29.7
0 .264 2.41 3 .00 27.4
0.147 1.34 1.55 14.1
0 .139 1.27 1.58 14.4
0 .124 1.13 1.67 15.2
0 .177 1.62 2.36 21.6
0.141 1.29 1.81 16.6
0.127 1.16 1.75 16.0
0.153 1.40 2.13 19.4
0 .164 1.50 1.92 17.6
0 .144 1.32 1.75 16.0
0 .152 1.39 2 .00 18.3
0 .196 1.79 1.88 17.1
0 .160 1.46 1.68 15.3
0 .170 1.55 1.72 15.7
0.205 1.87 2.36 21.6
0 .192 1.76 1.97 18.0
0 .202 1.85 2.03 18.6
0 .164 1 .50 1.58 14.4
0 .209 1.91 2.25 20.6
0 .158 1.44 1.77 16.2
0 .162 1.48 1.45 13.2
0 .372 3 .40 3.67 33.5
0.371 3 .39 2.71 24.7
0 .380 3.47 3.45 31.5
0 .380 3.47 2.67 24.4
0 .382 3 .49 2.72 24.9
0 .375 3.43 3.61 33.0
0 .364 3 .33 3.00 27.4
0 .368 3 .36 3.18 29.1
0.389 3 .56 3.00 27.4
0 .369 3.37 3.13 28.6
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Fiber-grade

Fiber-grade

Fiber-grade

Fiber-grade

Fiber-grade

1 1 310.2 0 .068 0 .6 2 1.32 12.1
1 2 321.1 0 .064 0 .5 9 1.35 12.3
1 3 331.0 0 .068 0 .62 1.37 12.5
1 4 303.8 0 .068 0 .62 1.40 12.8
1 5 309.7 0 .069 0 .63 1.45 13.3
1 6 289.7 0 .068 0 .6 2 1.50 13.7
1 7 293.3 0 .070 0 .6 4 1.42 13.0
1 8 301.2 0 .062 0 .57 1.39 12.7
1 9 293.5 0 .064 0 .59 1.53 14.0
1 10 295.7 0 .065 0 .59 1.40 12.8
2 1 216 .0 0 .102 0 .93 1.70 15.5
2 2 237.9 0 .099 0.91 1.65 15.1
2 3 238.1 0.091 0 .83 1.50 13.7
2 4 221.8 0 .100 0.91 1.70 15.5
2 5 214.9 0 .085 0 .7 8 1.63 14.9
2 6 257.3 0.091 0 .83 1.54 14.0
2 7 216.7 0 .102 0 .93 1.63 14.9
2 8 258.2 0 .093 0 .85 1.54 14.1
2 9 242.2 0 .098 0 .9 0 1.67 15.2
2 10 225.2 0 .112 1.02 1.75 16.0
3 1 194.1 0.167 1.53 1.80 16.5
3 2 199.5 0 .164 1.50 1.82 16.6
3 3 196.6 0.165 1.51 1.83 16.8
3 4 197.7 0 .148 1.35 1.77 16.2
3 5 164.7 0 .166 1.52 1.81 16.5
3 6 201.7 0.153 1.40 1.85 16.9
3 7 193.1 0 .166 1.52 1.85 16.9
3 8 201 .6 0 .158 1.44 1.93 17.6
3 9 184.3 0 .146 1.33 1.88 17.2
3 10 187.1 0 .164 1.50 1.75 16.0
4 1 148.6 0 .236 2 .16 2.10 19.2
4 2 163.7 0 .198 1.81 2.15 19.7
4 3 154.9 0.207 1.89 2.08 19.0
4 4 138.5 0.229 2.09 2.00 18.3
4 5 176.4 0.193 1.76 1.87 17.1
4 6 175.8 0 .184 1.68 1.94 17.8
4 7 161.7 0.193 1.76 2.11 19.3
4 8 180.2 0.183 1.67 1.83 16.8
4 9 162.9 0 .246 2.25 2.09 19.1
4 10 157.0 0.221 2.02 2.00 18.3
5 1 136.2 0 .214 1.96 2.28 20.8
5 2 138.0 0 .246 2.25 2.30 21.1
5 3 134.5 0.251 2 .30 2.41 22.0
5 4 143.7 0 .245 2 .24 2.33 21.3
5 5 135.5 0.231 2.11 2.24 20.5
5 6 116.8 0 .276 2 .52 2.33 21.3
5 7 153.1 0 .202 1.85 2.39 21.9
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Fiber-grade

Fiber-grade

Fiber-grade

Branched

Branched

5 8 132.7 0.209 1.91 2.53 23.1
5 9 131.3 0.241 2.20 2.31 21.1
5 10 97.3 0.244 2.23 2.16 19.7
6 1 148.1 0.316 2.89 3.16 28.9
6 2 137.7 0.349 3.19 3.17 29.0
6 3 134.4 0.315 2.88 3.16 28.9
6 4 136.5 0.346 3.16 3.10 28.3
6 5 139.8 0.363 3.32 2.96 27.0
6 6 133.4 0.381 3.48 3.33 30.5
6 7 128.7 0.376 3 .44 3.11 28.4
6 8 128.4 0.319 2.92 3.05 27.8
6 9 146.8 0.373 3.41 3.09 28.3
6 10 135.8 0.336 3.07 3.40 31.1
7 1 137.3 0.347 3.17 3.35 30.7
7 2 132.9 0.271 2.48 2.93 26.8
7 3 128.6 0.303 2.77 3.21 29.4
7 4 127.8 0.314 2.87 2.95 26.9
7 5 136.2 0.297 2.72 3.22 29.5
7 6 122.5 0.321 2.94 2.65 24.2
7 7 128.6 0.350 3.20 3.22 29.4
7 8 128.0 0.303 2.77 3.12 28.5
7 9 105.2 0.316 2.89 2.74 25.0
7 10 138.7 0.342 3.13 3.24 29.6
8 1 135 .4 0.316 2.89 3.00 27.4
8 2 134.2 0.324 2.96 3.05 27.8
8 3 124.0 0.301 2.75 2.84 26.0
8 4 130.6 0.315 2.88 3.10 28.3
8 5 129.9 0.306 2.80 3.10 28.3
8 6 119.8 0.338 3.09 2.71 24.8
8 7 120.1 0.311 2.84 3.13 28.6
8 8 121.1 0.315 2.88 2.80 25.6
8 9 121.4 0.323 2.95 2.65 24.3
8 10 129.4 0.327 2.99 2.95 26.9
1 1 319.6 0.068 0.62 1.36 12.4
1 2 310.5 0.067 0.61 1.42 13.0
1 3 314 .6 0.071 0 .65 1.53 14.0
1 4 3 18 .4 0.071 0.65 1.46 13.3
1 5 308 .2 0 .072 0 .66 1.50 13.7
1 6 313.9 0.071 0.65 1.46 13.3
1 7 307.8 0.070 0 .64 1.55 14.1
1 8 308 .2 0.073 0.67 1.42 13.0
1 9 304 .2 0.071 0.65 1.48 13.5
1 10 334.3 0.069 0.63 1.38 12.6
2 1 227 .3 0.117 1.07 1.56 14.3
2 2 235 .2 0.110 1.01 1.57 14.4
2 3 259.6 0.099 0.91 1.50 13.7
2 4 213.6 0.107 0 .98 1.60 14.6



143

Branched

Branched

Branched

Branched

Branched

2 5 2 43 .6 0 .104 0.95 1.69 15.4
2 6 225 .2 0.099 0.91 1.60 14.6
2 7 2 60 .4 0 .094 0.86 1.56 14.2
2 8 238 .6 0.103 0.94 1.56 14.2
2 9 263 .6 0 .102 0.93 1.57 14.4
2 10 2 53 .2 0 .098 0.90 1.50 13.7
3 1 196.8 0 .149 1.36 1.90 17.4
3 2 199 .3 0 .164 1.50 1.91 17.5
3 3 189.7 0 .166 1.52 1.88 17.2
3 4 192 .4 0 .163 1.49 1.95 17.9
3 5 174.1 0 .172 1.57 1.96 17.9
3 6 177.3 0.173 1.58 1.74 15.9
3 7 191.7 0 .160 1.46 1.79 16.3
3 8 197 .2 0 .148 1.35 1.95 17.8
3 9 201.1 0.153 1.40 1.87 17.1
3 10 206.1 0.165 1.51 1.83 16.8
4 1 170.6 0 .219 2.00 2.07 18.9
4 2 186.7 0.217 1.98 2 .04 18.7
4 3 158.9 0 .214 1.96 2.14 19.6
4 4 203 .5 0.197 1.80 1.92 17.6
4 5 182.1 0 .210 1.92 2.00 18.3
4 6 162 .9 0 .226 2.07 2.20 20.1
4 7 162.2 0.217 1.98 2.17 19.8
4 8 181.3 0.217 1.98 1.77 16.2
4 9 184 .0 0.215 1.97 2.06 18.8
4 10 169 .6 0 .219 2.00 1.97 18.0
5 1 161.2 0 .272 2.49 2.77 25.4
5 2 142.3 0.267 2.44 2.78 25.4
5 3 149 .8 0.289 2.64 2.85 26.1
5 4 152 .8 0 .259 2.37 2.67 24.4
5 5 148 .8 0 .283 2.59 3.20 29.3
5 6 151.7 0.283 2.59 2.75 25.1
5 7 142.9 0 .270 2.47 2.56 23.4
5 8 143.8 0 .300 2.74 2.77 25.4
5 9 141.0 0 .294 2.69 2.78 25.4
5 10 152.3 0 .268 2.45 2.48 22.6
6 1 139.1 0 .328 3.00 3.44 31.4
6 2 145.2 0 .343 3.14 2.93 26.8
6 3 137.2 0 .330 3.02 3.00 27.4
6 4 155 .2 0 .349 3.19 2.93 26.8
6 5 144.7 0 .325 2.97 3.05 27.9
6 6 150.3 0.347 3.17 3.07 28.0
6 7 145 .2 0 .340 3.11 3.13 28.6
6 8 156.5 0 .3 3 4 3.05 3.00 27.4
6 9 147.8 0 .354 3.24 3.00 27.4
6 10 162.7 0 .345 3.15 2.81 25.7
7 1 133.9 0 .343 3.14 3.36 30.7
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7 2 130 .2
7 3 127 .0
7 4  135 .8
7 5 134 .5
7 6 132 .8
7 7 131 .6
7 8 143.1
7 9 143 .4
7 10 133 .5

Branched 8 1 123 .4
8 2 115.3
8 3 125 .4
8 4  132 .3
8 5 122 .2
8 6 118 .5
8 7 127 .2
8 8 121 .4
8 9 104 .0
8 10 132.1

Linear 1 1 3 0 5 .4
1 2 3 0 6 .9
1 3 3 1 9 .9
1 4  3 0 3 .8
1 5 3 1 5 .4
1 6 2 9 4 .6
1 7 3 3 2 .0
1 8 282 .7
1 9 30 4 .0
1 10 3 1 1 .8

Linear 2 1 216 .7
2 2 241 .5
2 3 191 .3
2 4 217 .8
2 5 255.1
2 6 230 .3
2 7 269 .5
2 8 2 2 9 .2
2 9 2 2 5 .6
2 10 2 4 0 .4

Linear 3 1 168.1
3 2 181 .3
3 3 189 .6
3 4  186 .7
3 5 180 .4
3 6 186 .6
3 7 205.1
3 8 197.7

0 .3 9 0 3.57 3.06 27.9
0 .3 5 5 3.25 3.00 27.4
0 .3 8 0 3.47 3.00 27.4
0 .3 9 5 3.61 3.21 29.4
0 .3 9 6 3 .62 3.10 28.3
0 .3 6 7 3 .36 3.06 28.0
0 .3 9 0 3.57 3.30 30.2
0 .3 8 2 3.49 3.32 30.3
0 .3 9 6 3.62 3.50 32.0
0 .3 4 3 3.14 3 .40 31.1
0 .3 0 7 2.81 3.04 27.8
0 .3 0 6 2.80 3.67 33.5
0 .3 1 7 2.90 3.47 31.8
0 .3 3 3 3 .04 3.16 28.9
0 .3 3 8 3.09 3.22 29.4
0 .3 1 7 2 .90 2.96 27.0
0 .2 9 6 2.71 2.92 26.7
0 .3 3 8 3.09 3.00 27.4
0 .3 0 3 2.77 2.85 26.0
0 .0 6 9 0 .63 1.56 14.3
0.071 0 .65 1.50 13.7
0 .0 6 7 0.61 1.47 13.4
0 .0 6 8 0 .62 1.48 13.5
0 .0 7 0 0 .6 4 1.53 14.0
0 .0 6 8 0 .62 1.56 14.3
0 .0 6 9 0 .63 1.43 13.1
0 .0 7 0 0 .6 4 1.58 14.4
0 .0 7 0 0 .6 4 1.53 14.0
0.071 0 .65 1.53 14.0
0 .1 2 0 1.10 1.85 16.9
0 .0 7 9 0 .72 1.63 14.9
0 .1 2 0 1.10 1.79 16.4
0 .1 2 0 1.10 1.75 16.0
0 .0 7 6 0 .69 1.59 14.5
0 .0 8 2 0 .75 1.93 17.6
0 .0 8 0 0 .73 1.61 14.7
0 .1 0 8 0 .99 1.59 14.6
0 .1 1 2 1.02 1.69 15.4
0 .0 8 0 0 .73 1.69 15.5
0 .2 0 4 1.87 1.92 17.6
0 .1 6 4 1.50 1.75 16.0
0 .1 7 7 1.62 1.90 17.4
0 .1 8 6 1.70 1.79 16.3
0 .1 7 8 1.63 1.92 17.6
0 .1 7 4 1.59 1.95 17.9
0 .1 4 4 1.32 1.75 16.0
0 .1 5 5 1.42 1.75 16.0
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Linear

Linear

Linear

Linear

Linear

3 9 160.8 0 .186 1.70 1.88 17.1
3 10 172.1 0 .175 1.60 1.82 16.7
4 1 154.9 0.241 2.20 2.00 18.3
4 2 178.0 0 .202 1.85 2.00 18.3
4 3 190.1 0 .214 1.96 2.09 19.1
4 4 174.8 0 .216 1.97 2.05 18.7
4 5 194.0 0 .196 1.79 1.95 17.8
4 6 194.4 0 .186 1.70 1.79 16.3
4 7 159.5 0 .248 2.27 2.17 19.8
4 8 167.3 0 .218 1.99 1.92 17.5
4 9 193.9 0 .198 1.81 2.09 19.1
4 10 183.3 0 .2 0 4 1.87 2.09 19.1
5 1 152.1 0 .258 2.36 2.04 18.6
5 2 136.3 0 .279 2.55 2.48 22.7
5 3 140.9 0 .279 2.55 2.32 21.2
5 4 164.9 0 .2 2 4 2.05 2.00 18.3
5 5 161.1 0 .257 2.35 2.41 22.0
5 6 145.1 0 .249 2.28 2.32 21.2
5 7 178.8 0 .235 2 .15 2.22 20.3
5 8 171.3 0 .225 2.06 2.17 19.8
5 9 133.7 0.241 2.20 2.31 21.1
5 10 152.7 0 .284 2.60 2.38 21.7
6 1 139.8 0.397 3.63 3.04 27.8
6 2 145.3 0.367 3.36 3.04 27.8
6 3 137.7 0 .347 3.17 3.32 30.3
6 4 144.0 0 .393 3.59 2.96 27.1
6 5 151.2 0 .355 3.25 2.84 26.0
6 6 147.2 0 .379 3.47 2.92 26.7
6 7 140.9 0 .406 3.71 3.00 27.4
6 8 147.3 0 .416 3 .80 3.00 27.4
6 9 135.6 0 .4 0 4 3.69 3.23 29.5
6 10 146.1 0 .384 3.51 3.05 27.8
7 1 129.1 0 .376 3 .44 2.88 26.3
7 2 157.1 0 .376 3 .44 3.10 28.3
7 3 133.6 0 .362 3.31 2.72 24.9
7 4 132.4 0.381 3 .48 2.76 25.2
7 5 118.6 0.371 3.39 2.80 25.6
7 6 144.4 0 .376 3 .44 3.00 27.4
7 7 124.9 0 .365 3 .34 3.25 29.7
7 8 108.0 0 .378 3.46 2.58 23.6
7 9 147.7 0.411 3.76 3.25 29.7
7 10 128.1 0 .387 3 .54 3.22 29.5
8 1 111.7 0 .376 3 .44 3.16 28.9
8 2 108.1 0 .333 3 .04 3.29 30.0
8 3 114.3 0 .376 3 .44 2.90 26.5
8 4 130.1 0 .354 3 .24 2.96 27.1
8 5 123.1 0 .357 3 .26 3.13 28.6
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8 6 113.9
8 7 135.6
8 8 113 .4
8 9 111.9
8 10 119.5

TNPP 0.11 w t%  1 1 330 .6
1 2 306 .0
1 3 291 .9
1 4 292 .4
1 5 280.1
1 6 252 .4
1 7 257 .6
1 8 278 .7
1 9 339 .7
1 10 3 3 2 .8

TNPP 0 .1 1wt%  2 1 230 .2
2 2 190.9
2 3 230 .3
2 4 250 .0
2 5 228 .0
2 6 244 .9
2 7 230 .0
2 8 204 .7
2 9 212.1
2 10 211.0

TNPP 0.11 w t%  3 1 185.7
3 2 198 .4
3 3 166 .6
3 4  191.3
3 5 198 .4
3 6 178.5
3 7 208 .9
3 8 210 .3
3 9 211 .6
3 10 196 .0

TNPP 0 .1 1w t%  4 1 180 .2
4 2 171 .5
4 3 163 .4
4 4 182.3
4 5 172 .8
4 6 159 .6
4 7 156 .8
4 8 168 .2
4 9 175 .4
4  10 187 .8

TNPP 0.11 w t%  5 1 155.1
5 2 149 .5

0 .332 3 .04 3 .14 28.7
0 .364 3.33 3 .00 27.4
0 .358 3.27 2.77 25.3
0 .312 2.85 2.95 27.0
0.331 3.03 2.96 27.0
0 .076 0 .69 1.42 13.0
0 .074 0 .68 1.39 12.7
0 .070 0 .6 4 1.47 13.4
0 .074 0 .6 8 1.50 13.7
0.075 0 .69 1.53 14.0
0 .074 0 .6 8 1.56 14.3
0.071 0 .6 5 1.60 14.6
0 .073 0 .67 1.50 13.7
0 .0 7 4 0 .6 8 1.41 12.9
0.067 0.61 1.33 12.2
0 .112 1.02 1.73 15.8
0 .134 1.23 1.90 17.4
0 .112 1.02 1.85 16.9
0.111 1.01 1.64 15.0
0 .116 1.06 1.71 15.6
0.115 1.05 1.88 17.1
0 .114 1.04 1.75 16.0
0.128 1.17 1.75 16.0
0 .124 1.13 1.79 16.4
0 .113 1.03 1.73 15.8
0 .183 1.67 2.17 19.8
0 .160 1.46 2 .00 18.3
0.187 1.71 2.11 19.3
0 .173 1.58 2.17 19.8
0.171 1.56 2.07 ^8.9
0.183 1.67 2.25 20.6
0 .154 1.41 2 .00 18.3
0 .149 1.36 2.09 19.1
0 .176 1.61 2.05 18.7
0 .168 1.54 1.96 17.9
0 .218 1.99 2.47 22.6
0 .218 1.99 2.65 24.2
0 .226 2.07 2.52 23.1
0.235 2.15 2.41 22.0
0 .226 2.07 2 .50 22.9
0 .244 2.23 2 .68 24.5
0 .205 1.87 2.61 23.9
0 .212 1.94 2.67 24.4
0 .234 2 .14 2.48 22.7
0.217 1.98 2 .72 24.9
0 .288 2.63 2.67 24.4
0.251 2 .30 2.19 20.0
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5 3 141.4
5 4 145.9
5 5 158.9
5 6 163.9
5 7 147.1
5 8 132.9
5 9 137.0
5 10 127.6

TNPP 0 .1 1wt% 6 1 144 .4
6 2 134.2
6 3 139.8
6 4 125.1
6 5 152.3
6 6 132.0
6 7 130.9
6 8 111.7
6 9 119.0
6 10 124.7

TNPP 0 .1 1wt% 7 1 127.6
7 2 131.3
7 3 119.6
7 4 125.4
7 5 140.5
7 6 135.0
7 7 118.4
7 8 119.2
7 9 128.0
7 10 124.5

TNPP 0 .1 1wt% 8 1 131.6
8 2 115.6
8 3 124.0
8 4  129.1
8 5 145.2
8 6 138.5
8 7 130.0
8 8 130.7
8 9 123.4
8 10 134.4

TNPP 0 .80w t%  1 1 309.1
1 2 295 .8
1 3 297 .2
1 4  274 .0
1 5 314.7
1 6 300 .9
1 7 278 .6
1 8 286 .5
1 9 278 .5

0 .309 2.83 2.95 27.0
0 .309 2.83 3.15 28.8
0 .238 2.18 2.21 20.2
0 .253 2.31 2.05 18.8
0 .316 2.89 3 .04 27.8
0 .3 2 4 2.96 3.00 27 .4
0 .328 3 .00 2.76 25.3
0 .307 2.81 3.00 27.4
0 .357 3.26 3.38 30.9
0 .378 3.46 2.71 24.8
0 .385 3 .52 3.13 28.6
0 .388 3.55 3.10 28.3
0 .343 3 .14 3.22 29 .4
0 .3 7 0 3.38 3.16 28.9
0 .385 3.52 3 .04 27.8
0 .406 3.71 3.18 29.0
0 .382 3.49 2.93 26.8
0 .383 3 .50 3.35 30.6
0 .335 3.06 3.06 28.0
0 .360 3.29 3.25 29.7
0.391 3.58 3.00 27.4
0 .3 6 4 3.33 3.00 27.4
0 .4 0 0 3 .66 3.25 29.7
0 .406 3.71 3 .26 29.8
0 .362 3.31 3.21 29 .4
0.341 3 .12 2.81 25.7
0 .400 3 .66 3.33 30.5
0.371 3 .39 2.91 26.6
0 .357 3 .26 2 .80 25.6
0.351 3.21 3.37 30.8
0 .3 7 4 3 .42 2.96 27.1
0 .3 5 4 3 .24 3 .24 29.6
0 .357 3.26 3.12 28.5
0 .349 3.19 3.24 29.6
0 .342 3.13 3.37 30.8
0 .385 3.52 3.14 28.7
0 .342 3.13 3.24 29.6
0 .3 6 0 3.29 3.00 27.4
0 .067 0.61 1.42 13.0
0 .0 7 2 0 .66 1.39 12.7
0 .070 0 .6 4 1.40 12.8
0 .0 7 0 0 .6 4 1.62 14.8
0 .072 0 .66 1.37 12.5
0 .075 0 .69 1.50 13.7
0 .069 0 .63 1.44 13.1
0 .073 0.67 1.53 14.0
0 .0 6 4 0 .59 1.50 13.7
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TNPP 0 .8 0 w t%

TNPP 0 .8 0 w t%

TNPP 0 .8 0 w t%

TNPP 0 .8 0 w t%

TNPP 0 .8 0 w t%

1 10 312 .0 0 .064 0 .59 1.29 11.8
2 1 223.1 0 .110 1.01 1.75 16.0
2 2 236 .8 0 .104 0.95 1.69 15.4
2 3 229 .9 0 .119 1.09 1.67 15.2
2 4 197.3 0 .123 1.12 1.68 15.3
2 5 264 .6 0 .102 0 .93 1.60 14.6
2 6 237 .4 0.117 1.07 1.71 15.7
2 7 241.0 0.111 1.01 1.70 15.5
2 8 238 .5 0 .116 1.06 1.70 15.5
2 9 225 .0 0 .105 0 .96 1.68 15.3
2 10 239.5 0.1 18 1.08 1.70 15.5
3 1 182.0 0.177 1.62 1.96 17.9
3 2 176.0 0.169 1.55 1.92 17.6
3 3 174.9 0 .168 1.54 2.42 22.1
3 4 21 1.0 0 .166 1.52 1.95 17.8
3 5 182.8 0 .176 1.61 2.00 18.3
3 6 184.6 0 .172 1.57 1.91 17.5
3 7 171.3 0.162 1.48 1.92 17.6
3 8 190 .4 0 .164 1.50 1.96 18.0
3 9 203 .2 0 .169 1.55 1.86 17.0
3 10 204.5 0 .168 1.54 1.90 17.4
4 1 153.8 0 .265 2.42 2.67 24.4
4 2 156.0 0.277 2.53 2.40 21.9
4 3 149.7 0.297 2.72 2.42 22.2
4 4 157.6 0 .250 2.29 2.68 24.5
4 5 143.5 0 .268 2.45 2.56 23.4
4 6 138.2 0.259 2.37 2.92 26.7
4 7 165.5 0 .263 2 .40 2.42 22.2
4 8 161.6 0 .260 2.38 2.38 21.8
4 9 153.7 0.259 2.37 2.55 23.3
4 10 152.0 0 .269 2.46 2.52 23.0
5 1 146.3 0 .329 3.01 2.77 25.4
5 2 136.3 0 .309 2.83 3.21 29.4
5 3 139.4 0 .310 2.83 2.86 26.1
5 4 128.4 0 .324 2.96 2.76 25.3
5 5 147.4 0 .292 2 .67 2.92 26.7
5 6 146.9 0 .305 2.79 2.80 25.6
5 7 158.5 0 .325 2 .97 2.96 27.0
5 8 151.2 0.307 2.81 3.05 27.9
5 9 153.7 0 .309 2.83 2.82 25.8
5 10 150.3 0 .309 2.83 2.89 26.4
6 1 144.8 0 .373 3.41 3.19 29.2
6 2 134.9 0 .365 3 .34 3.47 31.7
6 3 129.9 0 .408 3.73 3.30 30.2
6 4 137.6 0 .388 3.55 3.00 27.4
6 5 142.1 0 .394 3.60 3.19 29.2
6 6 145.3 0.391 3.58 3.14 28.7
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TNPP 0 .80w t%

TNPP 0 .80w t%

6 7 142.0 0.375 3.43 3.29 30.1
6 8 132.4 0.396 3.62 3.40 31.1
6 9 116.2 0.415 3.79 2.95 26.9
6 10 145.7 0 .382 3.49 3.09 28.2
7 1 120.8 0.402 3.68 3.13 28.6
7 2 134.3 0.415 3.79 3.17 29.0
7 3 140.1 0.401 3.67 3.29 30.0
7 4 138.3 0 .434 3.97 3.08 28.1
7 5 122.7 0.441 4.03 3.26 29.8
7 6 136.1 0.415 3.79 3.33 30.5
7 7 143.7 0.415 3.79 3.50 32.0
7 8 133.5 0.406 3.71 3.41 31.2
7 9 129.1 0.382 3.49 2.83 25.9
7 10 116.8 0.383 3.50 3.14 28.7
8 1 120.7 0 .330 3.02 3.17 29.0
8 2 135.2 0 .374 3.42 3.46 31.7
8 3 113.6 0.378 3.46 3.08 28.1
8 4 127.9 0 .340 3.11 3.35 30.7
8 5 126.4 0.352 3.22 2.81 25.7
8 6 122.5 0 .334 3.05 3.00 27.4
8 7 130.8 0 .344 3.15 3.50 32.0
8 8 120.7 0.312 2.85 3.50 32.0
8 9 124.3 0.345 3.15 3.10 28.3
8 10 118.7 0 .324 2.96 3.35 30.6


