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SYNOPSIS 

Hydroxypropyl cellulose (HPC) of degree of substitution three and average molecular weight 
of 100,000 was processed in a magnetic field of 1.2 T. Films of HPC were cast from water, 
methanol, ethyl methyl ketone, and 1,1,2,2-tetrachloroethane solutions in a magnetic field 
using static and dynamic casting techniques. The processed films were evaluated for tensile 
strength, elastic modulus, microhardness, and molecular chain alignment by wide angle x- 
ray diffraction and polarized infrared. The best alignment and hence the greatest improve- 
ment in properties was obtained using a combined magnetic field and flow alignment pro- 
cedure. These samples showed no increase in the elastic modulus, a 106% increase in the 
tensile strength, a 21% increase in the microhardness, and were dichroic. 0 1994 John Wiley 
& Sons, Inc.' 

INTRODUCTION 

One of the conclusions of the NSF Panel on Large 
Magnetic Fields was that the use of magnetic fields 
can be expected to lead to important applications 
in technology such as the generation of new mate- 
rials with exceptional strength.' With liquid crys- 
talline polymers, even modest magnetic fields would 
be expected to produce significant degrees of chain 
alignment because of the inherent cooperativity of 
molecules in liquid crystalline phases and the an- 
isotropic susceptibilities of most polymer chains. 
This in turn would translate into increased strength 
properties. 

Except for one recent report in the United States 
on mechanical property enhancements in epoxies 
by magnetic fields, most of such work has been done 
in Russia, Latvia, and Uzbekistan since the 60s.' 
The claims are that processing a polymer while si- 
multaneously exposing it to a magnetic field leads 
to improvements in the chemical, physical, and me- 
chanical properties in thermoplastics as well as 
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thermosets. By far the most studied materials sys- 
tem has been the epoxies, neat and as a composite. 
Improvements have been claimed in the tensile 
strength, tensile modulus, adhesion, reduced water 
absorption, and toughness. Practically all of this 
work has been reported in not easily accessible jour- 
nals, and is available essentially only in the Russian 
language. The recent publication of Gerzeski' con- 
firms some of the claimed epoxy results and is the 
first to make available English language translation 
references to some of that work. 

Another body of work is available in English lan- 
guage journals. This body of work involves the fol- 
lowing polymers: poly ( y-benzyl glutamate) ,3-5 ar- 
omatic  polyester^,^-'^ polysiloxanes, polyamide, 'O 
epoxies, "," and organometallic  polymer^.'^*'^ The 
emphasis in all of this work continues to be on es- 
tablishing polymer chain orientation and their an- 
isotropic magnetic susceptibility. Correlations with 
mechanical properties have not been of interest. 

The goal of our work has been the study of mag- 
netic field effects on mechanical, electrical, and op- 
tical properties in polymers. We report such effects 
on the tensile strength, tensile modulus, microhard- 
ness, and chain alignment in hydroxypropyl cellulose 
(HPC) . This work is being extended to other poly- 
mers and will be reported in the future. 
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EXPERIMENTAL 

Materials 

Magnet 

A Varian, Model V-4012-3B, with 10-in. pole faces 
and a 2.25-in. gap was being used. The maximum 
field strength along the 10-in. pole faces was 1.3 T. 
A variable position aluminum sample platform was 
installed in the gap. 

Polymers 

HPC powders with average degree of substitution 
three were obtained from Aldrich Chemical Com- 
pany in three average molecular weight ranges: 
100,000, 370,000, and 1,000,000. The powders were 
used as received to cast the films. 

Solvents 

A series of solvents with different diamagnetic sus- 
ceptibilities were evaluated methanol, methy ethyl 
ketone, and 1,1,2,2-tetrachloroethane, all obtained 
from Aldrich Chemical Company and used as re- 
ceived. The remaining solvent was deionized water. 

Methods 

The HPC powders were weighed out in screw-capped 
vials. The powder dissolution was accomplished in 
a wrist action shaker at room temperature (RT) .  
Once the solutions were prepared, they were kept 
in the dark and away from ambient air for subse- 
quent film casting. 

Film Casting: Static Technique 

Films were cast from initially isotropic solutions on 
a variety of substrates including glass, silicone wa- 
fers, Teflon, Kel-F, silicon rubber, and polyisoprene. 
Once the solution was poured, it was covered with 
a Plexiglas canopy with a variable number of open- 
ings to the ambient. This allowed some control of 
the solvent evaporation rate from the film. The 
magnetic field was on while the films were cast and 
was maintained while the films dried, typically for 
several hours. 

Film Casting: Dynamic Technique 

As the work progressed, it became of interest to in- 
troduce a flow alignment in the polymer solution 
from which the film was formed. To accomplish this, 
we designed and built an attachment to the magnet 
involving an elastomeric substrate for the film cast- 

Figure 1 Magnet with a flow gradient attachment. 

ing and stretching at a controlled rate of speed from 
0.44 mm/min to 4.4 mm/min (Fig. 1). A siloxane 
and a polyisoprene were evaluated as the substrate 
materials with the siloxane working better. Typi- 
cally, the substrate was stretched at the rate of speed 
of 4.4 mm/min during the initial stages of the film 
formation. When practically all of the solvent had 
evaporated and a solid film started to form, the rate 
of speed was gradually decreased to 0. Typical ex- 
tension of the original polymer solution spot during 
the film formation was 200-300%. Next, the 
stretched and dry film was removed from the sub- 
strate and placed in a vacuum oven at RT for at 
least an additional 16 h of drying. Following this 
drying, the films were kept at ambient conditions. 

Tensile Strength 

Tensile strength was determined on an Instron, 
Model 4502, according to the ASTM Method D882- 
83. The test speed was 10 mmlmin. 

Microhardness and Elastic Modulus 

The microhardness and elastic modulus properties 
were determined using a commercially available na- 
noindenter capable of obtaining data on both elastic 
and plastic properties. The nanoindenter continu- 
ously monitors the load on a triangular-pyramid 
diamond indenter tip as a function of displacement 
into the sample. The apparatus is shown schemat- 
ically in Figure 2. Load was applied by supplying 
current to a coil enclosing a magnet mounted on the 
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Figure 2 Nanoindenter schematic. 

tip assembly. Displacement was continuously mon- 
itored during the experiment using a capacitive 
gauge. The force and displacement resolutions of 
the instrument were 0.2 pN and 0.2 nm, respectively. 

The indent sequence for the present measure- 
ments consisted of a constant loading rate segment 
to a prespecified depth, a hold segment to monitor 
creep, a constant unloading rate segment to 10% of 
the maximum load, a second hold segment to mon- 
itor thermal drift, and final unloading. Loading/un- 
loading rates and maximum indent depth for the 
HPC samples were 40/60 pN/s and 3 pm. This cor- 
responds to an average displacement rate of 15 nm/ 
s during loading and 5 nm/ s for the elastic recovery 
upon unloading. Maximum indent depths were al- 
ways 4 10% of the sample thickness in order to 
eliminate potential distortions resulting from the 
sample holder or bonding adhesive. Initial samples 
were mounted to stainless steel blocks using Poly- 
bond 910 adhesive. Due to the hydroscopic nature 
of the HPC samples, an epoxy compound was also 
used. The data for samples mounted with each ad- 
hesive were identical within experimental uncer- 
tainties, suggesting that neither adhesive affected 
the polymer samples or distorted the experimental 
data. 

Wide Angle X-Ray Diffraction (WAXD) 

A Philips APD 3720 conventional 8-28 x-ray dif- 
fractometer was used to monitor relative changes in 
molecular chain alignment. This diffractometer is 
equipped with a graphite monochrometer, scintil- 
lation counter, and theta “compensating slit.” The 
measured 28 range extended from 1.5 to 60 degrees. 

Individual samples were measured twice in orthog- 
onal orientations. These orientations were in ref- 
erence to the direction of the applied magnetic field. 
The ratio of relative intensities above background 
of peaks centered around 10 and 20 degrees 28 was 
used as an indication of the degree of orientation 
achieved. 

In the work of Samuel~,’~ the water cast films of 
HPC were examined in great detail for structure and 
deformation behavior. We have used essentially 
identical materials to Samuel’s to cast film in a 
magnetic field and found that the film WAXD and 
polarized infrared ( IR) behavior is qualitatively in 
accord with Samuel’s findings. We plan to report on 
quantitative structural data in the future. 

IR Absorption 

IR spectra of HPC were measured on a Perkin-El- 
mer, Model 283B, and the NICOLET 710 FTIR 
spectrometers. Polarized spectra were obtained using 
Perkin-Elmer gold-wire grid, vapor deposited on a 
silver bromide substrate for use in the 2.5-35 pm 
spectral range. 

RESULTS AND DISCUSSION 

Polymer Structure 

The structure of HPC with an average degree of 
substitution three is depicted in Figure 3. It is a 
semicrystalline material, typically with the crystal- 
linity less than 20%. HPC was shown to form an 
ordered liquid-crystalline phase.26 A 20-50% water 
solution of HPC had a high optical rotation indi- 
cating that the mesophase had a superhelicoidal 
structure and was cholesteric in n a t ~ r e . ~ ~ , ’ ~  What is 
perhaps surprising is that HPC forms a liquid-crys- 
talline phase in more than 30 vastly different solu- 
bility parameter and hydrogen bonding parameter 
solvents.28 In general, the mesophase formation as 
well as the concentration of polymer required for 
ordered phase formation is solvent and also may be 
shear dependent.27 Highly substituted cellulose de- 
rivatives show much shorter Kuhn lengths in organic 
solvents.29 

Solvents 

Thus, it was not difficult to select several solvents 
for HPC with significantly different solubility and 
hydrogen bonding parameters as well as diamagnetic 
susceptibilities and evaluate their influence in the 
magnetic processing of HPC films. The solvents with 
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Figure 3 HPC structure. 

their diamagnetic susceptibilities are given in 
Table I. 

To generate easily pourable isotropic solutions 
the upper solution concentrations for the three mo- 
lecular weight materials in water or methanol were: 
10% for the 100,000 material; 5% for the 370,000; 
and 1% for the 1,000,000. The concentrations in 
ethyl methyl ketone and tetrachloroethane were 
lower. The work reported here is on films cast from 
5 to 10% aqueous or methanol solutions of the 
100,000 material. Another reason for working with 
the 100,000 material was that the 1.2-T magnetic 
field had the more significant effect on the chain 
alignment and physical properties on the films of 
this material as compared to the other two. Viscos- 
ity-magnetic field effect correlations have been 
noted before. 

If chain stiffness were solely responsible for phase 
separation, than cellulose derivatives would be ex- 
pected to form ordered phases in many solvents. 
However, there are examples of cellulose derivatives 
in the literature, which demonstrated that it was 
necessary to shear the concentrated solution in order 
to observe a time-dependent ~rientation.~’ 

For the case of HPC the hydroxypropyl groups 
are rather hydrophobic and lower the affinity of the 
polymer for water.” The role of the flexible hydrox- 
ypropyl groups may be to allow the chains to slip 

Table I Solvents Used 

Diamagnetic Susceptibility, X, 
(-I x emu/mole) 

H& 
CHSOH 

0 
II 

CH3CCHzCH3 
CHClzCHClz 

12.96 
21.40 

45.60 
89.80 

past each other at high concentrations rather than 
to increase solubility. Thus, it was of some interest 
to investigate solvents with different solvating effect 
on the main chain. The different solvents showed 
noticeable shape and position effects of the reflection 
peaks in the WAXD of the films. These effects need 
much more detailed study and will not be reported 
here. 

Selection of Magnet Field Strength 

Our survey of the literature of the magnetic field 
strength requirements for significant structural or 
physical properties effects in lyotropic liquid crys- 
talline polymeric materials indicated that a field 
strength as low as 1 T may be sufficient. We, thus, 
selected the 1.2-T field available to us for practically 
all of our work. A few films cast a t  a field strength 
at 0.5 T showed no detectable enhancements in their 
physical properties. 

Magnetic Field versus Test Direction 

The effect of the 1.2-T magnetic field in relationship 
to the direction in which the samples were evaluated 
was worked out on films cast using the static tech- 
nique. The three magnetic field directions in a test 
sample are illustrated in Figure 4. The parallel and 
perpendicular field effect tensile test samples were 
cut from the same film at 90” to each other. For the 
vertical field (4.2 T) effects studies separate films 
were used. The vertical field study was conducted 
in a 4.2-T field superconducting magnet because that 
was the field available to us. Likewise, because of 
its configuration, it could not be used for a horizontal 
field effect studies. As far as the tensile strength was 
concerned, parallel field had no or slightly (few per- 
cent) positive effect; perpendicular field had a sig- 
nificant positive effect (up to 52% ) ; and the vertical 
field had a negative effect (up to -19% ) . In all cases 
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Figure 4 Magnetic field directions in a test sample. 

the effects on the mechanical properties were more 
significant for the combined magnetic field/ flow 
alignment cast films. 

The question of why there is essentially no change 
in the tensile strength between the control and par- 
allel field tested samples cannot be answered defin- 
itively at  this time. When the WAXD data of con- 
trol, parallel, and perpendicular samples were com- 
pared, the following was observed the strong 
reflection at  28 = 8.9" in control samples decreased 
in the parallel sample and even more so in the per- 
pendicular sample becoming only a shoulder to the 
reflection at 28 = 20.0". The reflection at 28 = 20.0" 
in the parallel sample showed essentially no change 
from that in the control samples and some sharp- 
ening in the perpendicular sample. Thus, the WAXD 
data indicated the parallel sample to be much more 
similar to the control samples and the tensile 
strength data corroborated that. 

In the work of S a m u e l ~ ~ ~  it was concluded that a 
typical water-cast HPC film was 15% crystalline, 
containing microfibrillar crystals approximately 470 
8, in diameter, which associate into rod-like bodies 
on the order of several microns in size. On the su- 

permolecular level the rods are randomly oriented 
in the plane of the cast film with a minor orientation 
detectable in the amorphous phase.25 Furthermore, 
from the literature data, only at very high extensions 
(> 300% ) does the amorphous phase begin to show 
significant orientation. This has relevance to our 
elastic modulus data. In general, modulus is a very 
sensitive function of the ordering of the amorphous 
phase and apparently that has not happened to a 
significant degree in our samples. Also, more work 
is needed to explain the decrease in tensile strength 
in samples cast in a vertical magnetic field. 

Dynamically Cast Films 

The significant increases in the tensile strength 
perpendicular to the field in statically cast films (and 
thus chain orientation) suggested to us that this ef- 
fect could be enhanced also by means of a flow action 
perpendicular to the field. The proposed direction 
of chain orientation is perpendicular to the field di- 
rection and parallel with the flow direction (the 
stretching direction of the substrate). This proposed 
chain orientation is based on the polarized IR data 
of S a m u e l ~ ~ ~  with which our spectra agree. The par- 
allel : perpendicular ratio was not obtained on our 
samples and, thus, no quantitative chain orientation 
data can be given at  this time. Finally, it was of 
interest to compare the effect of the flow action en- 
hancements (without the effect of the magnetic 
field) and then the combination of both. 

Tensile Strength 

The tensile strength, elastic modulus, and micro- 
hardness data are given in Table I1 and the corre- 
sponding percent enhancements in Table 111. 

Samples processed in a magnetic field by the 
static technique exhibited larger increases (up to 
52%)  in the tensile strength than those processed 
by the dynamic technique involving flow alignment 

Table I1 Microhardness, Tensile Strength, and Elastic Modulus 

Microhardness Tensile Strength Elastic Modulus 
Sample (MPa) (MPa) (GPa) 

~ ~~~ 

Control 24.8 1- 0.5 16.4 f 0.1 1.01 t 0.01 
Magnetic field - 25.0 1- 0.2 1.00 1- 0.02 
Flow alignment 23.0 f 2.0 20.7 f 0.2 0.99 t 0.04 
Magnetic field/flow 30.0 t 1.0 33.6 f 0.3 0.99 t 0.02 

~ ~ ~~ 

Film thickness: 20-156 pm. 
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Table I11 Percent Enhancements in Microhardness, Elastic Modulus, and Tensile Strength 

Sample 
Elongation Enhancement Elastic 

(%) Microhardness Tensile Strength Modulus 

Control 
Magnetic field 
Flow alignment 
Magnetic field/flow 

28 
13 
14 
7 

0 
21 

52% 
26% 

106% 

- 
0 
0 
0 

only. Flow alignment has been known to not be an 
efficient means for orienting the microstructure of 
a polymer. However, the combination of a flow 
alignment with a magnetic field effect results in a 
larger enhancement in the tensile strength than 
what would be expected from the sum of the two 
effects (78% ).  Thus, both the flow and magnetic 
field enhancements reinforce each other during the 
dynamic casting process of the film. 

Elastic Modulus 

For metals and ceramics the elastic modulus is con- 
sidered to be an intrinsic property of the material 
depending on the details of atomic bonding within 
the material. An example is the study of TiN/ 
( VNb) N thin-film m~ltilayers.~’ The elastic mod- 
ulus of these samples was found to be nearly equal 
to that of a homogeneous (TiVNb)N film of the 
same average composition, reflecting the fact that 
the average bonding structures in each case were 
quite similar. 

Typical load/displacement curves for nanoin- 
dentation measurements on HPC samples are shown 
in Figure 5. 
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&G‘ ..* 
0 I l l l l l l l l l l l l l l l l l / l I l I l 1 / 1  
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d 
3500 

Depth (nm) 

Figure 5 Typical load/displacement curves for HPC. 

Data are shown for both the control sample and 
a sample prepared in a magnetic field/flow. Elastic 
modulus values are obtained from load/displace- 
ment data using the analysis procedure outlined by 
Doerner and Nix32 and Pharr et al.33 Briefly, it is 
assumed that the initial portion of the unloading 
curve is linear. Physically, this means that the con- 
tact area between the indenter tip and the sample 
is initially constant, so that the indenter is sampling 
only the elastic recovery of the sample. The elastic 
modulus is calculated from the slope of this linear 
region, assuming a value of u = 0.25 for the Poison’s 
ratio of the sample. A Poison’s ratio for an epoxy 
composition has been determined to be 0.30.34 

Consideration of the data shown in Figure 5 sug- 
gests that the moduli of the two HPC samples are 
nearly equal. Modulus in general is a sensitive func- 
tion of the amorphous regions between the crystal- 
lites and may not always increase as a result of sam- 
ple crystallite orientation. The quoted uncertainties 
represent the standard deviations of data from at 
least nine indents/sample. 

Microhardness 

Hardness measurements using conventional Knoop 
or Vickers indentation techniques rely on post-in- 
dent imaging of the sample in order to determine 
the projected tip contact area. The applied load is 
then divided by the contact area to determine the 
sample hardness. However, these techniques are 
generally not appropriate for visoelastic polymeric 
materials because anelastic recovery of the sample 
can prevent accurate imaging of the indent area.35 
The use of an instrument capable of continuously 
monitoring both the tip load and displacement dur- 
ing the indent sequence avoids this pitfall if the 
functional relationship between displacement and 
contact area has been determined. 

The microhardness was obtained from the same 
curves shown in Figure 5 and using the analysis pro- 
cedure outlined by Doerner and Nix32 and Pharr et 
al.33 The linear fit is extrapolated to the x (displace- 
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Figure 6 Hardness versus depth. 

ment) axis, providing the total plastic depth of the 
indent. From the plastic depth, the projected tip 
contact area can be determined from the calibrated 
functional relationship with tip di~placement .~~ 
Hardness is then found from the maximum load di- 
vided by the contact area at  that load. Hardness can 
be calculated in a similar fashion, as a function of 
depth, from the individual load/displacement data 
pairs obtained during the loading segment of the 
indent sequence. In this case, it is assumed that the 
ratio of plastic / total displacement, measured from 
the unloading curve at  maximum depth, is constant 
throughout the depth of the indent. This is a rea- 
sonable assumption based on past work on other 
materials. 

Although the moduli of the two HPC samples are 
nearly equal, the sample prepared by the magnetic 
field/ flow orienting technique is significantly harder 
and has a greater creep resistance. The superior 
creep resistance of highly drawn (oriented) fibers is 
a well-known phenomenon and a necessary one to 
impart dimensional stability to them. We have now 
shown improved creep resistance also in a film. 

Hardness versus depth data for HPC are pre- 
sented in Figure 6. The data shows the hardness of 
a sample prepared by a magnetic fieldlflow orienting 
technique and relative to that of the control sample. 
The data suggests that the surface properties of the 
two films are quite similar, and that hardness en- 
hancements in the magnetically processed sample 
only become significant at greater depths. This sug- 
gests that the sample orientation increased from the 
top down and therefore was the highest at the sub- 
strate interface, which is what one would expect. 

It should be noted that anelastic recovery of the 
samples during the second hold segment of the in- 

dent sequence prevented an accurate correction of 
the displacement data for thermal drift. However, 
the indentation experiments were not allowed to be- 
gin until the drift rate had fallen below 0.05 nm/s. 
Even a drift rate 10 times this value would contribute 
only 3% to the total displacement during the mea- 
surement. 

WAXD 

The radial diffractometer scans for the control, flow 
oriented, and magnetic field/flow oriented films of 
HPC are shown in Figure 7. The two strong reflec- 
tions in the control film at 28 = 8.9" ( d  = 9.9 A) 
and 20.0' ( d  = 4.4 A) undergo significant changes 
in the flow oriented and magnetic fieldlflow oriented 
films. The 28 = 8.9" represents the equatorial crystal 
reflection and it disappears as the orientation in the 
sample increases. A similar behavior has been ob- 
served in the X-ray diffraction patterns of undrawn 
and drawn liquid silk.36 Furthermore, this reflection 
was typical of films cast from the various solvents, 

Figure 7 Radial diffractometer scans. 
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Table IV Infrared Data 

Bands Bands 
Frequency Frequency 

(cm-') Polar' Assignment (cm-') Polar" Assignment 

3450 br 
3440 br 
2870 
1410 
1324 
1265 
1150 sh 
1126 s 

(OH) side chain 
(OH) ring (3) 
(CH,) and (CH) ring 
(OH + CH) ring 
(OH + CH) ring 
(CH) ring 
(C-0-C) ring (5) 
(C-0) side chain 

1120 s 
1045 s 
985 
955 
940 
850 
838 
475 

u (C-0-C) ring (2) 
7r (C-0-C) bridge 

7r Skeletal 
A 

a 
A (CHSCOH) 
7r (CH3COH) 
7r 

~ 

a Orientation of transition moment: T, transition moment parallel to stretch direction; u, transition moment perpendicular to stretch 
direction. 

but it was not present in the powder used to prepare 
the solutions. Thus, this is indicative of a breakup 
of some larger scale solvent-induced morphological 
structure such as lamellar, in the flow and magnet 
field processed films. The control sample was de- 
termined to be isotropic in regard to its x-ray prop- 
erties. The flow and magnetic/flow scans shown in 
Figure 7 were taken with the x-ray scattering direc- 
tion orthogonal to  the field/flow direction. 

The 28 = 20.0" represents a slightly oriented 
amorphous phase according to  Samuels, 25 which we 
did not detect. This reflection becomes sharper with 
processing and in the magnetic field/flow oriented 
film another peak a t  28 = 23.8' ( d  = 3.74 A) grows 
in. A similar behavior in the WAXD pattern of un- 
oriented polyaniline films and fibers has also been 
observed upon ~ t r e t c h i n g . ~ ~  The data from the silk 
and polyaniline work indicated a high chain orien- 
tation in those materials and thus have relevance 
to  our observations. Another new feature, usually 
as a shoulder, but in a couple of samples as a sharp 
peak, could be observed in the magnetic field/flow 
oriented films a t  213 = 1.7' ( d  = 51.9 A) .  For the 
statically processed films, the 28 = 1.7' shoulder was 
seen only in the 4.2-T magnetic field. In the HPC a 
microstructure with a d spacing of 34 A has been 
observed before and has been attributed to a 13- 
chain bundle microfibrillar crystals.25 It is possible 
that larger diameter bundles have been generated 
in our films. Further work in this area is needed. 

In  the flow oriented films (from water), the re- 
flections a t  28 = 14.3' ( d  = 6.19 A)  and 16.1' ( d  
= 5.50), with some structure in between, are indic- 
ative of a particular texture developed in the film. 
This turns out to  be a rather common feature of 
HPC liquid crystalline solutions where shearing 
alone is sufficient to  develop a particular t e ~ t u r e . ~ ~ , ~ '  

IR Dichroism 

Magnetic field and magnetic field/flow oriented 
HPC films in which the molecular axes are prefer- 
entially oriented would be expected to be dichroic 
and that is what we observed. Some of the observed 
active absorptions are listed in Table IV. 

A more detailed analysis of the films is continuing 
and a quantitative measure of the orientation 
achieved under different processing conditions is 
sought. 
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