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Some Physical and Mechanical Properties of 

Some High-Modulus Fibers Prepared from 
All-Para Aromatic Poiyamide-Hydrazides* 

W. B. BLACK, J. PRESTOh’,T H. S. MORG&V,T 
G. R A U W T , T  and M. R. LILYQWTT 

Monsanto Textiles Company 
Pensacola, Florida 32502 

A B S T R A C T  

The tensile and physicd properties of some high-modulus 
X-500 class fibers prepared from certain p o l p a i d e -  
hydrazides are described and the tensile properties, in 
particular, are  compared with those of glass, steel, 
graphite, and several of the organic fibers. As a con- 
sequence of the wide range of densities of these fibers 
(glass, 2.6 g,’cm3; steel, 7.8 glcm’; and X-500 class 
fibers, - 1.45 g,’cm3), the tensile property comparisons 
are made in both textile and engineering units, grams; 
denier and pounds, inch’, respectively. The amide- 
hydrazide polymers from which fibers of the X-300 class 
are obtained are  typical fiber-forming organic polymers 
in the sense that fibers with a wide range of stress-strain 
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138 BLACK ET XL. 

properties can be spun from them. Fibers were made 'with 
elongations-to-break as high as 60% and as low as 2-35. 
For any given elongation- to- break, the modulus is much 
higher than that of conventional fibers. The initial moduli 
characteristically are greater than described by the 
expression, initial modulus = 1000%-"38, where % is the 

elongation- to-break. Typical values for initial moduli are 
600-750 g d e n  at 3 4 %  elongation, 210-230 g,'den at 19-20?, 
and 100 gjden at 40%. The thermal properties such as 
melting point and glass transition temperature and the 
thermoaxidative stability of these polyamide-hydrazide 
fibers place them in the heat resistant class. They are 
hydrolytically stable. Their elec trical properties make 
them superior to glass for use in composites for certain 
electrical applications. 

INTROD U CTION 

In several other papers in this Symposium the properties of the 
recently discovered high-modulus polyamide-hydrazide fibers have 
been discussed briefly [ 1-31. One of those fibers was studied 
through early pilot plant development. It is spun from a polymer 
derived from p-aminobenzhydrazide (PABH) and terephthaloyl 
chloride (TCI), and referred to as PABH-T. The structural 
formula (I) is shown below. Preston e t  al. [ 2, 31 have described 
the preparation of wholly para-oriented polyamide-hydrazides as 
well  as the significance of this achievement in the light of the 
difficulty e-sperienced in the past by research workers trying 
to prepare soluble high-molecular- weight wholly para- oriented 
aromatic polymers. 

The fiber of PABH-T is but one member of a fair ly  broad 
class of high-modulus organic fibers discovered by Monsanto Co. ~ 

scientists, and termed generically X-500 fibers. The one made 
from PABH-T is referred to in fu l l  as PABH-T X-300. 
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PROPERTIES O F  FIBERS FROLI POLYAbiYDE-HYDRAZIDZS 135 

This paper will describe the properties of P.4BH-T X-SO0 fibers 
in detail. Additionally, key properties of PABH-T X-300 fibers will 
be compared with those of conventional organic fibers such as 
nylon 66 and polyethylene terephthalate, and also with some inor- 
ganic reinforcement fibers, specifically E- glass, S- glass, steel, 
and graphite. The greatest potential utility of the hgh-modulus 
organic fibers is for reiniorcement of flexible and rigid composites 
where retention of tensile properties a t  elevated temperatures 
under either dry  or high humidity conditions is critical. The 
behavior of these fibers under such conditions will be extensively 
reported. Because the utility of composites is frequently related 
to' their overall weight and the reinforcement often makes up more 
than SO vol % of the composite, the tensile properties of P.UH-T 
X-500 are compared on a weight-property basis (specific property 
basis) as well as on a cross-sectional or volume basis. 

The high-modulus organic fibers can be made with extensibilities 
(elongations-to-break) varying over a quite wide range in great con- 
trast  to glass, graphite, or steel fibers. For convenience, those 
polyamide- hydrazide fibers that have glasslike extensibility and 
modulus are referred to as PABH-T(G) X-500: those that have 
extensibilities in the range of those of high-tenacity textile fibers 
useful for tire cord are  called PABH-T(T) X-500; and a hgh- 
elongation variant is designated PABH- T( E) X- 500. 

be made from synthetic organic polymers has  also been made in 
at  least one (but apparently only one) other research laboratory, 
that of DuPont [ 41. 

Independently, the discovery that very high-modulus fibers can 

D I S C U S S I O N  

G e n e r a l  P h y s i c a l  P r o p e r t i e s  

In Table 1 are listed the general physical properties of polyamide- 
hydrazide fibers. 

Color and Appearance 

Irrespective of whether the fibers are glasslike or  textilelike, 
they are  light colored, precluding their use application for products 
requiring colorless fibers. Generally, this is not expected to be a 
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140 B U C K  ET .li. 

TABLE I. Generd Physical Properties of PABH-T(T) and 
PABH- T( G) X- 300 

PABH - T ( T ) PABZ-TI G) 

Color 

Denier, single filanent 

Density, g/cm3 

Birefringence, AA 

Crystallinity index numbera 

Glass transition temp., T 

DTA decomposition temp., T 

Moisture regain, 65% RH, 70'F 

g 

d 

Pale straw Pale straw 

3- 10 (1) 4- a 

1.44 1.47 

0.3 0.57 

3 0% 95-93? 

d None observed below T 

390'C 525'C 

3.3476 2.0% 

-he degree of crystallinity is given as the crystallinity index 
number. The method of J. H. Dumbleton et al. tvas used [ 3 j . 

sigmficant deficiency because the fibers are believed to have L?eir 
greatest potential for reinforcement in rigid plastics, tires, V-belts, 
or military or industrial end uses for which a slightly colored fiber 
i s  acceptable. 

The examination of cross sections of typical PABH-T(T) fila- 
ments, which had been drum-dried durin3 spinning but not hot-drawn, 
showed no major void problems. Fqme structure studies of these 
filaments by electron microscopy at  magnifications as high as 
28,000~ showed a semicollapsed structure with very small micro- 
pores of 300 to 3C0 
fibers with a well-defined skin-core relationship could be produced. 
Typically, the outside structure or "sirin" was dense with a fine 
structure and the inside structure or "core" was granular in 
appearulca. 

in size. Under certain spinning conditions, 

Denier Range 
A range of bundle- and single-filament deniers was spun. Bundle 

denier varied from about 300 to 1050 and 3ingle filaments from 4 to 
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PROPERTIES OF FISEFS FROM POLYXS~E-HYDP-?.ZIDES 141 

10: the most common bundle denier used in these tests was a nom- 
inal 600, composed of filaments of 6.7 demer per filament (dpfl. 
Filaments of approximately 1 denier were also studied, but not 
nearly so extensively. The very low denier filament was of interest 
oecause of I) its much lower bending stiffness (a property dependent 
on the fourth power of the diameter and of interest in applications 
where weavability or  fabric drape a re  important), and 2) its poten- 
tial for greatly improved bendiiig (flex) fatigue performance. The 
fatigue is a property dependent on many variables, a critical one 
being the tensile and compressive strains experienced on the outside 
of a fiber u d e r  flexwe. These scrams depend on the racio of fiber 
radius to bendmg radius, and for a given flex deformation small 
& m e t e r  (low denier) fibers reach rcuch lower strain levels and 
higher flex life (Fig. 1). 

FIG. 1. Relative effect of a given bending radius on the extension 
and compression of a large-diameter and a small-diameter fiber. 
The maximum fiber strain (tension and compression) = D /D F B' 

Density Measurements 

spinning histories were carried out. The method used was to s u -  
pend sampies in carbon tetrachloride- toiuene mixtures. The 

Several determinations of density on samples with different 
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PXBH-T(T) variant gave values of 1.435- L.443 8icm3 vit!! an average 
of 1.44. The hot-drawn samples, PABH-T(G), showed a range of 
1.465 to 1.473 g/cm3 ( a v e r q e  1.47). Miller [ 61 and Hollvld [ 71 
each report a crystallographic densib] of 1.51 g/cm3. Miller obtained 
his value from x-ray diffracdon studies on fibers, :vhile Holland's 
value was  determined from electron diffraction studies of thin 
films. The value oi 1.473 observed for PABH-TCG) X-300 is 
within 2.3% of that of the crystallographic density, i.e., of i00-T 
crystalline material. This finding is conszstent with the -90"; 
crystallinity found for very high modulus PABH-T(G1 fibers. 

Degree of Orientation 

degree of orientation. X-ray diffraction diagrams showed an increase 
in order as a function of the degree of stretch imposed during the 
spinnin3 and drawing operations. As would be e.xpected, PABH-TIG) 
samples with ultimate elongations oi 2.5 to 4.046 were found to have 
the highest degree of orientation and crystallinity as the values for 
birefringence, x-ray crystallinity index, and density indicate 
(Table 1). Based on the considerations reviewed in the introductory 
paper of this Symposium [ 11, one could reasonably expect that a 
fiber of the chemical composition of PABH-T and showing a com- 
bination of high orientation and high crystallinity would have a very 
high modulus. 

A high degree of crystalline order also renders materials more 
resistant to solvents and chemical attack than low crystalline order, 
and in the case of PABH-T X-300 the high crystalline order is con- 
sidered to be partly responsible for its i Q h  resistance to solvents 
and its stability to wet and dry heat. 

P.ABH-T X-300 fibers, whether hot-drawn or not, showed a high 

Birefringence 
PABH-T X-300 shovs very high birefringence values, and the 

individual refractive indices are  also hi@ althou3h e-xact values 
could not be obtained because suitable immersion liquids were not 
available. Ah Ehringhaus compensator was used. PA.BH-T(T) 
samples had an estimated birefringence of 0.3, while PABH-T(G) 
samples showed values up to 0.6--among the highest values so f ~ p  
observed in any organic fiber. While no commercial use of this 
property is at  the moment in sight, this property should be borne 
in mind wherever an application requires very great optical 
anisotropy. 
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PROPERTIES O F  FIBERS FROLI DOLYXLIIDE-EIYDPAZDES 143 

Transitions in PABH-T 

Keither thermal or internd friction (tan 6 )  measurements gave 
any hint that PABH-T fibers undergo a second-order transition over 
the temperature range from room temperature to their decomposi- 
tion temperatures of 390 and 525'C for PABH-T(T) and P.ABH-T(G): 
respectively. That PABH-T(G) would have a sigmficantlp higher 
decomposition temperature than PABH-T(T) was not unexpected, 
but the amount of the increase was. Aromatic polymers with 
-CONH- linking groups characteristically show a b g h e r  decom- 
position temperature aiter being well-drawn [ 81. One would expect 
this behavior also with aromatic fillers containing -CON?iNH- 
linkages in addition to -COXH- linkages. Undoubtedly, the very 
large increase in thermal stabihty in the case of PABH-T(G) over 
that of PABH-T(T) is attributable to the very high degree of molec- 
ular order present (as shown by the very high per cent crystallinity 
and very high birefringence, Table 1). 

M e c h a n i c a l  P r o p e r t i e s  a t  R o o m  T e m p e r a t u r e  ( D r y  
o r  a t  65.; R e l a t i v e  H u m i d i t y )  

Single Filament Test Cata (LTstron Tensile Tester,* 

As indicated earlier, like many other man-made polymeric fibers, 
P-H-T X-SO0 can be made with a wide range of properties depend- 
ing on the spinning and dra-v conditions. The Sasic characteristics 
of the several variants are: 

PABH-T(EI: A high energy- to-brezk, high extensibility material 
with a comparatively low modulus and tenacity (extensibility is in 
the range 20 to 40% but can be made up to 60+%). 

IIABH-T(T): A more typical high tenacity textile fiber but with 
modulus higher than other textile fibers of similar estensibility 
irw.,ging from 10 to 20%). 

PABH-T(G): A very high modulus, low extensibility variant, 
very glasslike in behavior (extensibility typically 3-4% but can be 
made as low as 2%). 

*Unless otherwise stated, all single filament tensile properties 
reported in this paper were obtained at 100% extension1 min using 
a 1-in. gauge length. 
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144 BLACK ET .G. 

All the variants, E, T, and G, can be made from the same polymer; 
the differences in tensile properties result from variations in the 
spinning process. 

low range of e.xtensibility of all such fibers: glass, steel, boron, 
etc. This limitation is especially critical with respect to those 
applications for which relatively high modulus plus a moderate 
energy- to-break is more desirable than very high modulus 
coupled with a low energy-to-break. 

The tensile properties of the PABH-T X-300 variants (E, T, 
and G) and corresponding properties of some well-known fiber 
materials are shown in Table 2 in textile units for comparison 
on an equal weight or specific property basis, and in Table 3 in 
engineering units for equal volume or cross-sectional comparisons. 
Figures 2 and 3 show graphically some typical stress-strain curves 
in textile and enmeering units, respectively. (Conversion factors 
and densities are given in the Appendix.) It should be pointed out 
here that this collection is comprised of data on very different 
materials which inevitably had to be tested under different test 
conditions of clamping, gauge length, and rate of straining. Even 
if standardization could have been feasible, it would still be 
arbitrary and tend to favor some materials at the e-qense of 
others. 

PABH-T(E) could be useful for applications where a high initial 
modulus in the elastic region needs to be combined with a capacib] 
to absorb large amounts of energy Over an irreversible, large 
elongation prior to break. Such properties are important in certain 
impact absorbing devices, such as for singie-use aircraft arresters, 
safety harnesses, and ballistic protection [ 91. This variant of 
PABH-T X-500 h a s  not been tested to the seame e-xtent as the other 
two and w i l l  not be discussed further. 

PABH-T(T) fibers resemble certain high tenacity polyester 
fibers, but for equal tenacity have a considerably greater stiffness. 
In comparison with high tenacity nylon 66, the initial modulus of 
PABH-T(T1 is about six tiroes hieer ;  P-eH-TIT) also has a lower 
extensibility and somewhat higher energy- to-break. 

PABH-T(G) behaves like a typlcal glass, and because of its con- 
siderably lower density compares particulariy favorably on an equal 
weight basis (Table 2). The tensile stress-strain curve shows no 
clear yield point as found with steel, but is Iess Linear than that 
for either graphite or  glass. PABH-T(G) h a s  good recovery (low 
hysteresis) properties and shows great promise where high stiff- 
ness and strength for low weight are of primary consideration. 

One of t’le primary disadvantages of inorganic fibers is the very 
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PET= POLYESER 
N 6 6 =  NYLON 66 
RAY = RAYON l i  C-C = GRAPHITE 

PAdH -T(G) 

10 20 30 
Y. EXTENSION 

FIG. 2. Typical single filament stress-strain ccrves for PABH-T 
X-500 variants and other fibers. In textile units (specific or weight 
basis measurement); Instron Tensile Tester. 

It is stronger and &out twice as sciff as S-glass on a weight basis. 
Also on a weight basis, PABH-T(G) is 4-5 times stronger than steel, 
wain has at least twice the modulus, and shows hqher work-to-break. 
With respect to specific modulus, PABH-T(G) cannot compete effec- 
tively with such materials as graphite: its energy-to-break is, 
however, much greater than that of graphite-by a factor of 6 to 8. 

Although PABH-T(E) fibers have higher moduli than any con- 
ventional fibers, which gives them somewhat of an advantage in 
energy-to-break, i t  is not Likely that they will displace conventLon& 
fibers in many applications; one possibility, however, is for ballis- 
tic protection [ 91. On the other hand, i t  is very likely that variants 
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PET * P o m m a  
N 6 6 =  NYLON 68 
RAY = RAYCN 
C-C C3APHITE 

10 20 30 
X EXTENSION 

FIG. 3. TypicaI single filament stress-strain curves for PABH-T 
X-500 variants and other fibers. In engineering units (cross- 
sectional or volume basis); Instron Tensile Tester. 

with elongations in the S-lS% range wiII find substantial usefulness, 
especially for tire cord [ lo]. The ?ABH-T(G) is certainly verp 
satisfactory for rigid rernforced plastics [ 111. 

There is a very strong inverse correlation between the initial 
tensile modulus and the elongation-to-break: the lower the elonga- 
&on, the higher the modulus. Us@ tensile data from a large 
number of PABH-T fibers, the lowest observed modulus values Mi 
for any given elongation-at-break % were plotted against this 

elongation, %. Using curve fitting methods, a good fit was found 

d the form: Mi = 1000E&~o'sa for the range of E,, from 2 to 15% 
[ 11. This relatian is shown vaphically in Fig. 4. The term 
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3 a 
I 40 

J 

C, 30 
t 

20 

I 
0 5 la IS 

51 NCLE FILAMENT ELONCATION-TO- 
BREAK Eb 4: 

FIG. 4. Modulus vs elongation- to-break for “super-fibers’’ 
(textile units). Sicgle filament d a q  Instron Tensile Tester. 

“super-fibers” has  been coined to denote organic fibers with the 
modulus-elongation combination at least equal to that given by the 
above expression. Such fibers would f a l l  in the shaded area in 
Fig. 4. Most of the data obtained on PABH-T X-500 fell in the area 
incbcated by the unbroken slanted Lines. From this relation, fibers 
viL5 1.5 and 1.0% elongation must have moduli of 790 and 1000 glden, 
respectively, to qualify a s  “super-fibers.’‘ 

Smdle Test Data 
Single filament data show the potential of a new material, but 

the translation of these properties into yarn, cord, and fabric p r o p  
erties depends parrly on the uniformity of the fibers, fiber cross 
section, and surface characteristics and partly on the very important 
technical h o w -  how. It is the result of many small improvements 
and optimization of details in finishing, twisting, handhng, tensioning, 
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winding, and weaving in order to reduce friction, abrasion, excessive 
straining, st ress  concentrations, and related dangers. In the case or' 
PABH-T X-500, such optimization studies have not been carried out. 

In evaluations of yarn performance the amount d hvist is of great 
importance. For yarns of different fiber deniers, m i s t  angles or 
Wst multiplier rather than absolute turns per inch should be 
compared. Some Wist studies on PXBH-T yarns vere carried 
out in connection with finish evaluation a d  preliminary studies 
for tire cord optimization and are reported separately by Raumann 
and Brownlee [ 101 in another paper in the Symposium. 

Viscoelastic Effects (Room Temperature)' 

creep and creep recovery, s t ress  relaxation, hysteresis, loss 
factors, and temperature and time dependence of moduli. 

levels. These are shown in Table 4 expressed as creep and recovery 
moduli and the respective rates. (Data for E-glass and S-glass are 
included but illustrate merely very low creep and recovery rates. 
Because of insufficient accuracy of the experimental technique, no 
rnevlrngN values can be assigned to creep and recovery rates of 
the glasses.) Creep rates include secondary, nonrecoverable creep 
and i t  is preferable to use recovery rates for comparison with 
ciynamic tan 6 values. 

The primary creep (or recovery) rate (d log E)/(d log t) can be 
related to the dynamic mechanical loss factor tan 6-provided the 
Nuttlng relationship (smal1, constant damping) holds: 

Viscoelasticity can be manifested and measured in many ways: 

Creep data were obtained on PABH-T(G) at fairly high stress 

- 5  ='(!%E) 
2 d log t 

Table 3 shows a collection of modulus determinations by different 
errperimental techniques. The e.upected trend is for the modulus to 
decrease with increasing strain and time of e-rperiment (i.e., from 
left to right on the table). This trend is not consistently nored for 
any one of the fibers and illustrates the Limitations of comparing 
data of related parameters but generated by very different exyeri- 
mental methods. The conclusion to be drawn in this case is 
essentially that the modulus of PABE-T is not greatly affected by 
strain and rate of straining. TMs conclusion w i l l  be shown to be 
supported by data on the temperature dependence. 
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Table 5 also snows a comparison of tan 6 values derived f rom 
Viiiron and creep recovery measurements. Searing in mind the 
e r r o r s  of the creep recovery measurement, the agreement between 
the two methods is satisfactory. 

-Diverse Mechanical ProDerties 

K n o t  a n d  L ~ o p  S t r e n g t h .  The reduction in strength due 
to the presence of a loop or h o t  is considered 2 measure of the 
brittleness of the material. However, the geometry, finish, etc., 
can also affect the loop and knot strength. Values for bundles oi 
PXBH-T(T) and PABH-T(G) showed tine knot and loop tenacities to 
be very  sinilar, about 85% of straight tenacity for PABH-T(T) and 
9.5% for PABH-T(G). 

F l e x  E n d u r a n c e  T e s t .  The flex Life of several samples 
of films and fiber bundles were measured on the MIT Folding 
Endurance Tester. (Made by Tizius Olsen Testing Machine Co., 
0.3 in. jaw width, circular roller oscillates through k135'C a t  
about 100 cyclesi'min.) The results a r e  shown in Fig. 3 corre- 
lated to the ultimate elongation of the fiber. Other parameters, 
e.g., crystallinity, which also show n u k e d  dependence on spinning 
and draWng variables, could be selected for such a correlation, 
but extensibility can be more comeniently measured. 

The effect of fi5er geometry on flex Life is strikingly shown by 
reducing the fiber denier from 5.6 to 1.0. The flex life increased 
by a factor of 18, i.e., from 90 to 1600 cycles. 

For both fiber and film there was a strong inverse correlation 
b e b e e n  the flex life and the degree of crystallinity; however, since 
crystallinity correlated well inversely with the elongation, the cor- 
?elation of crystallinity with flex life was as would be expected. 
Crystallinity is not believed to be the controlling property regarding 
flex life. 

gating the effects of various spinning and drawing operations. These 
data are useful for comparisons, but they should not be used to 
describe a material parameter of PABH-T X - 5 0 0 .  The MIT tester 
is very severe for nontextile (i.e., glasslike) fibers. Fatigue 2nd 
flex tests can be useful for predicting fiber or yarn behavior in 
special end uses, but the tests must be carefully desigaed to sim- 
ulate actual conditions of stress and strain levels and time and 
temperature factors. 

C r l m p y .  Yarn samples of PABH-T(G) and PABH-T(T) 
were co-crimped with a 60,000 denier poigester tow in the Turbo 

The flex life results presented here were obtained while investi- 
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Crimper which uses the stuffer box principle and steam (10 psi, - 126'C) as a plasticizer. The PABH-T(G) sample was  badly 
damaged as the plasticizing action of the team was insufficient for 
all fibers to bend without breaking rrnder these severe conditions. 
The more textilelike PABH-T(T) was crimped satisfactorily to 
10-15 crimps, in. under the same settings. No  loss of crimp was 
found when t!!e crimped yarns were immersed in boiling water for 
J mm. This indicates that crimped PAB8-T X-300 yarns would 
not need an additional heat-setting step to preserve the crimp 
patterns. 

E f f e c t  of " D r y "  H e a t  o n  M e c h a n i c a l  P r o p e r t i e s  

The effect of heat on PABH-T X-SO0 fibers was studied m two 
series of experiments. In the first series,  fibers were introduced 
into a test chamber at  elevated temperature and their mechanical 
properties measured at  the elevated temperatures. This test 
yields information of interest to all applications; e.g.? t i re  cord and 
composites in hyperthermal eni-ironments where PABH-T may be 
exposed to use a t  temperatures above (or below) ambient. 

heat, Le., its chemical degradative effects, on the room tempera- 
t w e  performance of PABH-T. 

important. In some end uses, such as t ire cord, the tensile prop 
erties measured at room temperature may not appl-j to actual use 
conditions of the tire, since running temperatures of tires a r e  
h o r n  to be well above ambient The same is true, of course, 
for composites that would be used in hyperthermal environments. 
One certainly also needs to know how well the fiber resists degra- 
dation upon sustained exposure to elevated temperatures such as 
ts-ould be encountered by tire cord (parbcularly if i t  is to be used 
for  truck and other heavy equipment tires), o r  by composites for 
certain aircraft  or equipment end uses. 

Both PABH-T(T) and PABH-T(G) have excellent dimensional 
stability. Upon heating on a metal surface for 5 min, neither fiber 
had measurable shrinkage up to 300"C, and neither shrank as much 
as 0.1% at 400'C. Such outstanding dimensional stability is of 
great value in building tires that are truly round and in making 
composites that can retain the desired geometry during curing 
as well as in use. 

The second series was d e s i g e d  to show the long-term effect of 

Both measures of the resistance to the effect of neat are very 
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156 BLACK ET XL. 

Mechanical Properties at Elevated Temperatures 
I n s  t r o n  T e n s i l e  D a t a .  Instron tensile data are shown in 

Fig. 6 for the retention of tenacity, elongation, and modulus for 
both P.ABH-T(T) and PABH-TtG) X-SO0 up to 300'C in dry nikogen. 
The modulus of neither is greatk] dfecced up to about 1OC'C: Li the 
order of 30% of the Xnstron initial modulus is retained at  200°C. 
Extensibility is little affected for either variant up to 200'C, shov- 
ing that the fibers can be heated to chis temperature with n e i h e r  
embrittlement nor rubberiness becoming evidenc. The tenacity 

a 100 200 300 
TEMP *C 

. ,  
0 roo 200 3 b o '  

TEMP *c 

t 
I )  , 

a 100 200 300 
TEMP. *C  

FIG. 6. Retention of tensile properties of PABH-T(T) md 
PABH-T(G) at  elevated temperatures in dry nitrogen. Single fila- 
ment data; Xnstron Tensile .Tester. 
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is n o r e  sensitive to elevated temperatures than :he modulus; 
nevertheless. over h a 3  of the strength is retained at 200'C for 
both the texble and giasslike variants. It is somewhat surprising 
that there a re  not considerably greater differences in the retention 
of tensile properties of PABH-T(G) and PABH-T(TI fibers a t  ele- 
vaLed temperatures. especially above 13O'C. 

V i b r o n  D a t a  a t  E l e v a t e d  T e m p e r a t u r e s .  Figure 7 
shows the modulus and tan 6 values obtained for samples of 
?,%BH-T(G), PABH-T(T), and an undrawn film of PABR-T. The 
trends of the moduli a r e  expected anc! the behavior of tan 5 does 
not eliminate a possible traisition region fo r  the film at higher 
remperatures, but is more likely an indication of 2 lower decom- 
position o r  approacninng melting temperature. True transition 
regions (T ) a r e  no r sa l lp  accompanied by tan 6 values in the 

0.3 to 0.5 region-a factor of ten higher than those observed here. 
C h a n g e  o f  M o d u l u s  w i t h  T e m p e r a t u r e .  The details 

of the strain and time ranges of che &fferent modulus determina- 
tions have already been given in Table 5. Figure 8 shows, on semi- 
log2rithmic plot, the vz i a t ion  of the moduli with temperature. 
Some of the discrepancies of the absolute values of the moduli at 
room temperature have already been pointed out. The temperature 
dependence shows the Instron and creep moduli to be greater than 
t!!e dynamic moduli (sonic and Vibron) which is the espected kend. 
However, the Vibron data are less  affected than the sonic, and t h s  
is somewhat unsatisfacton. Further clarifying e q e r i m e n t s  a r e  
needed to reconcile these inconsistencies. 

any unexpected trends and thus suggest that the difficulties met 
*nrith P B H - T ( G ;  a re  due to applying normal textile tests to an 
abnormally stiff material. 

g 

The data on PAB€i-T(T) from only two test methods do not show 

Mechaical  Properties after Heat-A@ng in Air 

20 days in air at  200°C, and PABH-T(G) had half of its strength 
after 1 day at  300°C (Table 6). Two days at  185'C had no observ- 
able effect on the strength of either PABH-T(T) or PABH-T(G). 

Figure 9 shows the changes in tenacity, elongation. and initial 
modulus for a PABH-TIT) fiber mer a period of 20 days at the 
relatively high temperature of 200°C. The fiber samples were 
heat-aged both in an unrestrained condition and a t  constant length. 
(The tensile tests were made a t  room temperature and 65% RH.) 
The modulus was little affected in either case. There was a 
quite substanaal loss of extensibility during the f i rs t  5 days at 

PABH-T(T) was found to retain three-fourths of its tenacity after 
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REAL I 
.....__. 

"" 100 Yo RH 

MODULUS 
GMS/DEN 

100 

0 I00 200 
TEMPERATURE ,*C. 

.os+ .. I00 X RH 

100 200 

f€..P€RATURE , *C 

FIG. 7. Dynamic mechanical properties of P..WH-T(T) and 
PABH-TIG) X-300 at 20 to 250°C, 0 and 100% RH. Vibron elasto- 
viscometer, 11 Hz. 

200'C, accompanied by a moderate increase in tenacity. Almost 
certainlg the loss of elongation was primarily a consequence of 
crystaIlization, and not a consequence of chemical degradation. 
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CREEP 
SONIC 
JNSTRON 
VlBRON 

. . . . . . . . . . . 
-.-.- - - -- - 

FIG. 8. Collection of modulus changes with temperature- 
different methods of measurement. 

This hterpretation is strongly supported by an increase in the 
sharpness of the reflections in the x-ray diffraction patterns and 
the increase in tenacity of about 2 g, den over the same time span. 
The gradual loss of tenacity after 5 days at 200'C can be inter- 
preted as evidence of chemical degradation, but there is not an 
equivalent loss cf elongation, the tensile property generally most 
secsitive to chemical degradation, indicating that the loss of 
tenaciw may not be totally due to chemical degradaEon. 

Clearly the unrestrained condition is preferred for retention 
of tenacity and elongation. The greater decreases in tenacity 
and elongarion by the sample held at constant length are attributed 
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TABLE 6. Effect of Heat-Aging P.UH-T(T: and P.UY-T(G) X-300 
in Air at Elevated Temperatures 

Strength retentions after: PABB-T(T) P.UH-T(G) 

1 day in air at 185=C 
2 days in air at 185'C 

100% 
100% 

5 days in air at 200'C 
10 days in air at 200'C 

111% 
100% 
84% 20 days in air at 200'C 

1 day in air at 300°C 
3 days in air at 300°C 

- 
26% 

100% 
100% 

%stron test at standard conditions after the heat-aging. 

to physical phenomena since one lkrould e.wect that t!!e restraint 
imposed on the fiber by holding it  at constant lengh would result 
in essentially L\e same or less chemical degradation than experi- 
enced by fAe unrestrained fiber. 

It is obvious that P.4EiH-T X-500 is truly a thermally stable fiber, 
although admittedly it is not quite as thermally stable as most of 
Ulose reviewed recently by two of us [ 12, 131. For additional infor- 
mation on the heat- resistant properties of poiyamide- hydrazides, 
the reader is referred to the two papers in this Symposium by 
Preston, Black, and Bofferbert [ 2, 3 1. 

P r o p e r t i e s  of PABH-T X-900 in t h e  P r e s e n c e  of 
M o i s t u r e  o r  Y a t e r  

.Uthough neither PA.BH-T(T) nor P M H - T ( G )  is completely 
insensitive to the effects of moisture or water, both are remarkably 
resistant to the effects or' water. The effect of 'rater on these fibers 
was looked at with regard to both the hydrolytic resistance under a 
variety d conditions and the physical effects of absorbed or imbibed 
water. 

Moisture Regain (Table 1) 
PABH-T(G) h a s  a moisture regain of 2.0% under the standard 

conditions of 7O'F and 65% RB; the reg- of the textilelike variant 
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0 5 I0 IS 20 
DAYS AT 2QQ'C. 

! 

0 5 10 IS 20 
WYS AT 200' C. 

0 5 10 15 20 
DAYS AT 200.C. 

FIG. 9. Change in tensile properties of the textilelike variant 
of PABH-T X-500 with time upon heating at 2OO'C in air. Fibers 
tested both at c o n s b t  length and unrestrained. 

was appreciably higher, 3.3%;. In this respect PABH-T(G) behaves 
more like polyamides and polynydrazides than the glass i t  resembles 
in mechanicd behavior. Estimates of expected regain of PABH-T 
based on the proportion of -COKXi- and -COX€Dii- groups to 
phenylene ring content a r e  in the region of 4.5 to 5.5% The lower 
actzal value is attributed to the high degree of crystallinity, a 
trend shown by the difference of regain between PABH-T(T) and 
P.4BH-T( G). By way of comparison, polyethylene terephthalate 
fiber has a moisture regain of less  than 1%. 
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hstron Tensile Properties in Water at Elevated TernFeratures 

tenacity and three-fourths of its modulus in water at 9O'C (Table 7 ) .  
The reduction of strength and modulus was greater than for similar 
tests carried out in dry air. 

The glasslike P-4BH-T retains only about b o - t h r d s  oi its 

TABLE 7. Effect of Exposure to Moist Heat OA PXB%-T X-300 
Tensile Properties 

PAB H- T( T ) P AB H- T i G I 

hs t ron tensile properties in mter 

Retention in 9O'C water compared 
to standard: 

Tenacity 
Extensibility 
~1OCiUlUS 
Energy 

Boiling water shrinkage 

Tensile property re  tendona after: 

150 Days in 5O'C nater 

2 Days in boiling vater 
Tenacity 

Tenacitp 
Extensibiliv 
z/Eoctulus 

Tenacity 
' Extensibility 

Modulus 

Tenacity 
Extensibility 
Modulus 

15 ? A h  at 150"C, 50 psi  steam , 

15 ?din at lSO'C, 215 p s i  steam 

6 3% 9 2% 

100% 

100% 
8 3% 

84% 
77% 
100% 

72% 
50% 
100% 

h t r o n  tensile properties at standard conditions. 
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Lnstron Tensile Properties after Various Treatments in Water at 
Elevated Temperatures 

One of the most striking properties of PXBH-T(GI is i ts  retention 
of properties after exposure to water at elevated temperatures under 
a variety of condihons of time and pressure (Table 7 ) .  .4t one 
estreme, after 6 months in water at SO'C, F'ABH-T(GI retained 
9 2 5  of its tenacity? while at another extreme it  retained 100% of 
its modulus and three-fourths of its tenacity after exposure for 
15 min to 215 psi steam. The latter treatment severely degraded 
both nylon 66 and polyethylene terephthalate fibers. Soiling in water 
for 2 days did not chaqge t i e  modulus o r  tenacity of PAEH-T(G). 
The boiling water and steam-under-pressure treatments, however, 
do tend to reduce the extensibility somewhac, presumably because 
of further crystallization. Both S- and E-glass suffered very sig- 
nificant losses in tenacity upon boilhg in water for 2 days (Fig. 10). 
Neither PABH-T X-500 variant shows any boiling water shrinkage. 

0 

0 24 48 
HOURS 

FIG. 10. Tenacity and estensibility changes for PXBH-T(G) and 
giass fibers after boiling u-ater esposure. Single filament data; 
Instron Tensile Tester. 

The rather remarkable resistance of PABH-T X-SO0 to deleter- 
ious effects by hot water in comparison with S- and E-glass should 
certainly give PABH-T X-SO0 type fibers a distinct advantage over 
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the glass fibers for those rehiorcement applications where glass 
composite products require overdesigning because of the relatively 
poor resistance oi glass to damage by water. . .so, the resistance 
of the P.4BH-T e e  fibers to damage by water coupred wi th  their 
high specific strength should make them ideal for undervater 
cables. 

D y n a m i c  M e c h a n i c a l  P r o p e r t i e s  a t  100% R H  i n  Xir 

Dynamic mechanical properties of PABH-T X-900 film and both 
the glasslike and textilelike PABH-T fibers at 100% RH are  plotted 
in Fig. 7 along with the data at  0% RH. The 100'7~ RH modulus was 
about 20% lower than for the dr7 surroundings. The tan 9 vaiues 
showed some increase-especially for PABH-T(T) X-SO0 at higher 
temperatures. The tan 6 at 100% RH and 9S'C for the PABH-T(T) 
was the highest recorded for any PABH-T sample, drawn or 
undrawn. 

E f f e c t  of L i g h t  o n  P X B H - T  X-500 

Both PABH-T(T) and PAEH-T(G) to which light stabilizers have 
not been added are  rather strongly degraded by light (Fig. 11). 
The extensibility of the high-elongation textile variant is rapidly 
lost, an almost certain indication of substantial chemical degradation. 
This level of light degradation would preclude the use of these fibers 
for products e-xposed to direct sudgfit for long periods of time. 
Most likely, the degree of light stability can be greatly improved 
by the addition of suitable light stabilizers as in the case with 
polyamides. 

C h e m i c a l  a n d  S o l v e n t  R e s i s t a n c e  of P A B H - T  X - 5 0 0  
F i b e r s  

PABH-T X-300 is degraded to a moderate extent by strong acids, 
to a fairly severe extent by strong base, but is moderately resistant 
to degradation by concentrated ammonium hydroxide by comgarison. 
For a more detailed discussion of the eifect of acids and bases on 
the fiber properties of polyamide-hydrazides, see the second paper 
in this Symposium by Preston, Black, and Bofferbert [ 31. 
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g 10%- 

m 

$ 5%-- 

- 
cn z 

w 

a -  

(. U 2 w 

I- 

I 
I 
\ 

- 
‘,PA BH -T (TI 

\ 
\ 
\ 
\ 
\ 

.. . r! 

a t o  40 60 8 0  
S7ANMRD FADE-OMETER HOURS 

I ?  

STANDARD FAIIE-OMETER HOURS 

FIG. 11. Effect of light on the tenacity and extensibility of 
PABH-T(T) and PABH-T(G) X-500. Single filament data; Instron 
Tensile Tester. 

PABH-T is dissolved by dimethyl sulfoxide. Although not 
soluble in dimethyl acetamide, the fibers are greatly weakened 
by l h s  solvent. In general, however, PABH-T X-500 fibers a r e  
remarkably resistant to solvents other than those recognized as 
solvents for aromatic polymers containing amide and hydrazide 
linkages (N- methylpyrrolidone, he-xamethylphosphoric triamide, and 
the like). 
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E l s c t r i c a l  P r o p e r t i e s  of P X B H - T ( G )  X-300 

In many end uses of rigid remforced corngosites (e.q. ,  in 
radomes, "breadboards" for electronic circuits, and the like) 
electrical properties are  of major importance. The electrical 
properties of a PABH-T(GI; epoxy and a similar E-glass, epodxy 
panel-both loaded to about 60 vol %-are shown in Tables 8 and 9. 
Tests were carried out dry and ai'ter water immersion. For most 
conditions the PABH-T Composite showed properties similar to 
the glass composite. 

Of particular significance w a s  the observation that the E-glass 
composite absorbed more water than the PABH-T composite, and 
this gave rise to a greater range or' measured properties for the 
glass panel. While at low frequencies both the dissipation factor 
and the loss index are greater for the PABH-T composite, boch 
measurements are  the same for each the E-glass and PABH-T 
composites at radar frequencies. Only in arc resistance did the 
PABH-T composite prove to be distinctly inferior to the E-glass 
composite. 

Dielectric Constant (K)- Alternating Current (Table 8)  

The E-glass composite has a higher dielectric constant at all 
frequencies than the PABH-T composite. 

The E-glass composite absorbed more water during water 
immersion conditioning. This is shown by a greater increase 
in dielectric constant a t  100 Hz. The dielectric constant of H i 0  
at 100 Ha is about 80.0 and decreases rapidly as the frequency 
increases; hence, a small amount of water has a large effect at 
100 Hz. 

Dissipation Factor (Tan 6 )-Alternating Currest (Table 8) 

than for the E-glass composite. This is related to the size of the 
dipole and the shape of the molecule. Again the E-glass composite 
absorbed more water. This was shown by t3e greater per cent 
increase in dissipation factor at 100 Hz after water conditioning. 
Water has extremely hqh losses at frequencies below 10' Hz 
because of low energy ionization and conduction due to these ions. 

As the frequency is increased, the dissipation factor of the 
PABH-T and of E-glass composites approach each other. The 
phenomenon is probably due to the influence of the matrix polymer. 

The dipolar loss for the PABH-T(G) X-300 composite was greater 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



U
ic

lc
ct

ri
c 

co
iis

la
nl

 
at

 I
 x

 1
0"

 i
iz

 
at

 1
 x

 l
o"

 I
lz

 
at

 3
2 

x 
10

"
 II

Z
 

at
 8

.2
 x

 1
0"

 I
lz

 

D
is

si
pa

ti
on

 f
ac

to
r.

 
;1

t 
1
 x

 l
o2

 II
z 

at
 1

 x
 l

o"
 11

z 
at

 3
2 

X
 
10

" 
II

z 
at

 8
.2

 x
 1

0'
 I

Iz
 

Lo
ss
 h

id
ex

' 
at

 1
 x

 l
o2

 tl
z 

at
 1

 x
 1

0"
 I

IZ
 

at
 3
2 

x 
10

" 
tl

z 
at

 8
.2

 x
 l

o9
 Il

z 

5.
20

 
5.

23
 

5.
29

 
5.

6G
 

5.
70

 
ti. 

13
 

4.
38

 
4.

40
 

4.
50

 
5.

 I
8 

5.
20

 
5.

32
 

4.
12

 
4.

12
 

4.
22

 
4.

93
 

4.
93

 
5.

03
 

3.
40

 
- 

- 
4.

4t
i 

- 
- 

0.
02

8 
0.

02
0 

0.
03

0 
0.

01
2 

0.
0 

18
 

0.
03

4 
0.

02
9 

0.
02

9 
0.

03
0 

0.
02

1 
0.

02
2 

0.
02

3 
0.

03
2 

0.
03

3 
0.

03
4 

0.
02

7 
0.

02
9 

0.
02

9 
0.

01
05

 
- 

- 
0.

00
88

 
- 

- 

0.
14

7 
0.

14
G

 
0.

16
2 

0.
06

8 
0.

10
4 

0.
20

0 
0.

12
8 

0.
12

8 
0.

13
5 

0.
 in

11
 

0.
11

4 
0.

12
2 

0.
13

8 
0.

13
6 

0.
14

4 
0.

13
3 

0.
14

3 
0.

14
G

 
0.

03
6 

0.
03

9 
I
-
-
_
 

--_
__

__
--_

_ 
a bS

am
pl

e 
co

ild
iti

ol
rc

d 
at

 l
ea

st
 8

8 
h

r 
at

 2
3°

C
 a

rid
 5

0%
 It

H
 (

A
ST

M
-D

-6
 1

8
4

 11
. 

W
or

lc
 o

f 
3.

 R
. 

T
ay

lo
r,

 M
ol

is
a~

it
o C

o.
 

C
Sa

rn
pl

e i
ur

m
er

se
d 

fo
r 

24
 h

r 
in

 d
is

ti
ll

ed
 w

at
er

 a
t 2

3°
C

 p
ri

or
 t

o 
te

st
 (

A
ST

M
-1

)-
70

9-
67

 a
rid

 1
1-

6 
18

-6
 I

). 
dS

am
pl

c 
im

m
er

se
d 

fo
r 

48
 l

ir
 ir

r 
dl

sl
il

le
d 

w
at

er
 a

t 
50

°C
 p

ri
or

 t
o

 t
cs

t 
(A

ST
M

-l
)-

70
9-

67
 a

rid
 1

1
4

 18
-6

1)
. 

'L
os

s 
iir

dc
x 

=
 d

le
le

ct
ri

c 
co

ii
st

m
it

 X
 d

is
si

pa
ti

ou
 f

ac
to

r.
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



D
ie

le
ct

ri
c 

br
ea

kd
ow

ir
 

at
 r

at
e 

10
00

 v
/s

C
c 

st
ep

/e
te

+J
 

45
2 

V
/m

il 
43

0 
~

/r
ii

i~
 

ae
 r

ec
ei

ve
d 

1.
13

 x
 l

ow
, 

2.
48

 x
 1

0'
' 

V
ol

um
e 

re
du

tiv
ity

, 
ol

iin
 c

iri
 

af
lo

r 
96

 Ir
r 

at
 3

5°
C

 P
iid

 0
0%

 R
H

 
u.

47
 x

 1
0"

 
(3

- I
M i

s 
el

oc
 tr

iii
c a

liu
ri

) 
1.

09
 x

 l
oL

' 

Iu
uh

ti
im

 r
es
is
ta
nc
e,
 ob

rrr
 c

in
 

as
 r

ec
ei

ve
d 

1.
95

 X
 

(i.
18

 x
 1

O
lY

 

itf
tc

r 
OG

 h
r 

at
 3

5°
C

 m
id

 0
0%

 R
H

 
3.

48
 x

 1
0"

 
(3

-m
ia

 e
1o

ct
ri

fic
;it

io
li)

 
1.

39
 x

 l
oL

3 

A
rc

 r
es

is
ta

nc
e,

 8
u

c 
12

5 
1u

2 

E 
----

- 
--

- 
.- 
-
 

__
._

._
_ 
-
 

--
-.
_
.-
.-
--
--
--
 

---
 

- 
a bl

ni
tia

l 
vo

lta
ge

 i
s 

W
X

, 0
s 

el
io

rt
 li

m
e 

br
ea

kd
ow

ii 
an

d 
is
 a

pp
lie

d 
fo

r 
1 

m
hr

. 
Th
e 

vo
llo

gc
! i

s 
llr

ci
i 

2 7 
W

or
k 

of
 J

. 
R

. .
T

ay
lo

r,
 M

ai
sa

nl
o 

C
o.

 

in
cr

ei
ec

d 
5,

M
IO

' V
 a

nd
 h

el
d 

fu
r 

1 
m

iri
. 

T
lii

v 
pr

uc
ed

ur
e 

Is
 f

ol
lo

w
ed

 u
iil

il 
br

ea
Ic

do
w

n 
oc
cu
rs
. 

3-
 r 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PROPERTIES OF F'SERS FRObl POLY-UIIDE- H'ITDR4ZIDES 169 

Loss Lndes iK X Tan 6 .  Table 81 

The PABH-T composite has the higher loss index at 100 Hz. As 
Lhe frequency increases, however, the loss mdex of the PABH-T 
composite decreases while that of the glass composite increases. 
At and above 32 X lo6 Hz both composites have the same loss index. 
(Loss index is directly related t o  the energy lost to the composite 
by the electric field. It is converted to heat energy in the composite 
and causes a temperature rise. Since the energy lost is also directly 
proportional to the electric field frequency, the tenperature rise 
below lo6 Hz is negligible.) 

Resistance (Volume iiesistivity. Surface Resistivity, and Direct 
Current. Insulation Resistance, Table 9 1 

At a l l  conditions the PABH-T composite has a higher resistance 
than the E-glass composite. This is primarily due to  a greater ion 
concentration in the E-glass composite. 

Arc Resistance (-4ltermting Current. 60 Hz. Table 91 

This is a test of the ability of a material to withstand the tem- 
perature created by a low current intermittent a r c  struck directly 
Over its surface. It is intended to simulate service conditions in 
alternating current circuits where high voltage, low current a r c s  
may exist intermittently. The PABH-T composite was found to be 
a t  the low end of the scale, whereas the E-glass composite was at 
the upper end. 

Dielectric Strength ( a t e m a t i n g  Current. 60 Hz) 

average test sample thickness. It is inversely related to sample 
thickness: i.e., the smaller the depth the higher the dielectric 
strength. Both PABH-T and E-glass have good dielectric strength. 

This parameter is the ratio of the breakdown voltage and the 

A P P E N D I X  I 

C o n v e r s i o n  F a c t o r s  

1 g,"den = 8.826 p X 108 dyne cm" ( P  in gicm:) 
= 1.28 p X lo4 psi ( P  in g/cm 1 
= 2.05 p X loz  psi ( p  in lb,'fts) 
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1 dyne: cm2 
= 1.4304 X psi  
= 1.0197 X lo'' g, CII~ 

= 1.0197 X lo-' kg, mz 
2 

D e n s i t i e s  U s e d  i n  C o n v e r s i o n s  

p = 1.14 g / ~ r n - ~  
1.38 
1.44 
1.47 
1.5 
1.6 
2.34 
7.8 

Nylon 66 
Polyester 
PABH-T(T) X- 500 

Rayon 
Graphite 
Glass 
Steel 

P-QH-T(G) X- 500 
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