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THE TRANSITIONAL RATE OF STRAINING 

CORRESPONDING TO A RELAXATION TIME 

By Masakazu HIGUCHI* 

The relationship, 

Transitional strain rate= Elastic strain limit 
Relaxation time 

is presented (cf. Eq. (4) in the text) to establish the concept" correspond­
ence of a transitional strain rate to a relaxation time " which thus far has 
been used vaguely, and it is shown that the predicted temperature de­
pendence of the rate agrees with the tendency having been recognized by 
several investigators. 

The order of magnitude of the plastic strain limit and that of the elastic 
strain limit of the employed model are calculated with the data of some 

textile materials and estimated to be 10··1 and 10-2 respectively. 
Refering in the introduction to the limiting breaking velocity and the 

critical impact velocity, the writer gives his view that neither has direct 
relation to the transition phenomenon here considered. 

1. Introduction. The energy to break the specimen of a plastic material 
by an impulsive tensile force is in general dependent on the rate of elonga· 
tion and attains a maximum value at a certain rate, beyond which the energy 
is rather reduced; some viscoelastic materials break almost without recog· 
nizable elongation at a certain rate of straining in which case the fracture 
surfaces have an obviously different pattern from those of the specimens 
breaking after considerable elongation. Such transitional rates of straining 
were formulated from the standpoint of fracture dualism in the previous 
papers.IJ 

Further development of the dualistic understanding will be introduced 
in the present paper; the definite concept of the correspondence of a transi­
tional rate of straining to a relaxation time is formed by the analytical 
expression, from which the temperature dependency of the transitional rate 
is deduced, and the validity of the interpretation is examined. 

There are two other critical (in the meaning that it does) velocities 
having something similar to the transitional velocity; one of them is the 
limiting breaking velocity recently suggested by W. K. Stone et al.,2l and 
the other is the critical impact velocity due to Th. van Karman and was 
investigated by P. E. Duwez et al.3l with metals. 

Both of them, however, differ from the above mentioned transitional 
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rate of straining in that the former in the first place is related to the 
problem whether a specimen breaks or not when a certain amount of 
momentum is given its head mass attached to the specimen. Naturally it 
depends upon the masses attached to the specimen at each end as well as 
on the initial tensile velocity, and the investigators suggest that the speci­
men will not break when the velocity v satisfies the relation 

1 (n+ ;)(m+ ;) 
logv ~- -2 log 1 + log vb, (1) 

m+n+ 
where m and n are the ratios of the masses attached to the specimen at 
the head end and at the tail end respectively to the mass of the specimen. 

The limiting breaking velocity is the vb in this formula and evaluated by 

1 Jer -pvb2= ade, 
2 0 

p being the density, a the stress, e the strain and er the rupture strain of 
the specimen. As a matter of course, the velocity of the head mass will 
decrease as the specimen elongates. Nevertheless, the velocity can be re­
garded actually to keep its initial value when m is large enough. Such 
a condition is satisfied in the usual impact testing, in which case at the same 
time n is infinitely large because of clamping the specimen at the tail end. 

Thus, 
V ➔ O 

is obtained from (1). This is nothing strange and tells only that the 
specimen will necessarily break, if one, clamping the specimen at one end, 
, goes on pulling the other end, and has nothing to do with the existence of 
a transition in the mode of breaking. 

Next, the critical impact velocity v0 is defined as 

Jer 
Vo= ✓EJpde 

0 

(2) 

E being da / de, the modulus of deformation, elastic or plastic, and other 
notations the same as the already used. 

This velocity contrasts with our transitional velocity in temperature 
dependency. In order to compare the critical impact velocities for the 
differing temperatures 81 and 82, we shall consider the ratio Vci/Vc2 , where 
the suffices 1 and 2 refer to the values for the temperatures 81 and 82 

respectively (and the same applies to the following, other notations). 
Provided that the material is regarded as not predominantly entropy­

elastic for the temperature of the experiment, 

E 1 < E 2 , for 81 > 8 2 , 

when the strains are of equal amount. Since the change of P can be neg· 
lected relatively to the change of E, we obtain by supposing eri > Er2 as is 
usually the case, 
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J''1 ✓E1 de1 = l + _•_r2 ___ _ 

J•,2 ✓ E1 de, 
(I 
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The modulus of deformation for the strain •r2 at the temperature 01, 
say Er1, is in general larger than the moduli for the larger strains than •r2, 

and is smaller than those for the smaller strains than •r2- Consequently, 

J::~ ✓Eide, < (e,1-•r2) ✓Er1, 

J:r2 ✓ E1 dei > •r2 ✓ Er1, 

and hence 

According to the experiment of Goto et al. with a viscoelastic compound 
of rosin-olive oil system,4l the velocity ratio 

is obtained for two brittle points 01 = 30' C and 02 = 15' C. This leads to 
the unlikely relation, 

er!> }OJ 
•r2 

while both the strains are of brittle fracture. Thus th~ critical impact 
velocity is not likely to have direct relation to the above experimental facts. 

It is a matter of course that a number of more or less independent 
factors may be called into play and their effects are not of the same amount 
for different testing conditions. The strain wave effect suggested by von 
Karman is to become influential in the higher range of strain rate, for ex­
ample 105 ~ 106 percent per second for viscoelastic such as textile materials, 
as stated by W. K. Stone et al. 

The energy-to-fracture transition observed by Negishi et at. for some 
sorts of textile materials5l was, however, in the range of the order of 10 ~ 
100 cm/sec, or 103 ~104 percent per second for their specimens 1 cm long, 
which was far below that given by (2). 

On account of the slow speed of elongation, the strain wave must pro­
pagate along the specimen and be reflected at each end in succession a good 
many times before breaking. Since the wave velocity is of the order of 
10:i m/ sec, the wave is supposed to go and return about fifty times along 
the specimen of the length of 1 cm during the time of the order of 10-3 
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seconds which is expected to pass before the specimen breaks. Even when 
we must take less value for E (or da / de) in the range of large strain, 
going back and forth must have been repeated ten times or so before 
breaking, because the wave velocity decreases only as ✓E does. On 
account of the viscoelasticity of the materials, we can consider the strain 
wave to be damped meanwhile and can regard the strain to be leveled and 
to become uniform along the specimen. 

It may be an evidence for the uniformity of the strain when breaking, 
that the relationship between the energy to fracture the specimen l cm long 
and the velocity to extend it, is much the same, when divided by l, as the 
relationship for the specimen 1 cm long. 

2. Transitional Rate of Straining Corresponding to a Relaxation 
Time. The above-mentioned transition may be therefore understood from 
the standpoint of the fracture dualism and the rate of straining at transi­
tion may have the following general expression: 

where 

f3tr =(Eke - ao)n/t, 

Ptr = transitional rate of straining, 
E = spring constant of Maxwell model, 
k, = strain limit of the spring, 
au = yield strength of the dashpot of the model, 

n, t = constants to describe the flow of the dashpot. 

(3) 

When the flow of the dash pot is regarded to be simply N ewtonean, i.e., 
ao = 0, n = l, the equation (3) i.s to become 

f3tr = ke 
-r 

-r being r; / E, and r; used in place of ~ for the N ewtonean flow. 

(4) 

Some materials may have more than one values of k,!-r. according to 
which as many transitions are to appear in the energy to fracture. The 
several points of transition observed for nylon filament, viscose rayon and 
other materials can be considered to correspond to the distribution of k,/-r 
of the materials. 

Thus, the word " to correspond to a relaxation time" is given a definite 
concept in the meaning of the equation (4), though the word thus far has 
not been connected to so manifest a concept as in vibration phenomena and 
is being used somewhat carelessly in considering the impact behavior of 
materials. 

f3tr/2rr ke is, if any, an equivalent frequency of an impact load analogous 
to oscillating load; because the correspondence 2rrf = 1/-r (f being the fre­
quency of the load) has long been used in this case. 

3. Temperature Dependency. Actually the expression for the transi-
tional rate is examined by the observations of its dependency on temperature. 
As is weH known, 7l is related to temperature approximately as 

r;=Ae111r, 
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A and B being constants and T temperature in 'K. Accordingly the ex­
pression ( 4) becomes 

l O l Eke B 
n µtr = n A - Ttr' (5) 

where the related transitional temperature to f3tr is denoted with Ttr• Re­
presenting the length of the specimen by l, we can derive the relationship 

Ekel B lnvt = ln-- - --
r A Ttr' 

(5') 

from (5) provided that the experiment is done in such a range of impact 
velocity that the strain wave effect can be neglected.* The above relation­
ship is identical with the results of the experimental works.4 l 6 l 7 l 

The Young's moduli of high polymeric materials, indeed, decrease re­
markably as the temperature rises. However, the 'E which we are using 
in (5') as a spring constant is different from them, because all part of the 
plastic strain is attributed in our model to the elongation of the dashpot. 
Hence, Eke may be nearly independent of the temperature, while kp, the 
plastic strain limit, increases evidently with the temperature rise. 

This increase of kp reveals another energy peak with the rise of the 
temperature as shown in the experiment with some textile materials, because 
the energy to fracture per unit volume corresponding to one value of kef-r's 
is E kp ke as is deduced from the previous study. 

4. Evaluation of kp and ke. The order of magnitude of kp as well as 
ke can be calculated by using the value of the transitional rate given in 
the paper of Negishi ct al. The transitional velocity is in the range of 
30 ~90 cm/ sec, or Ptr = 30 ~ 90 sec-1 for their specimens l cm long, while 
the viscosity coefficient '} for textile materials is in the range of (2 ~ 6) x 107 

poise. Thus, from (4) 

Eke='} Ptr = (10 ~50) X 108 dyne/cm2 • (6) 

This is the breaking strength in the range above the transitional rate, 
which may be of a reasonable magnitude, though of the same order as that of 
the static strength; because it is known that the dynamic strength is not so 
much increased even by increasing the extending velocity by several orders. 

Next, the energy to break becomes 

WII = E kpke = (10~ 50) kp X 108 erg/cm3 

at the transitional rate of straining. Since the values of WII are m the 
range of (5~12) x 108 erg/cm3, kp will be of the order of 10-1• 

* Such a direct evaluation of the velocity from the rate of straining is not permissi­
ble when the strain wave effect should be considered. If one takes into account the 
effect by the dualistic understanding for a Maxwell body, 

Vtr = C ke 
is the transitional velocity, where c is the elastic strain wave velocity of propagation. 
The temperature dependency of this velocity will be comparatively slight and rather 
of opposite sign as inferred from the expression. 



98 M. HIGUCHI 

On the other hand, ke is considered to be of the order of 10-2 according 
to (6) in which 1011 dyne/cm2 is used for the order of E, the order of the 
greatest value measured by the method of vibration. 

As shown in the previous paper, the strain of the specimen at break is 
to be nearly equal to kp in the static test and, increasing with the straining 
rate, to become k P + ke at the transitional rate, though it may be considered 
not to change actually because of the smallness of k, compared with kp. 
At the transitional rate, however, the strain at break is to decrease sud­
denly and to tend to ke with the increase of the rate. 

The orders of the magnitudes of kp and of k, estimated above agree 
with the fact that the elongation is a few scores percent in the static test 
with textile materials and the breaking strength at the highest tensile rate 
is of the order of one hundredth of the Young's modulus. 

Working the material by drawing is supposed to cause the decrease of 
kp, as the result of which the elongation at break of the material of large 
draw ratio might not suffer much change over the whole range of straining 
rate. This may be considered to be the reason why there prevail both the 
opm10ns, contradicting each other, that the elongation at break increases 
with the straining rate, and that the increasing is scarcely recognized. 
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ERRATA 
On the Dualism in the Fracture Theory 

By Masakazu Higuchi 
(Reports of Research Institute for Applied Mechanics, Vol. III, No. 12, 1955) 

. ( ao)•n Page 164, lme 3, for (1-ao)n, read 1-Eke . 

" 29, for kp/ke::;;,1, read kp/k,2.1. 
" 167, Fig. 9, for 1.0 and 2.0 on the axis of ordinates, read 70.31 and 140.62. 




