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Relation between Dynamic Mechanical Properties and Dye 
Diflusion Behavior i n  Acrylic Fibers 

INTRODUCTION 

In  a previous study' of the relation between the mechanical properties of nylon fiber 
and dye diffusion behavior it was found that the theoretical relations derived by Fujita 
e t  a1.,2 relating the diffitsion of small molecules in amorphous polymers to the mechanical 
properties, are applicable to the dyeing of semicrystalline nylon. A relationship ex- 
ists between the dynamic loss modulus and the dye diffiision constant in nylon, both 
experimentally and theoretically. 

Since theoretically these relations should also apply to other polymers, the dynamic 
mechanical properties and dye diffusion behavior in acrylic fibers were studied. 

Itosenbaum3 also reasoned that dye diffusion should be related to the mobility of the 
polymer chain segments, and he plotted the diffusion constant in acrylic polymers as a 
frinction of the tensile compliance (reciprocal of the initial modulus) and as a function 
of  the fluidil y (the reciprocal of the steady-state viscosit,y from creep measurements). 
The data appeared to followa linear relationship in both cases, within the rangeof diffusion 
ronstants investigated. 

EXPERIMENTAL 

The dye used in t,his work was a commercial grade of C. I. Basic Blue 22, Sevron Blue 
2G (du Pont). The dyeing temperature was lOO"C., and the liquor/fiber ratio was 40:l. 
A dye concentration of 5 g./L was used, and the pH of the dye bat,h was adjusted to 5.2 
with acetic acid. Dyeing rates of four acrylic fiber samples were measured by tech- 
niqnes previonsly described.' 

The fibers were as follows: No. 1, acrylonitrile-vinyl acetate copolymer cont.aining 
10.8% vinyl acetate; No. 2, acrylonitrile-vinyl acetate copolymer containing 7.5% 
vinyl acetate, stretched 300y0; No. 3, acrylonitrile-vinyl acetate copolymer oontaining 
9.2% vinyl acetate, stretched 3OOoj,; No. 4, same as No. 3 but stretched 400%. 

The dynamic mechanical properties were measured at a constant frequency of 11 cps 
with a Vibron Dynamic Viscoelastometer (Toyo Instrument Co., Tokyo, Japan). 
This instrument has been described in detail by Takayanagi.' Briefly, a sinusoidal 
tensile strain is imposed on a sample, producing a sinusoidal tensile stress. The instru- 
ment uses two transducers for direct reading of the absolute dynamic modulus IE*1, 
or ratio of maximum stress amplitude to maximum strain amplitude, and the phase 
angle 6 between the st,ress and strain. From these two quantities the real part E' and 
imaginary part E" of the complex dynamic t,ensile modulns E* can be calculated. The 
elastic component E' of the dynamic. modulus !E*( is given by IE*l cos 6, and the viscous 
romponent, or loss modulis E", is given by IE*l sin 6. All measnrements were made 
with the sample in a 100% relative-humidit,y environment,, since one was interested in 
the dynamic proper1 ies under dyeing conditions. 

RESULTS AND DISCUSSION 

Dynamic Mechanical Properties 

Figure 1 shows the dynamic modulus E', the loss modulus E", and the loss tangent 
at 0 and 100% r.h. as a function of temperature for sample 1. At 0% r.h. the tempera- 
ture of the maximum of the tan 6 peak for this sample occurs at 128OC. at a maximum 
tan 6 value of 0.380. This Q dispersion is due to the amorphous regions in the structure 
and occurs in many semicrystalline polymers.4 At 100% r.h. the peak temperature of 
tan 6 is shifted approximately 48°C. lower than it is a t  0% r.h., but the maximum height 
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TABLE I 
Dynamic Loss Modulus of Acrylic Fibers 

E", dynes/cm.% 

1.70 X 108 No. 1, acrylonitrile-vinyl acetate copolymer 
containing 10.8% vinyl acetate 

containing 7.5% vinyl acetate stretched 
300% 

No. 3, acrylonitrile-vinyl acetate copolymer 
containing 9.2% vinyl acetate stretched 
300 % 

No. 4, same as No. 3 but staretched 400yo 

No. 2, acrylonitrile-vinyl acetate copolymer 1.30 x 109 

2.40 X 108 

3.20 X 108 

of the tan 6 peak is unchanged. A larger shift is found for nylon 66 t-hrough dynamic 
data's5 and creep.6 The shift for nylon is 15OC. per 1% of moisture. Since the water 
absorption of acrylic fibers a t  90°C. and 100% r.h. is about 3%; the shift is 16OC. per 
1% of moisture. This suggests that the effect of moist,ure on the a dispersion is due to 
a similar mechanism in these semicrystalline polymers. 

.Oll I I I I I I I I I I I I I I 
20 40 60 80 100 120 140 160 

Temperature, O C  

Fig. 1. Dynamic mechanical propert,ies of acrylonitrile-vinyl acetate copolymer con- 
taining 10.8% vinyl acetate, as a function of temperature at  0 and 100% R.H. 

The values of E" a t  100% r.h. and 100OC. that were used with the dyeing data are 
They were obtained by extrapolating the tan 6 and E' values to 100°C. listed in Table I. 

and then using the relation E" = (tan 8)(E').  
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Dye Diffusion Constant 

The dye diffusion constant was calculated by the method used by ltosenbaurn,3 which 
gives numerical results proportional to values obtained by the method used in the work 
on nylon.' The equation is 

where D = diffusion constant (cm.Z/sec.), C ,  = dye uptake a t  satmumtion (g. of dye 
per cm.3 of fiber), Ct = dye uptake a t  time 1. (g. of dye per g. of fiber), A,,, = fihcr siirfnre 
area (cm.*/g. of fiber), and 1 = time (sec.). 

10 o Sample NO. I 
0 Sample No. 2 t Sam& Na.3 

,o- 
a' 

0 2 4 6 8 10 12 

Fig. 2. Dye absorption as a function of time. 

2 
Dynamic Loss Modulus E", dyneslcm 

Fig. 3. Relation between diffusion constant and dynamic loss modulus. 
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The dyeing rate data are shown in Figure 2. The dye uptake Ct is linear as a function 
The devi- of t'Ia, as predicted by the equation, and the data pass through the origin. 

ation from linearity in the top curve is caused by the approach to saturation. 
The diffusion constants calculated from the data of Fignre 2 are shown in Table 11. 
The relationship between E" and D is shown in Figure 3, plotted in the modified 

form of the equations of Fujita e t  a]. used for nylon:' 

In (DIRT) = C - Bdln  E" 

where D = diffusion coefficient, R = gas constant, T = temperature, C = constant, 
nd = constant, similar to the B used in the WLF eqnation,l and E" = dynamic loss 
moduliw. 

In t,he acrylic case nd = -2, 
whereas for nylon Bd = -4.5. The value of Bd = 1 was found by Fiijita e t  al. in their 
stndies of the diffusion of organic liquids in amorphous polymers. The deviation from 
unity in the nylon data has been discussed,' and the same factors are applicable to 
acrylics. One possible cause is that E" measurements are made parallel to the fiber axis, 
whereas dye diffusion takes place primarily perpendicular to it. The effect.s of orient,a- 
tion parallel t,o t,he fiber axis is probably different for E" and D. 

The extension of the relation between E" and D to acrylic fibers indicat,es t,hat the 
dependence of dye diffusion on polymer chain mobility is a general phenomenon, not 
limit,ed to nylon. A relation of D to mechanical properties permits one to "tailor" 
fibers with good mechanical properties while maint*aining adequate dye diffusion be- 
havior. 

As for nylon, t,he dat.a appear to fit the equation. 

The authors wish to acknowledge valuable discussions with W. C. Carter and J. H. 
Dumbleton. 
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