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Influence of absorbed moisture on fatigue 
crack propagation behaviour in polyamides 
Part 1 Macroscopic response 
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Materials Research Center, Lehigh University, Bethlehem, Pennsylvania 18015, USA 

The effect of plasticization on the fatigue crack propagation response in polyamides was 
examined by conducting fatigue tests on specimens of nylon 66 (N66), nylon 6 (N6) 
and nylon 612 (N612) which had been equilibrated at various levels of absorbed water. 
In N66 and N6, crack growth rates decreased as the water content was increased to 
about 2.5 wt %; with increasing moisture content, FCP rates increased and at saturation 
(8.5 wt % H20) FCP rates were higher than those observed in the dry polymer. Crack- 
growth rates in N612 decreased monotonically as the water content increased to satur- 
ation (3.2 wt% in this polyamide). These results were interpreted in terms of the 
competition between enhanced crack-tip blunting and lowering of the specimen 
modulus. Crack-tip blunting was believed to dominate fatigue behaviour at low water 
contents (~< 2.5wt %) and contributed to reduced FCP rates. The higher crack-growth 
rates observed at higher moisture levels were believed to be caused by reductions in  
material stiffness. 

1. In t roduc t ion  
Absorption of water by polyamides represents one 
important example of the general phenomenon of 
plasticization of polymeric materials. As such, 
nylon/H20 interactions and their associated influ- 
ence on mechanical response are of considerable 
engineering importance since absorption of 
moisture and resulting property changes can occur 
readily while the nylon component is in service. 
For example, freshly moulded nylon parts contain 
less than 0.3 wt % water [ 1 ], but moisture absorp- 
tion and consequent plasticization can begin 
immediately after fabrication if the nylon is not  

protected from relative humidities (r.h.) greater 
than zero. To illustrate this point, roughly 2.5 wt % 
water can be imbibed after equilibration in a 
50% r.h. ambient atmosphere. Depending on the 
property and the amount of water absorbed, 
effects may be beneficial or deleterious. 

The incorporation of water in nylon is known 
to occur in both tightly bound and weakly bound 
states [2, 3]. In the former case, the polar H20 
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molecules interrupt the hydrogen bonds between 
amide groups in neighbouring chain segments 
and create water bridges between these groups. 
Absorbed moisture is believed to exist primarily 
in this tightly bound state until all of  the hydrogen 
bonds in the amorphous fraction of the nylon have 
been replaced by water bridges, corresponding to 
a water/amide group ratio of 1/2. At higher con- 
centrations, weakly-bound water is imbibed and 
serves essentially as a diluent. 

In an earlier publication [4], it was found that 
fatigue crack-growth rates in nylon 66 (N66) 
exhibited a pronounced minimum at an absorbed 
moisture content of 2.6 wt% H20, while crack- 
growth rates were higher in the saturated material 
(8.5 wt% H20) than in the dry polymer. This 
minimum was tentatively associated with the 
transition from tightly bound to loosely bound 
water at a moisture level between 2 and 3 wt % 
(for N66 presumed to be 60% crystalline). Sub- 
sequently, it was found [5] that the supply of 
N66 previously considered had a crystalline 
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content o f  " 4 0 %  and that the crack growth 
rate minimum observed between 2 and 3 w t %  
water did not correspond precisely to the bound 
water/free water transition (which occurs at 
4 to 5 wt % H20 for N66 of  40% crystallinity). 
In generalizing the results o f  these two investi- 
gations, the decrease in crack-growth rates with 
increasing water content at low moisture levels 
was interpreted to be associated with enhanced 
chain mobility and an attendant increase in crack- 
tip blunting. Conversely, the marked increase in 
crack-growth rates at moisture levels > 2.5 wt % 
was believed to be the result of  a degradation of  
elastic modulus in N66 which accompanies high 
levels of  loosely bound absorbed water [1, 6].  

In the present study, the generality of  the 
effect of  absorbed moisture on the fatigue crack 
propagation response in nylon was examined by 
conducting an extensive series of  fatigue experi- 
ments on other polyamides (a higher-molecular- 
weight N66, nylon 6 (N6), and nylon 612 (N612)] 
which were prepared with a wide range of imbibed 
moisture. In addition, modulus data as a function 
of  absorbed moisture were obtained from an auto- 
mated Rheovibron instrument for each of  these 
polyamides; FCP rates were then examined in 
terms of  these dynamic property measurements. 

2. Experimental procedure 
2.1. Materials 
The nylon fatigue specimens were equilibrated at 
several moisture levels by soaking plaques in 
various salt solutions or by vacuum drying. Tables 
I to III list the equilibration procedures for each 
nylon supply. Moisture contents (relative to a dry 
specimen) were measured gravimetrically for all 
specimens. For the nylon supplies received with 
unknown moisture levels, plaques were vacuum 
dried for varying time periods until no further 
weight change occurred; the weight lost by these 
samples was then taken to represent the original 
moisture content in the as-received condition. 

TABLE I Moisture conditioning procedure for N66 
(M n = 34 000) 

r.h. (%) H20 (wt %) Method 

0 <0.2 
35 1.5 

50 2.6 

100 8.5 

As-moulded ("dry") 
Boiled for 120 h in saturated 
aqueous sodium acetate [7] 
Boiled for 100h in aqueous 
potassium acetate [ 1 ] 
Boiled for 190h in water [1] 

TABLE II  Moisture conditioning procedure for N612 

r.h. (%) H20 (wt %) Method 

0 < 0.2 Vacuum dried for 168 h at 95 ~ C 
45 1.1 As-received 

100 3.2 Boiled for 100h in water [1] 

After moisture equilibration, all specimens were 
stored at the appropriate humidities prior to 
fatigue testing. 

The molecular weights (MW) of the N66 and 
N6 supplies before and after the equilibration 
procedures were determined by solution visco- 
metry using a Cannon-Ubbelohde dilution visco- 
meter; molecular weights were calculated from 
measured intrinsic viscosities using the Mark-  
Houwink equation: 

M n = K - 1 / a [ n ] l / a  , (1) 

where Mn is the number average molecular weight, 
and [7] is the intrinsic viscosity. The constants for 
this relationship at 25 ~ C were: 

for N6618] K = 1.1 • 10 -3 , 

a = 0.72 (in formic acid); 

fo rN6[9]  K = 2 2 . 6 •  -3 , 

a = 0.82 (85 wt % formic acid in water). 

Dynamic moduli were determined on an 
Autovibron apparatus (Model DDV-III-C, Imass 
Corporation, Hingham, Massachusetts) at 11Hz. 
Test specimens were nominally 2 mm thick x 5 cm 
long, with the width equalling the thickness of  the 
plaques from which these bars were cut. All tests 
were performed in laboratory air at a heating rate 
of  l ~  -1, the initial temperature being 
- -  20 to 0 ~ C .  

2.2. Fatigue test procedures 
Fatigue test specimens were of  either the compact 
tension (CT) or wedge-opening load (WOL) con- 
figuration [10].  A mechanical notch was intro- 
duced with a jeweler's saw and followed by 

T A B L E I I I Moisture conditioning procedure for N6 

r.h. (%) H~O (wt %) Method 

0 <0.2 
50 2.5 
52 2.7 

100 8.7 

Vacuum dried for 168h at 95 ~ C 
As-received 
Boiled for 120 h in saturated 
aqueous sodium acetate [7] 
Boiled for 190h in water [1] 
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sharpening with a razor blade to accelerate crack 
initiation. The fatigue tests were performed on an 
electrohydraulic closed-loop testing machine using 
a 10Hz sinusoidal waveform of constant load 
amplitude and a minimum-to-maximum load ratio 
(R) of 0.1. Duplicate tests were conducted for 
most material and test conditions, with all tests 
being performed in laboratory air at ~ 22 ~ C and 
in an average ambient relative humidity of 40% 
(except as noted in the text below). 

Before any fatigue data were obtained, each 
specimen was pre-cracked to create a sharp fatigue 
crack beyond the mechanical notch. The pre- 
cracking procedure varied for different polymers, 
but generally was conducted at 50 or 100 Hz. On 
occasion, pre-cracking loads were set higher than 
the load range used during actual testing so as to 
accelerate initiation of the fatigue crack. However, 
no crack-growth data were obtained until the 
fatigue crack had grown several millimeters past 
the pre-cracked zone at the subsequent test load 
range [11]. When crack-tip heating occurred as a 
result of the high-frequency pre-cracking proce- 
dure, data collection was delayed for at least 
30 min to allow the crack-tip region to cool to 
ambient temperature. 

Crack growth was measured optically using a 
Gaertner travelling microscope with 50 x cap- 
ability. The FCP test was interrupted periodically 
for 5 to 10 sec to record the crack-tip position and 
associated number of cycles; these interruptions 
occurred typically after crack-growth increments 
of  0.25 to 0.50mm. Incremental crack growth 
rates were calculated as follows: 

da)  _ ai+ 1 --ai_ 1 
- ~  i Ni+l _ N i _  a , (2) 

where a is the crack length and N is the number of 
cycles. Crack-growth rate data were compared 
with the crack-tip stress intensity factor range, 
AK, which is given by 

Ap 
AK = Y ~/a [MPax/m] (CT) (3) 

BW 
or 

Ap 
2xK = Y ~ (a) [MPa x/m] (WOL), (4) 

where P is the applied load range (N); B is the 
thickness (m); W is the width (m) and Y and a are 
the geometric correction factors given below. 

YCT = 29.6--  185.5(a/W) + 655.7(a/W) 2 

:rwoL 

+ 4.951 (a/W)5; 

2 + (a/W) 
awoL - [1 -- (a/W)3/2] " 

- -  1017 .0 (a /W)  3 + 638.9(a/W)4; (5)  

= 0 . 8 0 7 2  + 8.858(a/W)--  30.23(a/W) 2 

+ 41 .088  (a/W) 3 -- 24.15 (a/W) 4 

(6) 

(7) 

Test results revealed that da/dN depended on 2xK 
with a relationship of the form [ 12] 

da/dN = A ( a K ) " .  (8) 

3. Experimental results 
The effect of  absorbed water on FCP rates in N66 
(MW = 34000) is shown in Fig. 1, based mainly 
on single-specimen results from each test con- 
dition. As was the case with a lower-MW N66 
(MW= 17000) [4 ,5] ,  crack-growth rates were 
lowest for a specimen containing an intermediate 
level of moisture (1.7 wt % H20), and were highest 
in the saturated material (8.5wt% I-I20). Fig. 2 
shows a plot of crack-growth rate values at a 
constant AK of 3MPam 1/2 as a function of 
moisture level; the solid lines represent data 
from [5] for N66 with MW= 17000 and the 
data points correspond to the present results for 
MW = 34000. It is clear from this figure that 
both supplies of N66 exhibited a minimum in 
crack-growth rate at an intermediate moisture 
level. Interestingly, while the nylon 66 samples 
with MW= 34000 exhibited lower FCP rates 
than N66 (MW = 17 000) in the dry condition 
(Fig. 2 and [13]), there was no difference in 
crack-growth rates between these materials when 
saturated with water. 

The influence of moisture content on the 
FCP behaviour of N6 parallels that of N66. These 
results are shown in Fig. 3, while a comparison 
of growth rates at a constant AK of 2.5 MPa m 1/2 
is given in Fig. 4. Again, a minimum in FCP 
rates is apparent at approximately 2.5 wt % water. 
On the other hand, no FCP minimum as a func- 
tion of moisture content is found in N6 at higher 
2xK levels above about 3 MPam u2. Also note that 
the crack-growth rate for N6 containing 2.7 wt % 
water is more than 10 x larger than for a specimen 
which absorbed 2.5 wt % water despite the relatively 
small difference in moisture content. 

The FCP behaviour of  N612 differs from the 
behaviour of the other nylons in that a small but 
continuous decrease in crack-growth rates occurs 
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Figure 1 Effect of moisture on fatigue crack-growth rates 
in N66 (M n = 34000). 
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Figure 2 Fatigue crack-growth rates at constant ~K,  as a 
function of  moisture in N66 (M n = 34 000). 
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as the moisture level increases to saturation (Figs "~ 
5 and 6). It may be significant, however, that the o 
saturation level in N612 (3.2wt% H20) is close E E 10 -3. 
to the moisture level corresponding to the mini- 
mum FCP rate in both N66 and N6. "O 

It was observed previously [5] that the crack "" I21 
growth rate minimum in N66 (at an intermed- -o 
iate moisture level) corresponded to a maximum 
in relative toughness as measured by the maxi- 
mum stress-intensity level [Kof = AKmax/(1 -- R)] IO-4"  

attained prior to unstable fast fracture. Although 
Kcf values are not considered to be accurate 
measures of  fracture toughness, they do provide 
a basis for a relative comparison of material 
properties. When specimens fall in fatigue by 
slow tearing rather than by abrupt separation, no 10 -5 
such estimate of  fracture toughness is possible; 
such was the case for water-saturated N66 (MW = 
34 000) and for all N6 specimens except the dry 
test plaques. Table IV shows that the toughness 
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Figure 3 Effect of moisture on fatigue crack-growth rates 
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Figure 4 Fatigue crack-growth rates at constant  zXK, as a 
func t ion  o f  moisture  in N6. 

of N66 with both molecular weights is definitely 
greater in specimens containing intermediate 
water levels, corresponding to the lowest FCP 
rates recorded in these polymers. This finding is 
consistent with the generally observed tendency 
for FCP rates to be lower in those polymers that 
exhibit greater fracture toughness [14, 15]. In 
N612, no variation in toughness was found with 
increasing moisture content, which parallels 
the minimal change in FCP rates measured over 
this moisture level range. 
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4.  D iscussion o f  results 
In an earlier publication [5], it was tentatively '-~ 
concluded that the effect of absorbed moisture on u 
crack-growth rates in N66 (MW = 17 000) reflected e E o_._ 
a competition between crack blunting and a ~ ~ .  
decrement in the room-temperature modulus of  -," to, 
N66. Certainly even small amounts of  absorbed 
moisture must increase segmental mobility and 
enhance crack blunting, thus reducing the effective 
stress concentration and lowering the rate of ~" 
crack propagation. Such an effect was reported 
by Bragaw [16] in studies of environmental '2 
stress cracking in medium-density polyethylene, o 
However, with increased moisture levels, the 
room-temperature modulus is expected to decrease 
[ 1, 5, 6] thereby increasing the cyclic strain range 
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O 

2 3 
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Figure 6 Fatigue crack-growth rates at constant ~K, as a 
function of moisture in N612. 
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T A B L E I V Apparent toughness (Kd) against moisture 
level for N66 and N612 

N66 N612 

M n = 17000 M n = 34000 

H:O Kef H~O Kef H20 Kef 
(%) (%) (%) 

0 3.2 0 4.2 0 3.6 
0.8 3.1 1.7 6.6 1.1 3.6 
2.2 7.2 2.6 4.9 3.2 3.6 
2.6 5.2 
4.0 4.3 

~.i NYLON 6 / 
2.5 wt%H20 ] 

I 

/ 

d .  

. . . .  'o ' 'o ; 'o 6 -IO O IO 2 30 4 5 6 

T{*C) 

Figure 8 Modulus as a function of temperature for various 
moisture levels in N6. 

under cyclic load-controlled test conditions; 
increased crack-growth rates should result from 
the latter circumstance. 

Dynamic mechanical spectra for N66 (MW = 
17 000 and 34 000) and N6 are shown in Figs 7 
and 8 and reveal the expected decrease in room- 
temperature modulus with increasing moisture 
content. It is interesting to note that, for both 
N66 and N6, the room-temperature modulus did 
not decrease appreciably until after ~ 2.5wt% 
water was absorbed. Coincidentally, crack-growth 
rates also began to rise after this moisture level 
was exceeded. Apparently, the growth-rate minima 
represent an optimization of the competitive influ- 
ences of crack blunting and loss of modulus. 
Also, it is significant that the room-temperature 
modulus of N6 containing 2.7 wt% H20 was 
nearly three times lower than for a specimen 
equilibrated at 2.5 wt % (Fig. 8), and that crack- 
growth rates in the 2.7wt% H20 material were 
much higher than in the 2.5 wt % plaque (Fig. 4). 
The reason for this large drop in modulus over a 
very small moisture range is not known at this 
time, but the correlation between decreased 
specimen modulus and higher FCP rates is both 
striking and consistent with expectations. 

Previously it was postulated that crack-tip 
blunting should decrease crack-growth rates. To 

examine more directly the specific effect of 
imbibed moisture-induced crack-tip blunting on 
crack-growth rates, FCP data were normalized 
with respect to modulus (i.e. by plotting da/dN 
against AK/E). Fig. 9 clearly shows that the 
value of AK/E necessary to drive the fatigue 
crack at a given velocity increases monotonically 
with increasing moisture level; that is, moisture- 
induced crack-tip blunting serves to decrease the 
material's FCP rate for a given driving force 
condition. 

In summary, the complex effect of absorbed 
water on FCP rates in N66 and N6 reflects a 
competition between the beneficial influence of 
crack-tip blunting and the deleterious effect of 
modulus degradation. This competition is illu- 
strated schematically in Fig. 10. It is seen that, 
while the blunting mechanism dominates the 
fatigue response at low moisture levels, the 
decrease in modulus overshadows crack blunting 
at higher water contents. 

The lack of a crack-growth rate minimum in 
N612 (Fig. 6) suggests that a competition between 
blunting and modulus decrement effects did not 
exist in this material. In fact, since water satur- 
ation in N612 occurs at only 3.2 wt %, as opposed 
to 8.5wt% in N66 and N6, the greatest amount 
of water that N612 imbibed was only slightly 
greater than the moisture level corresponding 

17 00~ ,~. __ 22wt~176 NYLON 66; /k/n= 

i 0 wt % H20 - 
(o) -,'o ~ ,'o 2'0 3b 4'o ~b go 

TtoC} 

~'I NYLON 66: Mn= 34 000 - 1 

IN -10 0 I0 20  30  40  50 60  
r{*c} 

Figure 7 Modulus as a function of temperature for various moisture levels in N66. (a)Mn = 17 000; (b)M n = 34000. 
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Figure 10 Schematic diagram of the effect of crack 
blunting and modulus degradation on crack-growth 
rates in nylon as a function of moisture content. 
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~'gure 11 Modulus as a function of temperature for 
various moisture levels in N612. 

to the growth-rate minimum in the other nylons. 

Second, dynamic mechanical data for N612 

(Fig. 11) show that, even at saturation, the room- 

temperature modulus of N612 decreased by only 

30%, in contrast to the 70% decrease in the 
modulus of N66 (Fig. 7a). 

The important influence of modulus on FCP 

behaviour can be illustrated in another manner. 
Referring to Fig. 7a, it can be seen that a tem- 
perature increase from 22~ to 52~ causes a 
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Figure 12 Crack-growth rates in N66 tested at 52 ~ C. 
Lines represent FCP behaviour at 22 ~ C. Note greater 
shift in the 2.6% H20 material as compared to dry N66. 
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40% decrease in the modulus of N66 containing 
2.2 wt % water but only a 12% drop in the modulus 
of dry nylon. Therefore, the expected worsening 
of FCP response at 52 ~ C should be greater in the 
moisture-bearing polymer than in dry N66. Indeed, 
Fig. 12 shows that, by raising the test temperature 
from 22 ~ C to 52 ~ C, the growth rates for an N66 
specimen containing 2.6 wt % water increased 
four-fold, while growth rates in the dry nylon 
samples increased by only a factor of two. These 
results confirm the important role that specimen 
modulus plays in the determination of FCP 
behaviour. 

Since many of the moisture levels examined 
in the present research were attained by equilibra- 
tion in various boiling salt baths (see Tables I to 
III), one must examine the possibility that the 
presence of the salts themselves influenced FCP 
behaviour to some degree. While this cannot be 
ascertained directly, the following points are 
relevant. Recently, Burford and Williams [ 17, 18] 
demonstrated that N66 and N6 were susceptible 
to stress cracking in the presence of certain in- 
organic salts. It should be noted that these experi- 
ments were performed in the presence of solutions 
of the inorganic salts, while the presence of any 
salts during the FCP tests reported here was 
limited to the amount of salt absorbed during the 
equilibration procedure. In fact, the amount of 
salt actually absorbed during equilibration of the 
fatigue samples was very small. An EDS examin- 
ation of a fracture surface from a specimen of N66 
boiled for 100h in KC2H302 showed a uniform 
but barely perceptible amount of potassium across 
the fracture surface, certainly much less than the 
fracture surface concentrations found by Burford 
and Williams [ 18]. Finally, no evidence of the type 
of environmental stress cracking described by these 
authors was found on any of the fatigue fracture 
surfaces. Therefore, it is concluded that the use of 
various salts to equilibrate the nylon specimens did 
not affect the observed FCP behaviour. 

Another question to be addressed is the pos- 
sibility that the boiling procedures used to accel- 
erate equilibration of the nylon specimens caused 
a reduction in molecular weight by hydrolysis. 
Viscometric determination of the molecular 
weight for N6 showed that boiling the polymer 
in water for 190h caused no reduction in Mn 
from the measured value of 16000 before the 
treatment. For N66, the boiling procedure resulted 
in a 20% drol~ in Mn from 17 800, the molecular 

weight of the dry, as-moulded polymer. Such a 
reduction would not be expected to increase the 
absolute values of FCP rate by an amount greater 
than the maximum experimental error (a factor of 
2), since a 50% reduction in molecular weight 
from 34000 to 17000 previously was found to 
increase crack-growth rates by a factor of only 
4 [13]. Furthermore, this 20% reduction in 
molecular weight should not affect the general 
shape of the curve of FCP behaviour against water 
content. 

At the present time, we can only speculate 
about the reason for the lack of a FCP minimum 
in N6 as a function of moisture content at AK 
levels greater than 3MPam 1/2. It is possible that 
cyclic stress-induced hysteretic heating, which 
would increase with increasing AK level, could 
raise the temperature of the test specimen by a 
greater amount when the sample contains absorbed 
water [13]. In turn, this would lead to a relative 
decrease in elastic modulus and result in worsened 
FCP performance. 

5. Conclusions 
(1) The absorption of small amounts (< 2.5wt %) 
of water in N66 and N6 decreased crack-growth 
rates, thereby reflecting the ability of tightly 
bound water to enhance local chain mobility. This 
increased mobility allows for crack-tip blunting 
as a result of the combined effects of enhanced 
plastic deformation and localized crack-tip heating. 
However, at higher moisture levels, lowering 
of the room-temperature modulus overshadows 
crack-tip blunting and contributes to a general 
worsening of FCP behaviour. 

(2) Incorporation of water in N612 results in a 
modest monotonic decrease in crack-growth rates, 
so that saturated N612 is superior to specimens of 
lower moisture levels. Since the saturation level 
in N612 (3.2 wt %) is lower than that of N66 or 
N6 (both 8.5wt%) and the room-temperature 
modulus at saturation in N612 is much greater 
than at saturation in the other nylons, FCP behav- 
iour of N612 is believed to be dominated by the 
crack-blunting mechanism. 
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