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FOREWORD 

Previous Textile Series Reports, Numbers 46 and 53, have outlined 
the work done during the war by the Quartermaster Corps on the shrink- 
resistance of wool and the general objectives of the continuing Quarter¬ 
master research program in this field. 

It has been the feeling of our office that because of the extremely 
important position of wool in Quartermaster clothing and the critical 
nature of the shrinkage problem in its utilization, it is a matter of 
basic priority that research on the behavior of wool with respect to 
shrinkage should be an integral part of the Quartermaster research pro¬ 
gram. Accordingly, at the end of the war, upon the recommendation of 
the National Research Council Committee on Quartermaster Problems, a 
basic study of shrink-resistance of wool was initiated under contract 
by the Harris Research Laboratories, '.Tashington, D. C. In a sense, 
this work was a continuation of chat done by the staff of this organiza¬ 
tion for the Quartermaster Corps during the war on the shrink-resistant 
treatment of socks. It was intended, however, that the new program would 
be concerned primarily with the fundamental characteristics of the be¬ 
havior of wool with respect to the mechanism of shrink-resistance. 

This report represents a preliminary statement of some of this work. 
In part, the material reported herein has been presented before scientific 
bodies and in technical Journals under agreement with the research con¬ 
tractor, but this report for the first time maíces the material available 
in a fora suitable for general use by cooperating organizations '»orking 
with the Quartermaster Corps on the solution of the problem of wool 
shrinkage. 

Additional progress reports of this nature will be forthcoming 
covering the work conducted by the Harris Research laboratory and our 
own Textile Finishing Research Laboratory in Philadelphia. 

This report was prepared by various members of the staff of the 
Harris Research Laboratories includingt Dr. Uilton Harris, Director; 
lir. Arnold Sookne, who is in charge of the shrinkage project; !fr. Herman 
Bogaty; Ur. Daniel Friachroan and Ur. Robert E. ’fright. Librarian of the 
Laboratory. 

General supervision of the Quartermaster Corps project on shrink- 
resistance has been under the leadership of Ur. Louis I. deiner, of the 
Quartermaster Textile Finishing Research Laboratory in Philadelphia. 
Ur. Gerald ünston and Ur. John Uedernach of the Quartermaster Laboratories 
also assisted in the preparation of the tabular and graphical material. 

S. J. KENNEDY 
Research Director 

for 
Kay 1949 Textiles, Clothing and Footwear 
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ABSTRACT 

An instrument has been devised which yields reproducible values 

for the surface friction of wool fibers in either direction in air, water, 

or any desired medium. 'Vith this device, measurements have been made 

which show the distribution of frictional properties among fibers with¬ 

drawn from the same fabric, and which demonstrate the differences in 

frictional properties found among fibers of various types of wool. 

In a study of the influence of the pH of the wash liquor on shrink¬ 

age in laundering, rate of shrinkage was found to be directly related to 

area shrinkage after two hours, and shrinkage was found to decrease with 

increasing pH. 

Investigations of resin-treated fabrics have indicated that resins 

confer slirink-resistance by bonding the fibers to each other, rather 

than by modifying the surface frictional properties or the stress-strain 

characteristics. 

In evaluating the effects of various chemical agents on felting, two 

useful tests for determining damage or modification to fiber properties 

are the "30Í index" and the "alkali solubility" test. The former is the 

ratio of work required to stretch a treated fiber 30£, to the work required 

to stretch an untreated fiber 30Í. The alkali solubility test measures 

the increase in alkali solubility in wool which has been subjected to a 

given treatment. 

In order to determine quickly the effect of chemical treatments on 
the felting tendency, a method was devised for testing the shrinkage bf 

wool in the form of top, so that the delay involved in having treated 

top spun into yarn and then woven or knitted into a fabric was avoided. 

The results of a study of the complex reaction between wool anu 

active chlorine have shown that: (1) with increasing times of chlorina¬ 

tion, fiber modification increases and strength decreases; (2) with short 

times of chlorination, fiber modification is relatively unaffected by the 

pH of the solution for equivalent degrees of snrink-resistance; (3) felt- 

resistance is remarkably sensitive to chlorine concentration in acid 

chlorination, but chlorination under the latter conditions is less pH- 

sensitive than alkaline chlorination; and (i») for a given time and pH 

of chlorination, the shrink-resistance of fabric is approximately linearly 

related to the chlorine concentration. 

vi 



Section A 

THS MECHANISM OF FELTING SHRINKAGE 

1. Introduction. The high regard in which wool has been held 
for many centuries as a material for human garments is based on a 
group of properties possessed by the fiber which make it eminently 
suitable for clothing. The unique balance of these properties — 
strength, long-range elasticity, resilience, and ability to absorb 
moisture without feeling wet -- yields fabrics which resist wear, 
feel soft and comfortable on the body, insulate well against heat 
and cold, and resume their original shape after considerable distor¬ 
tion. It is obvious that such fabrics are of exceptional value in 
military apparel, for the soldier's clothing must have excellent shape¬ 
holding characteristics (both for appearance and comfort), must furnish 
protection from extremes of temperature without undue bulk, and must 
stand up under severe conditions of wear for long periods. 

However, there is another characteristic of wool which reduces its 
usefulness in items w^ich require frequent laundering, such as shirts, 
socks, and underwear. This characteristic is the tendency of wool to 
felt — that is, for the fibers to become closely entangled and matted — 
when agitated or rubbed together in the presence of moisture, as in 
laundering. Felting not only produces a stiff, "boardy" fabric, but 
'also results in a progressive type of shrinkage, i.e., each time the 
garment Is washed it shrinks further until it may become only a frac¬ 
tion of its original size. 

This felting tendency has impoeed stringent restrictions on the 
manner in which wool fabrics can be cleaned: they have had to be dry 
cleaned (although some felting may still result, since some dry cleaning 
solutions contain water), or washed by hand with great care and stretched 
or boarded to the correct shape and size afterward. In addition, felt¬ 
ing will actually take place during wear in such items as wool socks 
and in areas such as the armpits of sweaters and shirts, since the 
rubbing and presence of perspiration furnish the necessary conditions, 

2. Relation cf surface friction to felting. Many hypotheses have 
been advanced in attempts to explain the phenomenon of felting in wool. 
A number of workers have developed evidence which points to the Important 
role of the surface scale structure of the fiber. Che suggestion, that 
the scales function as aseries of interlocking barbs, has not been sup¬ 
ported by observation. Another hypothesis relates the felting tendency 
to the mechanical properties of the fiber. More recently, most investi¬ 
gators have aooepted the view that the relationship of the scales to 
the frictional properties is one of the major contributing factors in 
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a more satisfactory explanation of the felting phenomenon. 

This latter view is based in part on the fact that ^he 
are arranged so that they overlap like shingles on a roof, with their 
outer ends uroiecting in the direction of the fiber tip. Tt]u3> th® 
fiber is rougher (i.e., the friction i. P 
to root then free root to tip. ‘'Morílneiir-,"h8n.“,,!?^3 t0 
subjected to mechanical action as in laundering th®.Action 
migrate in the direction of least resistance, i.e., in the direction 
S their roots. However, since portions of the fibers are tied down 
more or less securely in the yarn or fabric, 
causes the fibers to wrap around each other and form an irreversibly 
entangled mass known as a felt. 

Since a «°ch n^iîît™ Z\T».\or “ÂÏÂ 
friction depending upon the direction in which the friction is measured, 
SÄ foÄnMuauaUy „f.rreC tc a.^W b« ^^lc. 
from the higher coefficient (yu i) to yield a value known as the r 
♦inn difference " or the two coefficients may be added 
■fricucn These terms ere useful for c.lculmtln* th. chsh*. in 
frictional properties .hich takss pUce upon treatmsnt sith ar 
chemicals, as explained later in this report. 

3. a-- of surface friction. Durinç the °P"ork 

on the presen, project at L^reproduc- 
eviOer.t that some ““!* *““*f ^Õu” of «ol fibers, ih order to 
«pîore^êff^tisêly^the*fundamental aspect, of th. f.Uln, m.ch«,l.m. 
Accordingly, the instrument shown in Figure 1 was devised. 

s shown in Figure 1 in the close up of the fiber *nd ijH, the 
fiber (A) is attached with polyatyrene cemsnt to small Ba U d 

(B> and hung ov«r . dense îuSiÊEnt to 
a ;od (D). Suall, known, constant weights W, J-t „ 
ISniÄS U^pú^oh. end of th. nh.r_by^ 

ÄfÄTftÄ cli Ä caloulsted from the enustion, 

j/L * 0.733 (T/To)» 

rz s s ÄS-i.'Äi.-üS.'rs.-Ä" 
the chain at the other end of the fiber. 
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The operating controls are shown in Figure 1B» Load is added 
through the chain by rotation of the drum carrying the scale (H)» 
which measures the contribution of the chain to the total weight (T, 
in the equation above). An adjustable pointer (J) may be moved to 
aero on the scale, thus eliminating the necessity for adding or sub¬ 
tracting corrections to the aero point and making possible direct 
readings of the extent of movement of the chain, which may be conyt|[J’“ 
ed into ac from prepared tables. In order to start each experiment wx 
a constant tension on the fiber (which requires a constant length of 
chain), the chain is adjusted so that the fine platinum wire (G J11 “f 
ure 1A) is suspended at the loweet point of the catenary. The chain is 
moved up or down by an electric motor controlled by switch (I)i a knob 
(L) makes possible more rapid movement of the chain in either direction. 

An optical system consisting of a light source, e Ier» (M). a Mt 
of mirrors, and a ground-glass screen (N) with a 
ables the operator to detemine the exact moment when the fiber begins 
to slip. When the fiber is mounted on the felt, it is 
that the bottom of weight (I) is in line with the center 
glass screen by means of vertical adjustments of the l^J^th knob (P) 
and adjustments of the fiber with a thumb screw and slotted bar IQ). 
The shadow image (R) of the end of weight (K is focused 
glass screen by moving the lens in its spiral -ounUng. 
index on the screen is adjusted to lie at the end of the shadow image. 
When the fiber slips, the image of the weight »dll JW^o 
from the index line on the screen. The optical system • “J 
nification of about four times, so that a small movement of the fibe 

may be readily observed. 

It is also possible with this device to measure the frictional 
proF.rU.. of fib«-. -Ml. th. fib.r. «d th. f.lt .urf.c. «. !-»««! 
in «Ur. Thl. tjrp. of o.Mur«.nt 1. ob.loo.Jor of r* 
lating surface friction to felting, since felting ordinarily takes 

place in the presence of moisture. 

In tests made to determino the reproducibility of results 
by this method, it was found that the mean of the c°*mcl*ftt\°{fSi¬ 
tien of a group of sampHe was highly re^oducible from ons «jt<»f^«ts 
to another, and that replacing the felt surface with a fresh 
though causing slight variations in individual measurements, did not 
iffwt the values for the friction difference. This latter result 
means that evaluation and comparison of chemical treatments on fri 
tional properties are possible over a long period of time. In •da¬ 
tion tóldete raining the effects of various chemical agents on surface 
friction, this device has also been used in a number of 
Studies of other factors concerned with frictional properties, s< 

of which are described below. 
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4. Distribution oí surface friction values. Table I contains 

data illustrating the differences found in surface friction among 

fibers of various types of wool. That differences exist in frictional 

properties of fibers withdrawn from a single knit fabric is shown in 

Figure 2, where the points represent the actual data and the curves 

represent the normal distribution derived from the calculated averages 

(for % fibers) and standard deviations. These results are not sur¬ 

prising, in view of the variation in frictional properties among fibers 

from the same fleece found by other investigators. 

Table I 

FRICTIONAL PROPERTIES OF WOOLS OF VARIOIB ORIGINS 

Type of Wool >x2 yui 4^2 

Texas 

Australian 

Montevideo 

Cape 

0.51 

.U 

.37 

.33 

0.18 

.11 

.15 

.16 

0.33 

.30 

.22 

.22 

0.69 

.52 

.52 

.54 

_«... \ 
(The above values were obtained in measurements in distilled water.) 

5. Relation of diameter to friction. In an attempt to 

determine whether oifferences in Iri ;tional “õperties "laUd 

to variations in fiber diameter, measurements were made of the diameters 

and coefficients of friction of 2,9 fibers withdrawn from a comerei*1 

fabric. Low correlation coefficients between 
values were obtained, and the best straight lines for the fiction/ 

diameter plots lacked significant slope. These resuits iftdicatethat 

there is no significant correlation between fiber diameter *nd .oeffiele 

of friction in this case. 

A Wat. vs. dr/ friction. In all cases, measurements of friction 

of wet fibers h^ given higher values than “jurements madeon the 

same fibers in the dry state. For example, a group of five wool 

measured at 65!« relative humidity against felt Lter’35 
ináyU o - 0.21, whereas these same fibers measured in distilled wa 
gave values of» 0,U2 and^u2 * 0.30. 
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FIG 2 
DIFFERENCES IN FRICTIONAL PROPERTIES OF FIBERS FROM 

7. Halation of friction to felting, and the effects of chemical 
agenta. In order to determine the effects of shrink-resistant treat¬ 
ments on surface friction and to relate frictional properties to actual 
felting shrinkage of wool during laundering, a number of tests were 
made in which the coefficients of friction of wool fibers were measured 
both before and after the wool had been subjected to various chemical 
shrink-resistant treatments; laundering tests to determine area shrink- 
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age of treated and untreated samples were also made. The frictional 
measurements showed that the fibers became "rougher," that is, their 
over-all friction increased, but even more important was the fact that 
the active chemical agent reduced the friction difference by raising 
the lower (with-scale) coefficient. This is shown in Table II, where 
values of^i and^u^* measured in the wet state, are given for un¬ 
treated fibers and for fibers subjected to increasing concentrations 
of a chlorination treatment. The reduction in area shrinkage accompany' 
ing the decrease in the friction difference is also well illustrated in 

this table. 

TABLE II 

EFFECT OF CHLORINE CONCENTRATION ON AREA SHRINKAGE 
AND FRICTIONAL PROPERTIES 

Treatment, 
% Chlorine 

Area 
Shrinkage,^* 

Coefficient 

>A1 

of Friction 

yU 2 

Friction 
Difference 

Untreated 

5 

7 

10 

69 

28 

12 

6 

0.39 

.39 

.A4 

.47 

0.19 

.22 

.36 

.44 

0.20 

.17 

.08 

.03 

* Two hour machine laundering, soap, 150°F. 

A convenient way of expressing this change in frictional properties 
is by two derived quantities, the "friction difference index" and the 
"friction sum index," defined by the following equations: 

Friction Difference Index (*) -x 100, and 
_/t2u 

Friction Sum Index {%) «y**1! x 

^lu V*2u 

where T and U identify treated and untreated fibers, respectively. 
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Figure 3, which illustrates the use of these two quantities calculated 

from the data given in Table II, shows that shrinkage decreases markedly 

with decreasing friction difference index, and with increasing friction 

sum index. However, shrinkage is relatively insensitive to changes in 

the latter quantity over a substantial range. 

FIG. 3 
RELATIONSHIP BETWEEN FABRIC SHRINKAGE AND 

FRICTIONAL PROPERTIES OF FIBERS 

8, Effect of pH on frictional properties and felting. Further 

confirmation of the relationship between surface friction and felting 

shrinkage was obtained during an investigation into the influence of 

- 8 - 



the pH of the wash liquor on shrinkage. In this study swatches of 
knit fabri-s viere tumbled for two hours in 6-liter jars containing 
test solutions adjusted to different pH's but brought to equal ionic 
strength. The samples were removed from the jars and measured for 
shrinkage at intervals during the test period; provision was made 
for maintaining constant pH in the various test solutions. The area 
shrinkages as a function of time in the different solutions are shown 
in Figure 4. It is apparent that shrinkage decreases with increasing 
pH, although there is little difference in the range pH 5 to 10.8. 

FIG 4 
AREA SHRINKAGE OF SWEATER FABRIC AT DIFFERENT pH’t 

- 9 - 



Of particular intarest are the curves shown in Figure 5» where 

extent of shrinkage after two hours tumbling is plotted against pH, 

and where changes in friction difference of fibers measured in the 

same solutions used for the shrinkage tests are also plotted against 

pH. Both curves have the sane general shape. 

FIGS 
THE EFFECT OF pH ON THE SHRINKAGE OF KNIT SWEATERS 

AND ON THE FRICTIONAL PROPERTIES OF FIBERS 

9, Relation of fabric structure to felting. In addition to the 
knowledge gained concerning the relationship of surface frictional 
properties to felting shrinkage, .pome insight has also been obtained 
into the influence on felting of another factor — fabric construction. 

It is quite reasonable to expect that felting shrinkage, which 
results from the preferential migration of fibers, should be affected 
by yarn and fabric construction. Thus, a sample of mildly-chlorinated 
wool top may be made to felt readily, because the movement of the fibers 
is not restrained by twist, weave, or knit. In contrast, a tight worsted 
fabric made from the top will show a high decree of resistance to felting. 

- 10 



In view of the nature of felting, it might almost be stated a priori 

that felting would decrease with increased twist, ply, and fineness of 
yarn, and tightness of weave or knit, since all of these factors would 

tend to inhibit fiber migration. Indeed, the influence of these factors 

is well recognized by some knitters and other members of the industry, 

but the quantitative contribution of each factor to felt-resistance 

remains largely unknown. 

An important study of some quantitative aspects of this problem 

has been made by 71. A. Dutton of the British ïïool Industries Research 
Associatico. In this work it was shown that loosely knitted wool 

fabrics, even when made of shrink-resistant yarns, show considerably 

less dimensional stability than tightly knitted fabrics that were 

otherwise identical. A comparable study of the effect of knit and 

other factors on the dimensional stability of cotton knit fabrics is 

in progress at the Quartermaster Textile Finishing Research Laboratory. 

In view of the obvious importance of fabric geometry to felt- 

resistance, it is believed that a systematic study of this subject 

should be made, and plans for such a program are outlined at the end 

of this section. In the course of working with chlorinated and un¬ 

chlorinated woolens of various constructions, however, a number of pre¬ 

liminary observations concerning the eff jet of fabric geometry on felt 

resistance have been made, and these res alts are presented below as a 

matter of general interest. 

In a study of untreated fabrics conducted at Harris Research 

Laboratories, it was found that a factor which is closely related to 

shrinkage during laundering is the ability of the fabric to be defonaed. 

This property was measured by applying a radial load of three pounds to 

a sample of the fabric and measuring the resulting increase in fabric 

area. In Figure 6 the total shrinkage caused by three 19-minute Army 

mobile launderings is plotted against the area increase under a three- 

pound load, The results are interpreted to mean that in tight, firm 

(and hence not easily deformed) fabrics, the individual fibers and 

yarns are well bound in position and are prevented from migrating (and 

felting) during laundering. It is apparent, however, that the property 

of deformability must be broken down into twist, ply, weave or knit, 

etc., for a thorough analysis of the problem. 

Examples of the effect of construction on shrinkage have also been 

observed in a series of tests on Army high neck sweaters which had been 

made to the same specifications by different manufacturers. The felt¬ 

ing shrinkage in five 19-minute Army launderings, together with approxi¬ 

mate construction data, are shown in Table III. The results indicate 

the improvement in shrinkage control arising from increased tightness 

of knit and from the use of plied yarns. Thus, felting shrinkage on 

- 11 - 



FI0.6 

the collars decreases from 19 to 0 percent (samples C, K, and E) 
upon increasing the count from 24 x 18 to 24 x 24. Decreasing the 
ply of the yarns from 2 to 1 (samples D and S) results in increased 
feltability. In the case of the waistband ribbing, increasing the 
ply and tightness of knit (samples S, E, and K) results in 
launderabiUty. Sample C, despite the lower count, shows good sjurink- 
age resistance, possibly because of the type of knit — 2x2 rib -- 
compared to the 1 x 1 rib construction of the remainder of the group. 
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TABLE III 

SHRINKAGE OF ARLIY SWEATERS AFTER FIVE 19-MINUTE LAUNDERINGS 

Sample 

Designation Dimension Construction4 

Pelting 

Shrinkage, % 

C 

K 

E 

D15 
S 

Collar (courses) 

Collar (courses) 

Collar (courses) 

Collar (courses) 

Collar (courses) 

24 X 18, 2 ply 
25 X 21, 2 ply 
23 X 24, 2 ply 
32 X 32, 1 ply 
28 X 26, 1 ply 

19 
5 
0 
6 

10 

S 

E 

K 

C 

Bottom ribbing (courses) 

Bottom ribbing (courses) 

Bottom ribbing (courses) 

Bottom ribbing (courses) 

14 X 14, 2 ply 
16 X 15, 4 ply 
18 X 15, 4 ply 
13 X 14, 4 plyc 

26 
10 
-3 
-3 

s 
£ 
K 

Body length (wales) 

Body length (wales) 

Body length (wales) 

10 X 10, 2 ply 
12 X 11, 2 ply 

11 X 13, 4 ply 

37 
31 
29 

% 

Ä = Collar and bottom ribbing are 1x1 rib knit except ribbing on sample Cc 

which is 2 X 2 rib; body is half cardigan construction. 

k > Shrink-resistant sample; all other are untreated. 

Similar improved behavior in laundering is shown in the body of the sweaters 

through the use of tighter constructions and plied yarns. 

Measurements have also been conducted to illustrate the importance 

of knitting stiffness in chlorinated fabrics. Army high neck sweaters were 

made from top which had been given moderate and very mild shrink-resistant 

treatments, and from untreated top for comparison. These sweaters, which were 

made entirely of yarn of identical construction, contained portions knitted 

in different ways". The body was knitted relatively loosely, the ribbing 

at the bottom was more tightly knit, and the neck portion had a still 

tighter construction. These sweaters were relaxed (they showed quite 

similar relaxation behavior) and then were given four very severe launder¬ 

ings. The shrinkage data are shown in Table IV. These results suggest 

that those portions of the sweaters which are relatively tight structures 

are inherently more resistant to change in dimensions. It seems possible 

that in addition to the use of shrink-resistant wool in knitted fabrics, 

minor modifications in construction would be beneficial to dimensional 

stability. 

- 13 - 



TABLE IV 

FELTING SHRINKAGE OF SVEaTERS AFTER SEVERE LAUNDERING 

Dimension 

Construction 
(courses or 

wales per inch) 

% Shrinkage during launderings of 
Sweaters made from top treated: 
Moderately Very Mildly Untreated 

Body length 

Neck width 

Width underarm 

Width at ribbing 

15 courses 

24 courses 

13 wales 

18 wales 

10 

0 

-4 

-3 

19 

7 

13 

3 

21 

7 

19 

-1 

In order to investigate more thoroughly the relationships betireen 

type of wool, fabric construction, and dimensional stability, a series 

of experiments is now under way at Harris Research Laboratories in which 

wool top has been subjected to mild, Moptimum,,, and severe degrees of 

shrink-resistant treatment. The top has been spun into yarn of different 

counts on both the Bradford and French systems, and with varying amounts 

of twist. Portions of each sample of yarn will be knitted into fabrics 

employing several types of stitch and using normal, tight, and slack 

constructions. Both relaxation shrinkage and felting shrinkage in these 

fabrics will be evaluated and related to degree of shrink-resistant 

treatment and to yarn and fabric construction. It is expected that 

data provided by these tests will indicate the best degree of shrink- 

resistant treatment for different types of Army fabrics and may lead to 

improved constructions from the point of view of dimensional stability. 

Results of this study will be reported at a later date. 

10. Mode of action of resins. In the course of some exploratory 

studies of treatments which had been found to modify the felting charac¬ 

teristics of wool, information was obtained which is believed to throw 

some light on the mode of action of resins in inhibiting felting. 

Measurements of air permeability and tensile strength were made on 

fabrics which had been treated with either a latex type resin (R-l) 

or one of two curing type resins (R-2 and R-3)» *s indicated in Table V, 

the tensile strengths of the resin-treated samples showed only minor 

differences from those of the untreated samples, but the air permeability 

sometimes showed a significant drop in the treated samples. 
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TABLE V 

TENSILE STRENGTHS AND AIR PERMEABILITIES OF RESIN TREATED FABRICS 

Treatment Air Permeability 
Breaking Load 
Warp Filling 

R-l 

R-2 

R-3 

None 

ft./min. 

51 

46 

47 

56 

lbs. 

36 

36 

37 

38 

lbs. 

34 

36 

34 

36 

The fact that the air permeability of resin-treated fabrics is 
decreased indicates that at loast some of the resin is deposited between 
the fibers or in the interstices of the fabric. Since no change in the 
stress-strain properties of the individual fibers was found (which result 
is contrary to what would be expected if the resin were within the fiber), 
and since a study of the surface frictional properties indicated no 
change of the kind found when active chemical agents are used, such as 
chlorine or caustic soda, it would appear that the resin which is effec¬ 
tive in producing shrink-resistance works by bonding the fibers to each 
other. 

The difference in the behavior of the curing and latex type resins 
on wool is indicated by the following experiments: Two-inch lengths of 
yarns from resin-treated fabrics were supported by a clamp at one end 
and at the other end were fastened to the center of a brass rod two 
inches long and l/8 inch in diameter. The rod was rotated through a 
definite angle, released, and its period of vibration determined. The 
rigidity of the yarns was then calculated from these data with the re¬ 
sults shown in Table VI. The increase in the rigidity of the yarn 
treated with the curing type resins (R-2 and R-3) is in agreement with 
an assumption that the resin binds the fibers together and that the 
bond is inelastic; the latex type (R-l) is rubber-like, probably more 
elastic than wool, and does not cause any restriction to rotation. 
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T4BLE VI 

RIGIDITY OF RESIN TREATED YaRNS 

Treatment 
Rigidity 
(dyne-era.^) 

R-l 

R-2 

R-3 

None 

31 

5U 

99 

34 
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Section B 

TEST METHODS 

1, Fiber dlraensicns and mochanical properties. In the course 
of any investigation Into the felting mechanism of wool, a number of 
methods must be employee to measure factors related to the phenomenon. 
For example, at some stag® of the work measurements must usually be 
made of such properties as fiber diameter, strength, and elasticity. 
Satisfactory apparatus and techniques for securing these data are now 
fairly well standardized and have been described repeatedly in the 
literature (including Textile Series - Report No. A¿), so they need 
not be discussed here. 

2, Frictional properties. With the realization of the relation¬ 
ship between surface friction and felting, means had to be devised for 
obtaining accurate and reproducible values for this factor. The apparatus 
developed by Harris Research Laboratories for this purpose has been described 
and illustrated above. 

3, Datermination of fiber damage. As the investigation progressed 
into the evaluation of the effects of various chemical agents on felting, 
determinations had to be made of the extent to which other fiber properties 
were modified or damaged. Two of the most useful tests for fiber damage 
are the "30$ index" and the "alkali solubility" tests. Although these 
tests were described in the earlier report, their importance in investi¬ 
gations of the felting problem would Justify a brief re-statement at this 

point. 

a. The 30$ indéx is the ratio of the work required to stretch 
a treated fiber to the work required to stretch an untreated fiber, and 
is so designated because the fibers are stretched, while wet, to 30$ 
over their original length. The lower the 30$ index, the greater the 
degree of damage or modification of the fiber. Although this measure¬ 
ment does not indicate what chemical action has taken place, it affords 
a very sensitive method of detecting mod., ication in the fibers. 

hT Alkali solubility is defined as the percent loss in weight 
of one gram of wool which has been kept in 100 ml. of N/l0 sodium hydroxide 
for one hour at 65° C., and then rinsed and dried. The greater the in¬ 
crease in alkali solubiUty of the treated wool over that of the untreated 
wool, the greater has been the degree of damage or modification. Since 
treatments with oxidizing agents increase the susceptibility of wool to 
attack by alkalies, as shown by the work of Harris and Smith, this test 
has been very useful in detecting chemical damage of this type. 
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4. Iteaaurenent of shrinkage. Since the most aerious felting 
shrinkage results froci the laundering of wool fabrics, the evaluation 
of the effects of chemical agents on the felting tendency must neces¬ 
sarily be based in large part on the performance of treated samples 
in laundering tests. Although it is obviously desirable to measure 
shrinkage of the sample under conditions identical with or bearing a 
known relation to those which will be met in actual use, the choice 
of testing conditions presents a number of problems. Por example, in 
the course of this project evidence has been obtained that the results 
of laundering tests for resistance to felting shrinkage may be affected 
by the following variables: Time of wash cycle, number of successive 
launderings, volume and temperature of the wash liquor, pH of the wash 
liquor, nature and concentration of the detergent (and amount of result¬ 
ing suds), fiber content and piece size of the ballast (blank samples to 
make up the load), size of load, method of drying, and whether measure¬ 
ments are made on wet or dry samples. It is apparent that "actual use" 
conditions which may involve so many variables can only be approximated 
in practicable test procedures. For this reason the several procedures 
which have been used during this investigation have been chosen because 
they were believed to be at least as severe as any to which the materials 
might be subjected In normal use, while at the same time not so strenuous 
as to lose all relationship to performance in actual use. 

a. Fabric shrinkage tests. The earliest laundering procedures 
employed for fabrics in this project were extremely severe 1- and 2-hour 
cycles which had been used in the work resulting in the Controlled Chlorina¬ 
tion Method. These were eventually replaced by successive launderings 
according to the Army 19-minute mobile laundering procedure, which was 
considered to be a more appropriate test. Although 10 successive laun¬ 
derings by this method were first used, the series was later reduced to 
five after investigations had shown that this number of successive laun¬ 
derings produced reliable and valid results. In addition, an accelerated 
test method for evaluating shrink-resistant wool has been developed for 
10-1/2 oz. wool shirting at the Quartermaster Textile Finishing Research 
Laboratory; this method is fully described in Textile Series - Report No. 
53. 

b. Top shrinkage tests. During the course of studies on the 
effect of the reaction between wool and active chlorine on the felting 
tendency, it was considered advantageous to investigate the effects of 
the reaction on wool in the form of top. ("Top" is a manufacturing stage 
prior to the spinning of worsted yarn, in which the fibers lie approxi¬ 
mately parallel in a continuous loose roving.) In order to evaluate the 
felting shrinkage of treated top by standard laundering procedures, it 
was necessary to wait for a considerable length of time while the top 
was spun into yarn and then knitted or woven into a fabric. This pro- 
cedure was so unsatisfactory that a study was initiated to devise a method 
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for determining felting shrinkage in the top itself. 

Such a top shrinkage test was ultimately developed and has proved 

to be of groat value because of its simplicity and speed in yielding 

reliable data, and because of the good correlation found between top 

shrinkage results and results of laundering tests ultimately made on 

the fabric into which the top is manufactured. 

Briefly, the top shrinkage test involves placing a 12-inch 

length of top in a cheese-cloth sack of similar dimensions, sewing 

the top to the sack at points one inch from each end, wetting the 

sample in a buffer solution at pH 6, and measuring the distance be¬ 

tween the sewed points. The sample is then tumbled for 10 minutes at 

room temperature in a six-liter jar containing one liter of a buffer 

solution at pH 6, and the distance between the sewed points is again 

measured on the wet sample. (The tumbling apparatus used is similar 

to that employed for the Dynamic Absorption Test described in Federal 

Specification CCC-T-191a, Supplement, October 8, 1945*) 

The fact that top shrinkage results correlate well with shrink¬ 

age values on fabric from the same toft as mentioned above, is illus¬ 

trated by the data in Table VII. The values in this table were obtain¬ 

ed on sweate-'s and socks made from portions of top which had been 

treated with varying concentrations of chlorine. It should be noted 

that the values for top shrinkage ar. consistently much higher than 

the corresponding fabric shrinkage vaxue. This is characteristic of 

the relationship between top shrinkage and fabric shrinkage, although 

the actual proportion between the values will vary, depending primarily 

upon the structure of the fabric. 

Table VII also contains evidence of the effect of the type of 

drying on felting shrinkage. It can be seen tha’. the socks which 

were tumble dried between launderings gave higher shrinkage values 

than those which were air dried. This indicates that the mechanical 

action in the tumble drying contributes to felting. 
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TABLB VII 

RELATIONSHIP OF TOP SHRINK'^E TO FABRIC SHRINKAGE IN SOCKS 
AND SWEATERS LAUNDERED BY ARMY 19-MINUTE TESTS 

Shrinkage in laundering after 
1 test,^ 10 tests,$ 

Socks - Air Dried 

Top 
Samplea 

Top 
Shrinkage,Í 

A 
B 
C 
D 
S 

17 
19 
23 
30 
47 

-3.8 
-0.5 
0 
2.2 
0.6 

•2.5 
-0.4 
1.4 
5.5 

12.6 

Socks - Tumble Dried 

A 
B 
C 
D 
E 

17 
19 
23 
30 
47 

-0.5 
-0.4 

1.0 
0.2 
1.1 

1.2 
2.6 
3.8 
8.0 

14.1 

Sweaters*3 - Air Dried 

A 
B 
n 
SJ 

D 
E 

17 
19 
23 
30 
47 

4 
0 
2 
0 
3 

-2 
-2 

7 
8 

23 

a • Samples A through D were subjected to decreasing chlorine con¬ 
centrations, in that order; sample E was the untreated control. 

b s Values are averages for shrinkage in neck, width, length and 
sleeve. 
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Section C 

INVESTIGATION OF THS VARIABLES INVOLVED IN THS REACTION 

BST.ÏSEN ;700L AND ACTIVE CHLORINE 

The results obtained in earlier work in this laboratory, as well 

as a survey of the literature, showed that the reaction between wool 

and active chlorine is extremely complex and varies markedly with the 

experimental conditions. Since no adequate investigation had been made 

of the effects of the several variables, it was decided to initiate a 

study of this type in order to elucidate the details of the reaction. 

The primary purpose of the work was to study the fundamentals of the 

reaction, and particularly the effect of pH, time, chlorine concentra¬ 

tion, etc., on its course. Since the alkali solubility test has been 

shown to be a useful index of oxidative modification of wool, this 

measure was widely used ,to follow the effects of the reactions. A 

point of particular interest which has been studied concerns the effect 

of blending varying proportions of chlorinated and untreated fibers on 

the shrink-resistance of the blend. 

Concomitantly with the observations of fundamental significance 

mentioned above, measurements were made of the strength, color, resilience 

and other properties of the wool of industrial significance, because of 

their general interest. 

1. Effects of varying chlorine concentration. pH, temperature and 

time. It was anticipated that control of these four factors would be 

oF"primary importance in achieving surface modification of wool without 

also causing damage to the cortex or interior portion of the fiber. 

Accordingly, a large number of experiments were performed in which wool 

in the form of top and knitted and woven fabric was subjected to the 

action of available chlorine at different pH values, temperatures, con¬ 

centrations of chlorine, and for varying times The resistance to felt¬ 

ing, alkali solubility, and other properties of the chlorinated samples 

were then examined. Examples of the results are presented below. In 

general, the data confirm the belief that the rate and 'extent of the 

reaction change markedly with change in experimental conditions, and 

indicate that precise control of these conditions is required if the 

reaction is to be reproducible. 

a. Effects of chlorine concentration and pH on resistance to 

felting. Typical data relating the felt-resistance of top to pH and 

chlorine concentration of the reaction are presented in Figure 7. These 

results reveal the very marked sensitivity of the reaction to chlorine 

concentration in the acid region. Thus, within the pH range 4*5 to 7.0, 

- 21 - 



a change of chlorine concentration of as little as 0.05^ produces the 

maximum change in top shrinkage value obtainable with this wool. In 

marked contrast are the results at pH 8.0 and 8.U, where the change in 
feltability is less sensitive tç concentration by a factor of about ten. 

Conversely, the data indicate that the top shrinkage values are exceed¬ 

ingly sensitive to pH in the alkaline region, but are appreciably less 

pH-sensitive at pH 4.5. 

Analogous data describing the effect of chlorine concentration on 

the felting resistance of a heavy and a light fabric treated at constant 

pH in the alkaline region are presented in Figure 8. These results con¬ 

firm the sensitivity of shrink-resistance to concentration of available 

chlorine, and show that for these conditions a two-fold change in time 

produces approximately the same effect as an increase in chlorine con¬ 

centration of 0.1^, 
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FIG. 8 
EFFECT OF CHLORINE CONCENTRATION ON WARP SHRINKAGE OF 

DIFFERENT WEIGHT FABRICS IN FIVE-19 MINUTE LAUNDERINGS 

b. 5ffect of conditions of treatment on fiber modification. 
It has long been known that chlorination of wool produces oxidative 
mpdification of the fiber, and it is of interest to examine the degree 
of modification as a function of the conditions of reaction. Data 
relating to this point for a variety of short-time alkaline chlorina- 
tions are presented in Figure 9. These results for top portray the 
alkali solubility (which is taken as a measure of oxidative modifica¬ 
tion) as a function of the top shrinkage value (or felt-resistance). 
The results of these measurements indicate that, to a first approxima¬ 
tion and for short-time chlorinations in the alkaline range, there is 
a fixed amount of fiber modification which corresponds to a given degree 
of felt-resistance, regardless of the conditions of chlorination. 
Corresponding data for top chlorinated in the acid region at pH values 
as low as 4.5 have been obtained which are in complete agreement with 

the preceding data. 
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FIG. 9 
RELATIONSHIP OF TOP SHRINKAGE TO ALKALI SOLUBILITY 

FOR A VARIETY OF SHORT-TIME TREATMENTS 

g. The effect of variation of time of chlorination of fabric 

in the alkaline region is áho*n in Table VIII. These results indicate 

that the reactions conducted at longer times have a tendency to lower 

the strength of the wool, presumably becaun*» of attack of the cortex; 

this result is confirmed by the data presented in Table IX. The graphe 

in Figure 10 show some of the inter-relationships between time of chlorina¬ 

tion, percent of available chlorine, and shrink-resistance of wool fabric. 

As might be expected, the shrinkage resistance is increased by longer 

times of reaction or increasing concentrations of chlorine, the latter 

relationship being approximately linear. 
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'parle; IX 

EFFECT OF TILiE OF CHLORINATION ON STRENGTH AND AREA SHRINKAGE 
OF LIGHTWEIGHT FLANNEL 

Treating 

Time 

Initial 

Chlorine 

Concentration 

Area Shrinkage 

During Five 19-min. 

Launderings 

Breaking 

Strength 

Change 

6 sec. 

13 sec. 

20 sec. 

27 sec. 

3 min. 

30 min. 

i 

2.0 

1.75 

1.65 

1.1 

0.18 

0.18 

$ 

0 

-1 

-1 

-2 

U 

20 

% 

♦1 

42 

-2 

40.5 

-9 

-6.5 

d. The effect of temperature of short-time chlorination of 

top in the alkaline region is shown in Table X. Approxinlately 1% de¬ 
crease in top shrinkage results from an increase in temperature of 1°C. 

This result has been found to prevail rather generally in a variety of 

laboratory experiments within the range 15 to 30° C. Corresponding re¬ 

sults for fabric are shown in Table XI, which also suggests that fiber 

modification increases slightly as the temperature is raised to 35° C. 

table x 

VARIATION IN TOP SHRINKAGE WITH TEklPERATURE OF TREATING BATH 

Temperature 
Top Shrinkage 

60's 64'8 

°C 

15° 

25° 

30° 

% 

21 

12 

6 

% 

20 

10 

1 
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FIG 10 
SHRINKAGE DURING LAUNDERING (2 HOUR TEST) AS A 

FUNCTION OF THE CONCENTRATION OF AVAILABLE 
CHLORINE AT VARIOUS TIMES OF TREATMENT 

TnBLE XI 

SHRINKAGE AND ALKALI SOLUBILITIES OF FAZIOS IREhTED 
AT THREE DIFFERENT TEÍÍPERATURES 

Tamp, of Treatment 15°C. 25°C. V*
 o o
 

• 

*Shrink- 
age ,2 

Aik. 
Sol. 

•Shrink¬ 
age,2 

Aik. 
Sol.,£ 

•Shrink¬ 
age, ^ 

Aik. 
Sol.,% 

Flannel, Lightweight 

Blanket 

42 

2.7 

12 

9.5 

33 

1.1 

12.5 

10 

8.6 

1.5 

15.5 

11 

•Shrinkage data obtained on fabrics by the 2-hour laundering test. 
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FI6.II 
THE SHRINKAGE OF TOP AS A FUNCTION OF THE 
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Section D 

MISCELLANEOUS EFFECTS OF ACTIVE CHLORINE ON THE 

PROPERTIES OF WOOL 

It has long been recognized that the reaction with active chlorine 

may produce fundamental modifications in the physical and chemical proper¬ 

ties of wool which make it a less desirable textile fiber. Some of these 

effects, such as loss in weight during the reaction, increased solubility 

in alkali, decreased elasticity of form, etc., have been discussed in 

some detail in Textile Series - Report No. 46. It is reasonable to 

expect, however, that if the reaction of wool and chlorine could be 

limited primarily to the cuticle of the fiber, these secondary effects 

could be minimized. With this in mind, samples of wool were treated 

with solutions of active chlorine in the alkaline region for short periods 

of time, and the effects of the treatment on the fiber properties were 

measured. 

1. Effects on weight and regain. The results shown in Table XII 

indicate that short-time alkaline chlorination of fabric produces a very 

small increase in weight, both when the fabric is conditioned at 65$ rela¬ 

tive humidity and in the bone-dry condition. Most of the weight increase 

at 65$ relative humidity is caused by an increase in regain. Since the 

very small gain in weight in the dry condition is not paralleled by an 

increase in ash content, it is perhaps attributable to the slight oxida¬ 

tion accompanying the chlorination. Thus, the raising of some of the 

cystine groups to a higher state of oxidation at the surface of the fiber 

would account for a small gain in weight. 

Results of a comparable experiment conducted on top are presented 

in Table XIII. In this experiment all of the changes in weight were 

very small, and of the order of magnitude of the experimental error. 

The very slight difference between the results on fabric and on top may 

perhaps result from thé small loss of fiber inherent in the handling of 

wool in the top form. 

2. Effects on strength, hand, thickness, compressional resilience, 

and compressibility. Among the most important attributes of wool fabrics 

in such applications as wearing apparel and blankets are the mechanicail 

properties of strength, resilience, compressibility, thickness, etc. 

In addition to their effects on insulative, shape-holding, and wear- 

resistant qualities, many of these mechanical properties contribute to 

the hand of the material. Although no completely satisfactory objective 

metnod of measuring hand has been developed, the hand of different fabric 

samples can ordinarily be compared subjectively by experienced persons 

with a high degree of reproducibility of judgements. However, many of 
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TABLE XII 

THE CHANGE IN WEIGHT, REGAIN AND ASH CONT0JTS CF WOOL 
FABRICS TREATED BY SHORT-TIME CHLORINATION 

* Treatment 1 = Buffered hypochlorite solution containing netting 
agent, bisulfite antichlor, and rinse. 

Treatment 2 = Wetting agent solution, bisulfite antichlor, and 
rinse. 

Treatment 3 = Wetting agent solution and rinse. 
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TABL5 XIII 

CHANGS IN '/EIGHT OF V/OOL DURING CHLORINATION 

Initial //eight of conditioned wool top, grams 

Moisture content, % 
Petroleum ether extract (grease), % 
91¾ isopropanol extract (soap), £ 

Initial weight of clean, dry top, grams 

Weight of conditioned top after chlorination, grams 

Moisture content, % 
Petroleum ether extract (grease), % 
91¾ isopropanol extract (soap), ¾ 

.'eight of clean, dry, treated top, grams 

Increase in weight due to treatment, % 

estimated free bisulfite in treated wool, % 

Sstimted total bisulfite in treated wool, % 

Change in weight of wool due to treatment 

2255 

15.0 

2.0 

1839 

2218 

14.5 
1.1 
1.0 

1850 

0.60 

0.36 

0.70 

Correcting for free bisulfite, % increase • 0.22 

Correcting for total bisulfite, % decrease 0.11 

the mechanical properties can be measured individually by objective methods. 

Table XIV shows typical values obtained in tests of the strength, 

thickness, compressional resilience, and compressibility of Army blankets 

which had been subjected to a short-time chlorination, compared with un¬ 

treated but otherwise identical blankets. Ho differences in hand were 

observed between the treated and untreated blankets. The small difference 

in mechanical properties between the un-napped treated and untreated samples 

may be attributed to the mechanical handling of the fabrics during the re¬ 

action; when the chlorinated and untreated samples are subjected to the nap¬ 

ping operation, differences between the two sets almost disappear. 
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