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A Method for the Electron Microscopy of Wool’
By Mazx Swerdlow and Gloria S. Seeman

A simplified method for meking shadowad thermoplastic negetive replices of hibrous

materials was developed.

Through this technique, fine details of the morphology of the

wool fiber, before and after troatment, were clearly revealed by the clestron microsecpe.
The striactural implicstions of the electron micrographs are discussed with respect to the
aubject of wear and ln refereneo tn the obgervationa of other invesiigators.

I. Introduction
1. The Problem

The electron microscope has been a nzeful tool
for observing objecta which are thin enough or
which are sufliciently small and adequately dis-
persed to allow the proper scattering and transmis-
sion of electrons in the conventional 50-kv micro-
secpe.! The high resolving and magmifying
powers of the electron microscope have thus been
uzed with considerable success in the study of
pigments, smoles, viruses, bacteria, snd a variety
of other eolloidal particles. On the other hand,
when efforts are made to study organic fibers auch
a5 wool, ordinary techuigues of direct specimen
preparation faill. In the fist place, the fiber
too thick to transmit a sufficient intensity of
electrons 1o excite the phosphor-conted screen
into luvminescence or to form an image on the
photographic emulsion. At best only a profile
view can be obtained when a section of the fiber
is inserted in the specimen holder. Second, and
no lesa troublezome, is the fact that in seattering
moat of the electron heam there is an exchaoge of
energy. The subsequent generation of heat and
alectroatatic charges causes a charring snd disinte-
grution of the fiber itself. Third, the necessity
of operating the electron microscope at a pressure
of [ess than 1071 mm of mercury results in dessica-
tion of the specimen. ‘The literature of the past
fow years 13 replete with descriptions of limitations

! This puper will also appesar i3 tha Baptember lamee of the Textle Fessarch

Tunrnal.
1The RCA Type EMU elegtron microscoe was usad for this work.
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that make observation and interpretation difficult
for the electron microsecopiat.

2. Evaluotion of Existing Techniques

Partial solutiona to the problom have been
found by those concerned with the study of wool
fibere. Fragments of triturated fibera of reduced
and methylated wool are tiot adversely affected by
the intense heam of electrons and are, in part,
tranapsrent to it. Such techmiques, however, are
very limited, Not only to they preclude petting
detailed information ghout the surface strueture
of the fiber, but they eliminate the possibility of
observing the same fiber before and sifber treat-
ment beenuse of the mechanieal disorganization
and chemical alteration that these techniques pro-
duce [1 to 6]3

The limitatione of direct methods of surfacs
ohservetion by electron-optical renns have led to
the development of ingenious and diverse tech-
nigues for prepering thio film replices of the sur-
faces of electron-optically “opaque’ objects [7, 8].
The improvements and variations of the basic
replice methods reported by a number of resource-
ful workers have been auccessfully applied to the
study of many bulk materials [, 10, 11]. None of
these techniques, however, iz easily applicabla to
the study of degraded wool fibers, since the use of
axcassive haat or crushing pressure in molding the
teplica introduces undesirable changes. Inter-
pretation of resuits is often complicated by arti-

" facts. Moreover, mosi replica methods involve

t Flgores in hratkeds inlicais the llterators referenoes st the andd of thiz
paEper : :
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destruction of the specimen.  This, oo, eliminates
the possibility of performing additionsl treatments
on the aaine Gher.

In order, iherefore, to augment the data on the
structure of the wool fiber and to correlate thess
observations with results previcusly obtained by
the direct disintegration of the fiber 83 well s by
other methods, & smple, rapid, faithful replica
technique was developed. This system of apeci-
men preparation successfully comhines mathods
useful for both opties]l and electron microscopy
[12]. A negative replica of the wool fiber iz made
in & thermoplastic fi'm which is thin enough to
examine directly in the electron microscope and
which may be shadow-cast, with & suitable metal
for added contrast.

II. Replica Method
1. Materials and Apparatna

Replicas can be made with two thermoplastic
materinls. Omne, ethyl cellulose,' iz dissclved in
ethyl acetats, Addition of about 10 percent of
ethyl alcohol aide solution, The other thremo-
plastic, which ¥ields a slightly stronger film and
ona that withetands electron bembardment betier,
is polystyrene? Styron granules “‘dissolve” in ben-
zone. Warming the solvent elightly hastens the
reaction, Solutions of 1 to 2 percent {by weight)
seem to be satisfactory for each resin, The princi-
pal criterion is the whilicy of the plastic films to
transmit a eefficiently intense beam in the electron
inicroscope.  The filme formed by svaporation of
the solution after it is poured on to standard plass
microscope slides are thicker than the substrate
films usually employed for electron microscopy.
About three-fourths of the slide ie coated with the
thermoplastic resin. The excess is dreined off onto
o towel by placing the glass slide in an almost
vertical position. After 5 minutes of drying, a
slichtly wedge-shaped film, averaging about 0.4
micron in thickness, is formed,

The fibers to be studied should be rinsed in ethyl
alechol and/for ether to remove surface grease and
dirt.* After being dried at room tempreaturs,
these fibers are then sieply placed upon the thermo-
plastic lacquer that.is on the plass slide. Another

4 Bld commeralally a3 Fadiim, Ethocel, Ethofoll, ato.

! Ftyron meds by Dow ﬂhm.ll;al Co,

¥ Thewaol mwed for thix work had bﬂnﬂmmmuidlydm Froloogad
wushing was, (herafiore, Uit sesary.
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glass microscope slide is then placed on top of the
fibers, sandwiching them with the plastic film.
This sandwich canr be firmly held together with the
aid of & C-clamp and a couple of strips of cardboard
and heat-resistant rubber cut to fit the glass slides.
Reasonable care must be exercised not to twist the
agsembly out of alinement. The rubber and card-
board pads take up most of the torque and contaci
pressure produced when the clamp screw is
tightenad, by hand, to the point where tha sand-
wich will be firmly fixed without breaking the glass
and without displacing the arrangement. The
clampad glass sandwich of film and fibers is then
heated in n laboratory resistahce-type oven for
about 20 minntes at 90° . The film is thus
softened to the point where it will flow and accept
the wool fiber and form & faithful replica o‘E the
surfaces in contact with it,

The wariable factors that affect the quality and
reaclution of the plastic replics are time, tempera-
ture, pressure, thickness of the film, and diameter
of the fiber. If the thermoplastic is allowed to
remain in the oven for too long or at too high &
ternperature, too much plastic Aow and deforma-
tion will result. If too much pressure is applied,
the displaced material will pile up on each side of
the fiber and will disturb the quality and appear-
ance of the replica (figs. 8 and 9). Ii the film is
too thin for the diameter of the fiber, the fiber
will be pushed through it to the glass and will
prevent the plastic from molding itself about the
fiber suriace. To achieve the proper balance of
all these alements is not a diffieult problem, inns-
much ez the limits of control are not critical,
One or two trials ordinarily provide sufficient ex-
perience 8o that numercus accaptable replicas can
be made in & comparatively short time. Afier
the clamped randwich is removed from the oven
and allowed to cool to room temperature, it can
be separated. Ueually the wool fibera come away
with the uncoated glasa slide, leaving semicylin-
drical impressions in the plastic. If not, it is a
simple matter to remove them whole with the aid
of a fine brush or tweezers. These fibors having
once been accurately molded can he saved for
further chemical or physical treatment and
eubsequent replicstion.

2. Metailic Shadow-Casting

Motallic shadow-casting adds contrast as well
88 a three-dimensional aspect to the surface de-
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tails of the replica [13, 14]. A very thin coating
of evaporated chromium iz deposited obligquely
upon the plastie surface. The elevations and de-
pressions of the surface replica cast characteristic
ghielded radiation shadows. Where no metal is
eondetised, transmission of the incident energy is
& mpximym. Where thick elavations and ridges
osceur coupled with a layer of metal, electron
scattering iz a maximum and little or no energy
iz tranemitted.

The glass slide bearing the plastic film eontain-
ing the replicas of the fibers is placed horizontally
with the film side up in a wvacoum chamber
where it can be shadowed.” To prevent any
appreciable heating, the thermoplastic replicas
are placed a distance of 25 cm away from a coni-
cal basket made of 30-mil tungsten wire. The
basket may be [ormed by winding the tungsten
around the pointed end of & No. 10 wond serew.
Heating the wire and serew helpa to prevent brittle
frncture during the winding process, If instead
of the 30-mil wire o twisted doubie strand of 16-
or 20-mil tungsten wire is used, no heat is required
and it i3 easier to follow the troughs in the screw
thread. The additionsl surface ares provided
by the stranded wire is advantageons, A &-inch
length of wire is sufficient for a basket about a
centimeter high with leads of adequate length.
The tungsten basket is set in the vasuum chamber
so that the spex of the cone points downward
gnd is 5 cm above the plane of the replica. A
charge of 100 to 150 mg of pure chromium ®
inetal fragments is placed in the basket. All of the
metal is evaporated elowly with a current of 25
to 35 amperes at 10 to 15 volts in about 19 min-
utes at & pressure of 107% mm of mercury. A
10-minute outgassing pericd with 10 to 20 am-
peres running through the tungsten wire iz a
desirable practice,

The uniformity of depoaition of the metal as
it condenses on the specimen is a funetion of the
mean free path and the accommodation coeflicient.
The latter depends upon the initial temperature,
the emission temperature, and the striking tem-
peraturs of the molecules or atoma of the matal.
Given a large accommodation coefficient and a
vacuum where the mean froe path is about &
meter in length, the molecules will traverse the
distance from filament 1o specimen without col-

T The RCA EMLV unlk was wied kor this work,
| Etoctrobytieally doposibad ChrobrBum abont 1708 in, thiek wg waed,
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ligion and impinge upon the somparatively cold
surface of the specimen with very high energy.
If thess conditions are not met, the molecules of
metal witl not stick where they land but will
migrate, find other molecules, and form agglom-
eratione of recrystallized metal. This produces
& greioy, irragular deposition. At high mag-
nification the poorly defined shadowed aresa
and the graininese of the surface provide undesir-
able effacts.

3. BalacHon and Examinotion

The chromium-shadowed thermoplastic nega-
tive replica, stifl on the glase alide, is viewed in
an ordinary light microscope. Photomicrographs
may now be taken, in the manner of Hardy and
Plitt [12). The replica may also be projected in
a photoenlarger, Im the maoner of Bcolt and
Wyckoff [15]. Or, desired arena may be selected
snd mounted for mora detailad observation in the
electron microscope. In the latter ecase, the
woven, calendered, X-ineh atainless steel, No. 200
1. 5: Standard Sieve specimen acreens are centered
over the chosen areas of the replics, with the zid
of & low-power light microscope. The screena
usually adhere to the chrotmium coatiog, eapecially
if contact i3 made with the convex side. No.
100- or 160-mesh screens would offer larger areas
for observation. The glass slide bearing the
replica film and the specimen screens in slowiy
immersed at almost graZing incidence into a
P-inch cryetallizing dish of iresh tap water. The
thermoplastic film can be readily floated off the
glass slide with little or no teasing, especially if
the edges of the glaes alide where the plastic may
bave overrun are rubbed with the side of & dissect-
ing needle or similar tool and no water is allowed
to creep up over the film. The freely Hoatiog
film supporting the specimen sereatia is removed
from the water by flipping it over and out with a
piece of paper about the size of a glass alide,

The sereens are thereby lodged between the
film and the paper. Any short-fiherod paper moy
be used for this purpose., The short fibers pre-
vent wrinkling and warping upon drying. Un-
printed newspaper, porous filker paper, melamine
resin-honded map paper, bloiting paper, or the
strips used to separate the glass in a box of
microscope alides may ba used with about equal
success. By using paper instead of glass toretrieve
the floating film, the specimen screens supporting
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the selested areas of the replica can be readily
removed after drying. To facilitate this, however,
it 1= advisable to prick the film about the periph-
ery of the screen with a nesdle point while the
film wnd paper are stifl dasnp, A faster and easier
technigque which, however, involves some riek,
is accomplished by spreading & small amount of
& suitable solvent on glass and placing the dried
paper in contact with it. The solvent eocake
through the paper and to the plastic film. When
the eolvent evaporates, the paper is dreied flat to
the glass, the plastic ia cemented to the paper, and
the nntouched areas of the replica supported by
tha specimen ecreens can ba picked up with tweez-
ers as easily as fromn a much thiooer filim, Ob-
vioualy, if too much eolvent is used the entire
replica may be ruined. If a reasonable amount of
caution is observed, however, this catastrophe will
not oecur. This technigue provides & much
more advantageous procedure for removing the
specimen than any method of catting or tearing
the comparatively thick film from a hard glass
slide or a coarse wire gauze,

Various workers in the field have sugpestad that
a possible improvement in the techmique for
selecting and mounting the replica film on u speci-
oen screen could be made by placing the film,
replica side up, over a picce of 200-mesh wire cloth,
After scanning the film for suitable areas with a
light microscope, an suxilisry mount in the revoly-
ing nosepiece fitted with & cutting die covld be
turned mto place and the tube racked down. In
this manner, the desired area of film may be
puniched out with a supporting screen attached.
The sduptation of a microscope-punch combina-
tion seems worthwhile not only for thiz work but
in many other aspects of electron microscopy
where systematic scanning is required for selecting
asrens of a prepared specimen.

IIl. Application and Interpretation

The shadowed replica method was applied to the
study of wool filbers as reflected by ihe character-
ietic changes after varying amounts of abrasion
produced by an apparatus designed by Schiefer
[16]. During the abrasion cyele fiber frapments fall
fromn the abradant. This ' debris”, as well aa the
fibers bordering the hole worn through the woonlen
fabric, were expmined. Hundreds of replicas were
made of fibers abraded in this way. For compani-
gon, replicas were made of untreated fibers, khaki-
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dyed fibers, as well as fibera subjected to chemical
attack. The shadowed replicas ware examined in
the electron microscope at low magnifications ob-
tained without the projector polepiece, as well as
at the higher ranges of magnification. Electron
micrographs were made with s 1-mil objective
aperture and with 5 to 10-second exposura. Con-
tact photegraphic reversals were made on another
medivm lantarn slide plate for further optical en-
largoment. Negative printa are shown in the
ficures. For proper interpretation of the surface
features of the negative replicas, they may be
viewed az though they were obliquely illuminated.
The “diameter” indicated in the micrographs
represents 80 to 00 percent of the actual dismeter
of the wool fiber.

A wool fiber when plucked from the living ani-
mal consists of two distinet regions. The root i
the living part &nd grows fiom the hair follicle.
The nenliving portion thet emerges from the root
ie called the shaft, which is the section shorn from
the shecp and is hers designated the wool fber
[17]. It generally consists of three principal con-
centric layers—a thin outer covering of scales
{cuticle), & middle region (cortex), atd a central
eore or pith {medulla). The relative thickness of
ench layer varies from fiber to fiber, as well a3
from sheep to sheep, In the very fine wool Abers,
the medulla is often absent, end a few compara-
tively large scale= encircle the cortex, The
spindle-shaped cortical cells comprise the main
kulk of the fiber. It is well known that the ability
of wool fibers to felt, tangle, and eurl is Jependent.
upon the dircction and shape of the imbricated
scale structure and that this cuticle serves to pro-
tect the fiber from chemical and mechanical degra-
dation (figs. 1 and 8). It has been recently sug-
gested by Mercer et al. [2, 3, 4], that these three
dominant cellular structures are encased in an
amorphous raaterial that functione as » matrix
&nd a5 sn intercellular cement snd that the cuticle.
layer may be covered by thie same fentureless
keratinous material {figa. 1 to €). These investi-
gators and others have shown this amorphous
plastic outer covering of the scalea to be readily
digesied in an enzyme as 15 the featurcless inter-
cellular cement that exists between the scale and
the cortex, as well ne between and within the cor-
ticel cells themselves, The similar reaction to
enzymic treatment suggests similar composition.
Microzcopy alone cannot dizclose whether there
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exista a continwous matrix of a single substance
that envelopes the differentinted ¢all structures or
whether the keratinous material is made up of dif-
ferent protein molecules with varying properties.

The present study confirms, at least partially,
tha “‘matrix theory” of the morphology of the wool
fber. Eleciron micrographs of the surface replicas
of mechanically abraded and unabraded wool
fibers (shown in figs. 1, 2, and 3} reveal that the
scale is heterogeneous in structure and consists, at
least, of a double layer. [he outer layer is a
aemodth covermg for the under structure and shows
no specific surface features (fig. 1). When this
lacquer-like costing i3 removed by mechanical
abrasion, a rigid striated structurs iz exposed
ffig. 2. Theee regular corrugations (ridges and
furrows) run more or less porallel to the longitu-
dinal axis of the fiber. They are a feature of the
scale itself and are mot dependent upon, or a
reflection of, the size and formation of the cortical
cella. This is borne out by the fact that the tibbed
gtructure is zeen in the overhanging portions of the
geales under which there is no cortex (fig. 3). With
greater degrees of abrasion, the scales are polished
away leaving s smooth filamentary stencture with
slight vestiges of the former imbricated surface
{fig. 4). St more rubbing removes the next
amorphoue layer under the seales and revesls the
cortical cells themszelves imbedded in the cemen-
tum (fig. 5). After such severe abrasion, the weol
n¢ longer manifesta its characteristic filamentary
structurc and, as such, is destroyed (fig. 6).

Thus far the present investigation indicates that
the weaving process introduces wvery litile change
in the surface structure of the fbers. Some
portions show degradation of the acale, but ths is
by no means typical When compared with
unwoven, undyed fibers, lessa than 10 percent of
the fibers studied showed any modification (fig. 7).
These alterations are very likely associated with
the previous history of the fiber. It ja nob necea-
garily & result of the weaving process. In the case
of Ehaki-dyed woclena, similar evidetics was noted
{fiz. 9}, In a few samples where the fibers were
not washed in aleochol, some crystalline material
was found inbedded in the replica. This may have
been some of the dyestuff that hed lodged on the

Electron Microscopy of Woaol

outer sesle surface. In the case of fibers that had -
been chlorinated in a 1-percent aqueous soluticn of
calcium hypochlorite Iong enough to wet its entire
length and rinsed in a large quantity of cold
water (fizs. 10, 11, and 12}, the aaca and blieters
formed (probably the Allwirden remction) indi-
cated a violent attack on the amorphous lacquer-
lika layer of the scales. The general erosion that
took place exposed the characteristic stristed
substructure of the scale that withstood the action
of chlorine. The exposed acale edges showed the
greateat amount of atiack (fig, 12). The treat-
ment given the fibers waa, of course, much more
drastic than that nsed in some commercial proc-
esaes for shrink-proofing weolens.

With the foregoing methed, the structural
changes in textile fabrice resulting from various
physical and chemical factors can be studied.
Alterations in the physical structure brought
about by such means as abrasion, fexion, tension,
acid, elkali, chlorine, heat, sunlight, and other
elements of degradation make wear n complex
phenomencn with a large variaty of contributing
factors. Before statiztical correlation of any
microscopic observations of laboratory wear versus
actual wear may be obtained, 2 large number of
teats interpreted sgainet a broad background of
performanee it service is necessary. The “polish-
ing" produead with Schiefar’s uniform abrasion
machine offers a systemsatic approach to 8 miero-
seopic study of a worn fabric. The character-
istics of fiber structure may in turn be correlated
with the morphological madifications resulting
from aciual wear in service. Alihough the funda-
mental problem of the molecular strusture of
organic fibers cannot be solved by electron micros-
copy alone, considerable information may be
determined that is of interest to the textile tech-
nologist and to those coficerned with the subject
of wear resistanhce.

The authors acknowledge the very wvaluable
asaistance of Esther Golovate, in processing the
many photographs, and of H. F. McMurdie and
W. Il. Appel, without whose able direction much
of this work could not have been done.
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