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Thin layers derived from the matrix are produeed in the fracture plane of some pelymers

prlor to ultimate fallurs.
coneiet of an oriented array of molecules.

A certain armount of the evidenee would Indicate that these layers
Fraeture isolates these molecylar segments in &

thin film wilth phyzicsl proparcties differing fromy that of the inattix in which they orginated.
Thrgs. filma Eroduce interferenee phenomena which in gome ogses are weelul in olucidating

strcture And origin.

1. Introduction

It is difficult to nscertain when the strong colors on
the fracture surfaces of polymers wers first observed.
In 1956 Bussa, Orowan, and Neimark [1]? exhibited
gome surfaces produced by fracturing large notched

lates of polymethyl methactylate,  About w yenr
Eefm‘e, somewhat more diffuse colora had boen ob-
served on tensile specimens broken under siatic
comditiong [2] at the National Burean of Standards
[5]. Although Wolock et sl. [4] sand Berry [5] both
reportad ohserving colors associgted wilh specific
fracture markings, the first detailad discusaion of the
phenomenon was published by Higucla [6). Many
of the same obzervationas were made independently
and reported by Walock et al. [V] sand EEerry (8]

It & entirely possible, of course, that colored
feacture surfaces were observed earlier than the
period mentioned. Higuchi, for example, indicates
that the experiments of Benbow and Roesler |0
must have produced such surfuces. Thus far almost
all colored eurfecez that have been studied have
been produced on polymeily] methacrylate,

2. Fracture Color Patterns

The eolors arising from interference in subsurface
cracks are not eonsiderad in this discussion. Al-
though they produce an optical effect which oftan
appears quite close to the surface its origin is obvious
and easily ascertained.

There 18 considerable variety in the color patterns
chtained by warious Fracturing techniques. Those
found on statically tested tensile specimens ure weal,
usually located about the periphery of the mirror
ares and are found on relatively few specimens.
They are not usnslly associated with an individual
structure, such as parabolus, bui cover an ares
which encompasses 8 number of fipures or strostures
without any specificity of color or tint for each ele-
ment. Fractures exhibited by Busse and his co-
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workers woare more brilliant snd formed bands trans-
verse to the direction of fracturs. Higuchi used
notehed sheets 35 mm thick snd 40 mm wide.
The exact conditions of test are not deseribed. His
fipures show a variety of patterns. Maost of the conie
gectiong are dilferentiated in color from their sor-
round and ncegsional transverse bands cause a
reversal of colors in the banded area. He finds that
the colors on the two fracture surfuces are generally
complementary and that Lhe red aress are rajzed and
the presn ara depressed relative to the specimen
matriy,

Woloek [7] produced similar colors on fracture
surfaces of polvmetbyl methserylate specimens
which had heen broken by rapid overstress. Filma
of diffuse color were formed on surfaces of cast
polystyrene broken in the same fashion. Specifie
colora, howevor, were not related to the individoal
structyres on the polvstyrene fracture facesn. Some-
what later, Wolock noted the intense differential
color produced on the relstively smooth fractuore
surfaces of specimens of polymethyl methacrylate
tested for resistance to erack propagation. Many
of the obzarvations to be discussed were made oo
fracturcs produced in these specimena (fig. 1), which
were broken by lending through a cross head moving
1t 0.008 mmfgec (0.02 in./min). These eontain four
types of color patterns or characteristice (fig. 9.
The first is observed in the =low-growth ares and
actually voneists of two types of patterns, namely,
multicolored areas {fig. 9b) and single-colored areas
(fig. 9a). The next pattern (hg. S¢) v composed
of irregularly shapaﬁa clongated figures. These
firures devalop, in the third pattern of this series
fhg. 0d) into oriented forme that lead, in many
cases, into parabolaz. The last area (fix. fe) is
darker (less reflective) with hittle or no color and
containing mesny crowded parabolas in which only the
foci are very digtinet. The esignificance of the geo-
metric markingz on the fracture surfacez have heon
dealt with extensively in the literature (10-12] and
will not be discussed I this paper.

A characteristic blue color i aleo found on fracinre
surfaces of hot-stretched Solymethyl mwethaerylate,
Thesa surfaces ara producad by clanving the stretehed
sheets through the thickness dimension. The colors
arc not associated with speeific markings,
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3. Optics of Color Formaticn

It can be demonstraied that the strongiy celored
areas of the frasture sorfaces produced in crack
ropagation specimens are covered with a soft thin

m. The presence of this film 18 a prerequisite for
the davelopment of color. Tn figure 10 & soft swab
has been wiped across & fracture surface with remaoval
of ezsentinlly pll of the tint. Under room conditions
the color will disappear from crack propagation
specimen surfaces over a period of months, The
titne [or color dispppearance varies greatly, however.
Colors on ordinary tensile spacimens snd on cleaved,
stretched material faded in the course of a fow weeks,
whereas those of Busse el sl {1] were still intense
after almozt 8 year. Storage at temperatures of 50
0 60 °C causes rapid loss of color in crack propaga-
tion specimens in well undear an houwr. Ioss of color
under these circuinsimnces 12 not necessarily as-
aociated with complete loss of the film.  Even when
tha colors have completely disappearad an oily film
atill occupies the surface, The disa%peamnce. of
color by aging or heating takes place by fading of
the onginal tint without any pronounced color
aghiflt [&, 7].

Concentrated vapors of & number of organie
solvents such ss toluene and methyl chloride will
often eliminate colors in o maiter of minutes. In
this case a change in tint is involved as con be seen
in ficure 11. The first eolor changes seem ¢oncen-
trated nloong level differonce lines and a fow other
structurca on the fracture face.

Another method of aifecting color imtensity of
;i%rts of the fim iz by exposure to low pressure.

is can be demonstrated by placiog ooc of the
matching surfaces of a crack propagation apecimen
in & container maintained at approximately 1.10-%
min Hg pressure. After renmvn]i it wil be found
that almost all of the color ia removed from the slow
growth aren. The color intensity over the remainder
of the fracture is apparently the same as that of the
matehing surface which had been stored outsids of
the vacyum chamber. Microscopic examination
and micromanipulation of the film on the elow-
gowth area of the fracturs surface indicates that

is portion i= thicker than the rest of the film.

The fact that much of the surfuee 1s little affected
IC:E high vacuum makes it possible to apply the meth-

& of multiple-beam interference microscopy to
the study of the color phenomenon. Figure 2 is &
muitiple-beam interferogram of & portion of & frac-
ture E;'Iuducsd in a crack propagation apecimen.
The field shows a portion of the Arst parabolu-
containing area. A laver of silver has been depositod
over the surface film aod the fringe dizplacement
over the composite suarface 8 shown. 1t wouald
appear that the adjucent aress coversd by the con-
tribution of different secondary fraclures are com-
pistently displaced by sbout 1500 When tha
color is removed by aging or heating hefore the
specimen 16 prepared for interference micrescopy this
d?fifiacemmt remaing about the same,

puming first-order interforence Hizuchi [6] has
estlinated g film thicknesa range of 400 to 7 mg

from the observed colora. Using & soalt swab to
remove the film produces a ewath with a depth of
less than 200 ma in the surface as measured by
miultiple-beam techniques {fig. 3). This experiment
was repeated by focusing the radiation from a
zirconfuin wre lamp en o smsll area of the fracture
gurface until all the color hed dissppeared and
continuing the treatment until the film was scarcel
detectable in the irradiated portion by microscopica
examination. The depth of the circular depression
wis agrin found to be somewhat less than 200 mg.
Although the film in the slow growth ares ray exceed
thiz figure, its sensitivity to vacuum prevents diveet
megszurement. Figure 3 also shows the increased
reflectivity of the treated aren. Apparcntly swalb-
bing or heating tends to produce a surface that is
smoother thun the original fuce of the fibin,

The presance of the film led Higuchi [6], Wolock
¢t al. {7], and Berry |5, 8] to postulste its formation by
the pulling out of chan endz and the scission of

chains, Thesa sepments would have been cxtended

o in the fracture process and thue could have a some-

what different dansity than the matrix. The chain
segments in only a relatively small thicknesa of
material wonld be extended during lhe fracture
process. Oriented layer and matrix wouold differ
sufficiently n refractive index to lend themselves
ta the development of thin flm interference wy shown
fipure 4. In any pgiven region, an average heighf
would predominate which would reault in the color
observed. As the chain seginents composing the
flmy relax, the dstrbution of heights remsins the
game but the number of segments remeining in the
film decreases so that the same color is present but i=
diminished in intensity. This would aecount for the
fading observed with no changa in color. Solvent
vafi)or;dpmduce differant ehanges in the structure
refles by the change in color withdrawal, The
derivation of the film from the matrix would lead to
& structure whose propertiea would differ from the
matrix to the greater desree at the expossd face and
tend to blend ipto the matrix at the other Limit.
Although the blending section close to the matrix
could eontribate to the optical effect, it wonld he
difficult to estekhsh its bound by the methods
descrihed. Honca failure to realize the theorstical
film thickness is probably to be expacted.
‘Tolansky's thin film technique [13] permits
corroboration of this explanstion of the ongio of the
color phenomenon with & simple model. A fracture
surface with the colors removed by aging or zome
other method is covered with & tetally reflecied film
of silver in pocus. A drop of a dilute selution of
Clanada balsam in xylene 1= placed on the silvered
surfaca and allowed to drain by tilting the specimen.
The surfaee of the film of Canads balsam in contact
with the fracture surface replicates the to aphy
of the surfece. The upper surfuce of the film, how-
ever, does not eonteur the fracture surface but
atretehes itself inte a single plane Tor considerable
distances. On lluminating such a surface two-beam
intecferenee fringes will be formed. Figure 12
illustrates a portion of & fracture colored hy thin
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film interference. The wrnkling probably caused
by eolvent attack on the silver and plastic subsirate
i noticeable but otherwise there is considerable
similarity to the frachure-pmducad colors. Ewven
the slight coloring observed in the rough, low-reflect-
ng zone is almost identical (fig. 13) with that obaerved
on the original feacture surface.

. Considerable fringe broadening is apparent in the
interferogram in figure 2. Thia s at & minimum in
the initial, smooth, slow growth sres and increases
townard the crowded parabela portion. Ap electron
micrograph of these two areas, figures 5 and 6,

shows the change in surfaca mnularit.}; responsihle

for the fringe broadening. though the surface is
sufficiently smeoth up to the first prrabolaa to permit
the wse of mualtiple-beam interference, the final sur-
fane iz =0 rough that tha methed fails. Figurs 6
reveals this surface to be seulptured with thin leaf-
like projections. It iz doubtful that a fragile film
in the millimicron thickness range could be formed
thern, Only isolated fragruents of color are found
in this area.

Replicas for electron microscopy were produced
by allowing & diluta solution of methyl uloga to
dry on the fracture surface. Dwespite its limited
resolution, which is well illustrated 1 figure &, this
method was chosen because it would impose the
least shuse on the polymer matrix. On stripping
the film from & sutface ﬂriFinu,]l_}r bearing color, the
surface was found to be colocless. A cmiun replica
wns made from the negative and shadowed by vacu-
um deposition. The loss of color would be cansed
eilher by the stripping of all or part of the inter-
ference film with the cellulosic replica or by dis-
orianting 1t with the Teplicating solution.

Before replicating the surluces in fgures 5 and &,
an aitermpt wes made to rcmove thoroughly the
surface film by heating for 36 h at 50°C. For pur-
poses of comparison replicas were also prepared from
& mtface benring brght interference colors, In
most cazes the replicas from the unbeated colored
surfaces bore numerous droplets over s considerable
portion of the fields exammed, as in figure 7. It
would secem thet o portion of the filin is remaovad and
subsequently disrupted by the replicating process.
These observations, moreower, pinpoint one of the
difficuliies encountered in preparing high resolution
replicas of & polymer fracture,

This discussion has been lmited almost entirely
to polymethyl metheerylate. Attempts to produce
golor on & number of other polymers by varving
loading rates and thermal conditions heve heen
largely unsuccessful. However, polystyrene has oc-
casionally yielded colored surlaces, as shown in

figure 14,
4. Color Patterns in Crazing

Niegisch [14) has recently ﬂﬂnvjncinglf’ demon-
strated the presence of oriented material in craze
eracks produced in long-time tests of polycarbonates.
Although this polymer did not exhibit brittle fracturs
under the test conditions, the ultimate elompation
being about 100 percent, some avidencs of aimilar

feraze matter' in polystyrene and polvmethyl
methaerylate was alzo presented. From these data,
Spurr and Niegisch [15] have offersd an atiractivae
theory for the development and etructure of craze
eracks in thermoplastics. Probably the most im-
portant eontribution of their observations is the
support they provide for the conclusion that the
appearante of erazing doss not mean the end of
structurs]l integrity or continuity in the stressed
specimen.

The matter in polycarbonate eracks is visihle b
difference in refractive index probably coupled wi
some scattering from micropores. However, during
some routine tests of standard teneile spacimens 112]
of acrylonitrile-styrene copolymer, a striking color
phenomconon was also noted in the craze eracks of
this material, as seen in figure 15. These specimens
were injection molded and the stressed skin waa
apparently rasponsible for the formation of infernal
cracks which sometimes encompassed one-hall or
more of the speciinen cross section. Thesa tensila
specimenz, when loaded at s head speed of 0.008
mm/fsec have the load-elongation characteristics
ghown in figure 8.  The large internal cracks sud-
denly appear apparently full grown at the top of the
straight line portion of the curve but without any
discontinnities in leading. Ultimaie failure ocours
through one of these large cracks.

It was originally assumed that the optical effect
was due to an interference Bystem involving & void.
On expmining the Iracture surface, however, 1t was
found that a pattern similar to that noted in the
intact craze cracks was found on one surface or
parts of one surfauce, as ghown in figure 16. The
matching sorfaee was devoid of eolor. Colors
ohserved in the intact cracks are more intense than
those found on fracture surfaces. Critical miceo-
seapical examination estublished the presence of a
ilm on the color-hearing surface. Unlike tha film
found on polymethy] methacrylate fracture aurfaces,
tha film iz integral and shears cleanly from one of
the erack faces. Edges of the film are sometimes
curled free of the matrix on which they lie but me-
chanieal removal of any eignificant amount of film
appears impractical.

Il the film-bearing surface of the fracture is
expmlined at higher magnification, some additional
details can bae resolved.  As in the intact eracks the
periphieral area of the fractyred eraze 18 covered
with fringes of aqual thickness. The film in fizure
17 bears %Frst to ?nurth order colors which indicates
a thickness of approximately 2 u. Thicknesses of
thiz magnitude are not uncommon slthough many
cracks with much thinner films ara found. In gen-
eral, however, the filin is mwuch thicker than those
found on the fracture surfaces discussed in the
earlier section. L

The center of the flm-bearing ares i likely to
show more disorder. Colors are bright and the
fringe pattern has contours that seem unrelated to
flm thickness. Suoch an area oceupics about half
the field in fgure 15. The film iz wrinkled nnd
stretehed, especially in the regions surrounding the
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emall holes.  Evidently it has been slighily dislodged
from the enbstrate during fracturing.

In a few small areas the conic seetions charactsr-
istic of brittle failure aculpture the face of the
jraciured craze crack ns shown in figure 19, If the
crack surfaces sre comnected by s thin layer of
oriented molecules as oviginally sumrested by Bessonov
and Kurshinskii [16] and developed by Spurr and
Niegizch [146], the connection may not be as tenvous
as might ba suggested by & consideration of the
properties of the film on polymethyl methacrylate
surfaces. Besides ite association with the brittle
mode of failure, the eraclk material is much more
resistant to heaté ing, and solvents. Exposure
in an oven at T} °C for 48 h produced hittle change
in the sppearance of the film on the acrylonitrile-
atyrene copolymer fracture surface. Prolonged heat-
i.u% at this temperature caused some fading of the
colorz and & great incrcase in the pitting, which ja
visibla in the periphery of the in figure 17.
Cotora in the intect cracks were uoaffected by
wecks of heating at 70 ®C or cxpesure o solvent
vapors that did not cavse gross matrix deterioration.

Spurr and Niegisch [L8] detected “crazc matter’
in cracks of polystyrens snd polymethy]l methacry-
late. Tt presence wag much more difficult to
demonstrate than in polycarbonate and it was
possible to record photographically. Recently,how-
aver, the description of tha work of Besgonov and
Euvshinekii [17] becmne aveilable. They had ob-
served phenomena clozely related to those described
in our lonitrile-styrene copolymer in specimans
of “annealed polystyrene.” Their specimens with
8 gection of 22 mm and a free length of 15 mm
were maintained at a temperature of 110 °C for 30
min and then cooled rapidly by plunging them nto
liquid nitrogen. These specimens were then loaded
to failure at n rate of deformation equal to 0.04
mmjeee. The pretrestment resulied m the for-
matton of a stressed akin and a 20 percent increase
in tensile strength. Failare was preceded by the
formation of larpe internal cracks as in the asry-
lonitrilestyrene copolymer. They report that the
material filling these cracks remaine on the fracture
surface. Part of thiz forma interference fringes and
clings to the montrix but part can be stripped.  They
puggested that the film consiats of the bundles of
linenr polymers discussed by Hsiso snd Saver [18]
and Kargin et al. [19].

Since certain details necessary for cormnparison with
previous results were not given in this report, the
work was repeated nsing standard tengile spacimens f2].
The preliminary heating was extended to 2 hr in
view of the larger cross section. These specimens
were loaded to failore at a head spoed of 0.0086 mm s
Large internsl cracks formed shortly bafore frilure
and failure occurred through cracks encompassiog
cne-third to ovne-half of the cross aection. No color
phenomenon was vigible in any of the cracks on
grose examingtion.

On micreecopically exnmining the fracture surlace
a fow faint interference bands could be observed.
The film responsible for these adhered strongly to

|

one of the surfaces. The remainder of the erack was
artly coverad on both faces by a transparent film.
}E‘ha film was partly detached and partly loosely
attached fo the surfsca. It was easily stripped and
ieces 5 or & mm? were reinoved with forceps. The
Ilm waa lower in refractive index than the matrix.
It appears to have good thsicul properties and the
relatively larga areas availahle should it the nse
of transmission eleciron microscopy, mirared s
trozcopy, and other instrumental techniques in
dating their structure and mode of formation.
Attempte to produce larpe cracks in apecimens of
polymethyl methaerylate l%:v:) this techniqure have
thus far been vusucesssful.

e
lei-

5. Summary

Thin layers derived from tha matrix are produced
in the fracture plane of some polymoers g‘iﬁr to ulti-
mate failura. A certain amount of evidence
would indicate that these layers consist of an oriented
array of molecules, Fracture isolates these molecular
segment= in a thin film with physical properties
differing from that of the matrix in which thay
originated, These fihne produce interfcrence phe-
nomegna which in some cases sre useful in elucidating
atructure and otigin.

The suzgestion has been made that these oriented
layers provide structural eontinvity in polymers

ter optiesl inhomogeneities are produced by stress.
This is supported, at least superhicially, by obeerva-
tions on polyearbonate and aerylonitrilestyrene
copolymer. In these materials intact craze cracks

appesr to be filled with homogenecus or oriented

material, Fhe film observed 1m intect cracks of
“aonealed” polystryens, however, shows soma dis-
order. Folds and wrinkles are almost always present

and it i= difficult to attribute any load-bearing fone-
tion to this structure. ‘
It is possible that the two t of film formation
may not be ny c]ﬂsagr related as has been assumed
during mueh of this discussion. Further experimen-
tation may provide the necessary date for supporting
the aseumption. If the mechanizm proposed for the
formation of these filmes is correct, we would expect
to detact them on a wide range of polymers when
failure is produced under suitable eonditions. The
seutch for, and study of, these films i= continuing.

The nuthors acknowledge valuable discussions with
D, Samuel (. Wessherg,
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