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i- inmsam
Th* physical property of ^hardness* 18 usually considered 

to be the resistance of a substance to deformation, cutting, 

or scratching. The property has never been so clearly defin­

ed that its value is independent of the method of measurement. 

Thus it is that W have * indentation", * impact*, "scratch*, 

H abrasive", and other types of hardness, depending upon the 

particular method used in evaluation.

The subject of hardness has been given some consideration 

in the study of metals, and the property is appraised as a 

control method in their thermal treatment. An indentation test 

is generally used for this purpose. The numerical value 

from such a test depends on the particular procedure as well 

as the condition of the metal. The indentation hardness values 

obtained from different procedures may sometimes be related 

empirically.

While there may be a concordance of results within the 

bounds of any one method of measurement, e. g. indentation 

hardness, the results from different methods frequently are 

neither proportional nor even of the same order of degree. 

This is particularly true when the series tested contains both 

ductile and brittle materials.

In considering the hardness of glass, the resistance to 

scratching seems to be of greater practical importance than in­

dentation and impact properties. Polished glass artware, con­

tainers, tableware, and flat glass are presumably of greater
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valu# If they raa&ln or if tM aor&toa#*

my be oonflaW to such else as to be invisible to the eye* 

Ser hi ng of the surface mrkWly ee&kens glass, and the

seratching of optical glass frequently makes it unusable.

An impact test would be appropriate for the comparative­

ly small amount of gl&ee which la subject to similar treat* 

ment in use. If it were possible to get permanent deformation 

of glass in the absence of rupture, an indentation test could 

be made. This would have little practical significance.

The purpose of this investigation was to determine the 

relative surface scratch hardness of various types of glasses. 

The width of more tub produced when a glass sample was drawn 

beneath a leaded diamond point served as the means of measure­

ment.

A number of typical commercial glasses of known compa* 

sition or surface preparation, and a series of glasses of 

varying alumina content were tested. Borne data are presented 

to permit a comparison between scratch hardness and modulus 

of rupture.
The scratch hardness of the glasses tested is expressed 

in terms of the Kobo scale.
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II. R3VISW Of LltmATtnni

The first regarded attempt to study the hardness of glass 

seems to have been made by Auerbaoh^ who used an indentation 

test to give a value which he considered to be the character* 

istic hardness. Tae test, originally treated theoretically by 

is made w observing the effect of a sphere pressed 

against a plate of the ease material. After Auerbach had test* 

ed a number of glasses by the indentation method, he prepared 

sharp-win ted specimens with which he scratched other samples. 

The widths of the soratehas produced were obtained by the use 

of a microscope and the values used in arranging the glasses 

in order according to their scratch hardnesses. There was in* 

complete agreement between the results of the two tests.

Auerbach calculated coefficients for the hardness of glass 

as determined by its composition. In the table of coefficients, 

all of the oxides commonly used in glasses are given positive 

values except MgO and Cao which are represented as negative.

Values for the hardness of the minerals of the Mohs? scale 

are given in one of Auerbach’s works. The common glasses lie 

between 5-1/8 and 7 la hardness, and clear silica glass has 

a hardness of about 5.

In 1911, Schneider^ published a description of a hardness 

test in which a steel ball was allowed to fall on a glass plate 

from increasing heights until the surface layer was fractured. 

The hardness was taken as a function of the rebound.

he Ohatelier^ reported the results of abrasive hardness 

teste carried out by beorenter on a number of glasses. There 



was no general agreement between the values found for the 

abrasive hardness and those obtained by use of the Auerbach 

method. From the data given, it would seem that saall amounts 

of all low replaced by lime on a weight basis produced a glass 

more resistant to abrasion.

Femdt& measured the scratch hardness of a boroeillcate 

glass using a Martens? sclerometer with a 90* conical diamond 

point, and found the load necessary to produce a scratch 10 

microns in width. The scratch hardness was found to be the 

same for annealed and unanncaled samples of glass.

%&lle# proposed a hardness scale depending upon the less 

of weight undergone by the glass sample when pressed against 

a rotating abrasive disc.

Scctt9 devised an apparatus for the measurement of abm- 

sive hardness of glazes. The hardness value was determined 

from the loss of weight occasioned when sand was allowed to 

fall on the test piece.

UcrenierlO determined the abrasive hardness of glass 

by pressing a sample against a grinding wheel and abrading 

about equal amounts under constant pressure. He worked out a 

relation between abrasive hardness and composition, and found 

soda glasses hard er than potash, lime giving harder glasses 

than soda, boric acid increasing hardness, and soda and lime 

increasing the hardness of lead glasses.

Gshlhoff and Thw#l\ using a wrtons apparatus, found 

the scratch hardness of a number of acid*treated glasses, and 

expressed their results in 1/m* of scratch width for twenty 



grass loading on the scratching point. the authors state 

that all glasses had approximately the same hardness until 

after the acid etching. The scratch width varied œtween 

3.9 and 9.1 miorons. Factors are given for the calculation of 

sorateh Mrdness from composition using the method of permuta* 

tion. Contrary to Aueroach's findings, additions of GaO 

creased the hardness of glasses, and acted in the opposite 

manner. Fram a nr&ctical standpoint, the advisability of the 

use of the preliminary acid treatment might be questioned.
ürafï# investigated the relative resistance of glass and 

other building materials to sand-blasting.

Lai and @llvsrman^3 determined the nardness of a series 

of beryllium glasses by finding the load on a diamond point 

necsenary to produce a microscopically visible scratch. By 

use of minerals they correlated their results to the kohs scale 

and found that glasses of the BagO*BeO*BiOg group had hardnesses 

varying between 6.2 and 6.7»

mviagl^ used a set of standards in hand scratching tests 

and found bottle glass to lie below 5 on the Sohs scale and 

chemical glass to be between 5 and 6.

Tammann and Klein^S carried out some scratching tests on 

a group of organic glasses and a load silicate glass to study 

the effect of temperature, speed of scratching, load, and angle 

of inclination of the scratching point on the character of the 

scratch produced. The evaluation of hardness was not attempted.

Beckett used a method acme*hat like that of Gehlhoff and 

Thomas to find the effect of additions of beryllium oxide on
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th# aoTBtoh of & glw*. WelBg a loading of 1$ g*am&

on tM oor&tebin# point, ta@ raaultg ore aapraesed in 1/%*^ 

of Boratoh *W%b. Beryllium oxide, in terms of ®oi percent 

addition, han about the aeme effeot ee magneeiua oxide in in» 

oreaein^ hardnoee. The ®eaeureaente were carried out on 

pollehed eurfaoee of optical quality.
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Ml- 

a. smutch ataDBsae

The appara tue need in making the eoretch iiardaese teat» 
is shown in Figura 1. It Is a modification of the #&rt*a#7 

selero&ater* and an instrument devised by T&imagsl7. It *&* 

constructed in the Physical Plant waonine Bnop» of the Univer­

sity of Illinois, from an original design.

The specimen to be tested for hardness was mounteo in 

fusible alloy (%ood*s metal) and clamped in the br^ss holder 

of 1.1 cm. diameter by pressure from the screw It was P*»" 

sible to move the holder and specimen laterally on the carriage 

by use of the adjusting screw fw carriage & was made of 

brass, 7.6 cm. in widths >6 in length and 1.3 cm. in 

thickness. It was supported and moved longitudinally on four 

steel call a of 0.6 cm. diameter resting in 90-degree v-eh&ped 

grooves out parallel in tae lower side of kns carriage & and 

the upper surface of the platform &. The platform & *&* 7*& 

cm. in width, 1.2 cm. in thickness, and 8.1 cm* 1% length. 

It rested upon a orass column 2.$ om. in diameter, which was 

fastened rigidly to the brass base plats.

banted on tue and of tue platform & was a screw & which 

threaded into the carriage bl oom c,» The rotation of tuts screw, 

brought about by the operation of the pulley driving through 

a worm and gear jg, caused the carriage to move longitudinally.

suffis V&SMS «.% &,
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The pulley g was belth'drlvea from e governor-regulat ed InduGtloa 

type electric motor m, deaigned for the operation of e phono** 

graph.

The ocratcnlng point was moiuited in a metal fitting 1.3 

cm. In diameter, by 0.9 0m. in depth. This was firmly ol&aqpN* 

ed to tn# end of the supporting beam b in a contracting ring 

£. Immediately above the scratching point was a etage of 

2.5 p%. diameter» upon which weights were placed for loading 

the point as ahown in the illustration. The mipporting beam 

was made 0.6 am. square and was 10.2 cm. in length from the 

center of the stage ie to the supporting bearings h, the total 

length being 13*5 cm. The supporting beam b, stage a,» and 

ring £ sere made from duralumin alloy to decrease their weight. 

The weight of the eupoorting beam and scratching point was 

counteroal&nced by a brass weight w, adjusted by a screw thread*» 

ing into the end of b.

The beam & was supported on a brass column which was 

held closely in a sleeve f. The column could be raised and 

lowered by turning the nut g, and could be locked in position 

ey tightening the collar £» using screw £. booconing the 

setscrew £ permitted the supporting beam to be swung aside 

when it was desired to change samples or make measurements 

with the microscope. The screw bearing on the supporting 

beam & allowed the loaded scratching point to be lowered gent*, 

ly to the test surface.

The scratching apparatus was firmly fastened to an oak 

board which could be leveled by adjustment of the three screws
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on rubbar bottle stoppera. This arr&ngemeat 

was aeceseary to prevent undue vibration of the apparatus.

Tiw aiaroeoopa, fitted vlt^ a filler micrometer eyepiece, 

and e vertical illuminator, was used in measuring the vid the 

of the scratohes produced in the teetlu#. The base of the 

microscope was held in the clamp u. A magnification of ap* 

proximately 10001 was used in making the me&eurementa. This 

was obtained by the use of a 12. $K micrometer eyepiece, a 

Ro. 7 (Leite) dry objective, and the full extension of the 

microscope tube.

The scratches were lighted by use of a Leite vertical il*» 

luminator. The axis of the rism was placed at an angle of 

about 6a* to the direction of the scratch. A special attach» 

ment permitted the use of a six*volt coiled filament lamp for 

lighting.

In the majority of the teste reported, a diamond, lappa# 

to form a point made by three planes at an angle of 130* to 

each other, was used in making the scratches. A micro-phetc» 

graph of the point, taken with the negative perpendicular to 

the interBOction of two of the planes is given in figure 8. 

Saab division on the scale shown represents 10 microns.

Of RlPTUaK

The apparatus used in making the modulus of rupture tacts 

is shown schematically in figure 3. It was a modification of 

the machine used for determining the modulus of rupture of un* 

burned clay bars, and consisted of an arrangement of levers 

which applied a load to the specimen when water was admitted
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Figure 2

Silhouette of scratching ooint 
•perpendicular to intersection 
of two planes. Magnification 
approximately 00 X.
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to the receiving vessel. the epeolmea broke, ths water 

was carried off through the overflow trough* The rate of 

flow was suitably ooutrolle4 by aGjuatmeat of the valve. A 

eevea-inch (1?.^ cm.) span was used in breaking the specimens 

which were supported on steel rods* l/2»lnoh (1.2 cm.) in 

diameter. The supports ware covered with a layer of rubber 

1.5 mw. in thickness.
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A. SCRATCH HARD3RS8

1. Taohnio of Testing

^xcopt for spocifio iast&noaa which will be noted as 

their cases arise, the procedure followed in testing the 

scratch hardneea of the materials reported was as outlined in 

the following*

To mount the diamond properly in it» holder at r (see 

Figure 1), tha aeaemnly r, b, etc. was removed wnd placed on 

the stage of a low-powered mlcroaoope la such a manner that 

the position of the lacets with relation to the beam b could 

readily be seen. The point was than turned co tuat the inter­

section of two of the planee forming it extended in the direc­

tion of the supporting beam b. T»ta metal mounting of the dim-* 

mond was marked so tnat one particular orientation could always 

be obtained. .

^ith the diamond point mounted» the apparatus was re-as- 

seeDied, and the correct position of the beam was secured by 

locating it parallel to the driving screw d. fne beam was 

locked in place by tightening screw %, and was balanced by 

adjusting w until a weight of 0.0? grams placed on a caused 

a slow deflection and a weight of 0.15 grama on w resulted in 

a deflection of about the same speed. (A weight of 0.153 

grams would have been precisely correct in the latter case*)

The glass samples were variously prepared. Those which 

had to be melted, either because of the condition of the sate*, 

rial available, 1. e. powder, or because of the need of a



in & plRt$wa% crwlhla 1%

*R elewtrW M»iet%no@ furn^c to wiffiolmtly

hl? i to permit TKniringr on a metal cf^tln^s vmei

BuL^^ieetly mtn#&lac% by coolly fro9> 5^^ i\ to o. &t & 

of 19^ c. per Mur by them to in the

fwfRee# vhile it returned to room te^e%Btwa, Cpocti..n* 

w&lM «exe $%&%iQed in to oæct removal of

atraln#

smapiee %i$h %ere poliehad in tM iftujf^tgry were 

fir#t ground with fine^Krained allloon oerbide abeaaiva to 

elv» a fl&t mæfaoe and then p^illshe'^ with wet rou^a on felt, 

gg&Mol es» were to? "W\?e for tae 0cl@ro3^tc?r to ao« 

aowodate. Thana were out to proper #&%$ with a «at Filloon 

oarblda outtln^ .A f»« of the maples wswe epeelal

trmtwnt which will be nen'iotW in tM Motion devoted to 

the daeoriptioa of a&mples*

glawe eawle» of awltabl# #lr# war# NKnmted in fwi* 

bl# alloy metal) for testing by placing them faea down*

ward In a round pl&wtar of Paria mold and pouring the molten 

natal over than to th# proper depth# The eeap!* w^e held in

until the metal. had pooled &M oolldiflad^ 'fhen thia 

method of *ouatin^ was not eoavtalaat, the metal w&e ftrat potnr# 

ad into the mold and taa e&^ole inserted into th# aw*# 

fMe of the partially eoaled metal and Mid uatll eolIdifio&t1GB 

*4# ua@d in thl# dlwartatiow the term flraypoliahwd^ refera 
to the eondltitm of ^La$* aurfnea prepared by oooling fro* 
a salt* Contaot with flame or with product# of ow##tioa 1# 
not wNwiwit# to thin wwlnology*
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AM takaa plaea.

Aftar the mounting mawriel had aowpletely ooeled, the 

glass sample wee placed in the spedawm holder and firmly so*- 

cured by tightening the screw The damcnd point was caused 

to rest lightly on the surface of the sample by loading the 

beam with a small weight. The nut & was then adjusted to 

bring the beam b into a horizontal position. After this was 

done the screw j, was tightened to bold the column t rigidly, 

and the beam was lifted by use of the screw 1.

Before making a test the glass surface was wiped with 

acetone to clean it, and the carriage was placed in a position 

to locate the beginning of the scratch at the desired point. 

The beam was then loaded with a weight on it, the motor was 

started to cause the carriage to move forward» and the point 

was lowered to the surface. The seratehee were made with the 

carriage moving only in the direction toward the leading edge 

of the intersecting planes on the diamond point; the return of 

the carriage was made with the scratching point lifted from the 

surface.

A single test usually consisted of making six parallel 

curatehoe at short distances apart, weights of ten, twenty, 

thirty, fifty, eighty, and one hundred grams, respectively be­

Ing used for leading ths point. The scratches were about 

0.5 cm. In length, and were made using a carriage speed of 

0.27 cm. per minute. This resulted with a motor speed of 

100 r. p. m. The motor speed did not vary more than one r. p. su 

with the standard setting of the governor.
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Thrw w# usually run on the ease «ample of &lw#, 

the scratches for all three taste being made at one time*

After making the ecratcheo, the point was evung aside, 

and the aioroeeope was eet to focus on the scratches. The 

filler eyepiece of the instrument was calibrated using an 

average from a 1/100 mm. Stage alar caster made by the Bausch 

and Lomb Optical Go*, and a similar standard ruled in the 

Physics Laboratory of the University of Illinois. The cali­

bration was found to be 12.^2 microns per large eyepiece dlvi- 

cion.

Seven measurementa were made along each scratch except 

where chipping conditions more eo bad that the path of the 

scratching point was not visible. Prem three tests on any one 

sample there were, then, twenty-one values for each loading. 

In some instances many more than twenty-one observations were 

made in testing the reproducibility of values and comparing 

values from different regions in a larger sample of glass plate. 

In other cases, due to excessive chipping, fewer than twenty- 

one measurements were made for a given loading on any one sample.

The great difficulty in properly viewing the scratch width 

cannot be too strongly emphasised. On first thought it would 

be said that three lines Should be visible — the two edges, 

and the line at the bottom formed by the intersection of the 

side planes of the scratch. There were visible, running parallel 

to these, other markings due, presumably, to reflections, 

light interference phenomena, and minute imperfections in the 

face of the diamond scratching point. One met make many wb*
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eerv&tlcm* before he can feel no is making comparable 

measurement of aoratob vidtfia alth any degree of certainty.

A number of different procedures were tried in attempting 

to meke the eoreton more readily definable. The glass me 

given a thin coating of petrolatum with the thought that the 

scratching point would break through the layer and leave a 

clearly defined interface between the greame and glass. It 

was observed that too effect of breaking the film was, apparent 

ly to form it in droplets on the glass surface. The test 

piece was given a thin coating of smoke by holding it over a 

gee flams* Bader the high magnifioation the coating was re­

solved into partiales which were too langs and which were die* 

tributed at too great intervals to be of aid in defining the 

scratch. The glass surface to be tested was given a light Mr- 

rar coating with silver. In forming the scratch the silver 

tore irregularly along the side of the depression. The best 

coating to define the edge of the scratch was obtained by rub­

bing the finger in dirt and sneering it on the test place. The 

danger of the presence of abrasive particles wnich might tend 

to vitiate the results of tae teste led to the abandonment of 

the practice. It was possible to gain some improvement of vial 

bility conditions by rubbing the glass surface with a dirty fin 

ger after the scratches had been made. Except in extreme- eases 

this practice was not followed.

Very late in the experimental work it was found that some 

improvement in the definition of the scratch could be obtained 

if it was formed with the carriage moving opposite to the
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ta suai Ose of tse flô of tùs diamosdi point,

lastead of tiae inter *e@ti*a of tvo pie nee, met t*ie onoomin^ 

gleee, &M a eer&teh reeulteà vàica ehœed much lee# snipping 

along the edge and eomewa&t better definition.

In addition to attempting to improve sne visibility of 

the scratch edge by treating the surfaces of the test speoimew, 

there was an opportunity to observe the scratches in dark­

field illumination, with polarized light, and with an oil^im- 

mersion objective. It was found that the system with bright* 

field illumination, with the dry objective, and with ao&*polar* 

Ized light, was best suited to the work.

2. Calibration

The reduction of test results to numerical form is not 

necessary, but it is extremely convenient. Verbal explanations 

of degree are uneatisfaotory because the words used cannot 

have exactly the same meaning to the reader as to the writer. 

There are several ways in which hardness may be expressed 

numerically. %&ch has its faults and limitations.

The ^oh$3 scale of hardness has long been used for rough» 

ly evaluating the scratching properties of minerals. This 

scale has been chosen as a basis to permit a simple expression 

of toe relative hardness of the glasses studies in this inves* 

tigation. At least in one respect ** their brittleness ** 

ths minerals of Xoh#* scale are adapted for evaluating the 

scratch hardnesses of glasses.

It is well known that the properties of minerals (except 

for those of the isometric system) vary directionally^.
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It is also possible that a mineral contain impurities mhloh 

affect its physical properties. Thus too scratch hardness may 

vary with the direction and with the sample.

An extensive study of the hardness of the calibrating 

minerals might be desirable. This would include specimens from 

different geographical localities and scratching in several 

directions on the principal crystal faces, provided that apeoi- 

mens of suitable else and perfection could be obtained, this 

Study in itself would furnien a sizeable research project.

To simplify the testing procedure, only one sample of 

e^on mineral has been used# This sample has been scratched in 

one direction on one crystal face. The general scratching pro-* 

cedure was the same as that used for the standard teste on

glasses.
The minerals, their sources, the test faces, and directions 

of scratehing are given:

These minerals were chosen for calibration purposes **-

ainsral Mobs 
Seals 
#0.

aeograpnlc 
Source

Crystal 
face 

scratched

direction of Scratching

fluorite * southern 
Illinois

111 Perpendicular to trace 
of cleavage

Apatite 5 Austria iloo Parallel to stasis

Orthooiase 6 x%dagaecar 001 parallel to a~axie

Quarts 1 Arkansas iloo parallel to ataxic

cause previous investigators had found that the nardaesm of 

glass falls within the included range.

In observing the scratches made on these minerals, it was 
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found that all, except fluorite*, tend to chip more than 

gl&eaee. To ^tet eny scratch width values for loadln^g in the 

r%R@re of thirty to one hundred grama, it was necessary to make 

me&pureaent* on regions which would not have been used if the 

material had one of the test glasses. To make these 

meagurement*, the procedure suggested by Aodge and was

followed; namely, the meaaure^ente were made at points where 

the widths of the ohipped area seemed to be the least.

After tn* measurements had been made, ths usual mathemat­

ical treatment (see the next section) was applied to the re* 

suits. 'Shen the squares of the scratch widths had been plot­

ted against the load on the scratching point, smoothed curves 

were drawn as shown in Ti^ure 4&. Mints were taken from 

these curves and their square roots were replotted against the 

^ohs scale number of the mineral as shown in figure 4b. The 

Curves of figure 4b were used to translate scratch width values 

into hardness numbers.

In examining figure 4b, it may be noted that there are in* 

flections in the curves for the turee heavier loadings. It 

will be seen also that if the scratches on fluorite were of 

greater width the inflections would not be found. There is no 

reason to believe that there should be a definite relation ba* 

tween the widths of scratches made on the minerals of the Wis 

scale because of its arbitrary nature. However if there seems 

to oa some orderly relation with the lower loadings (10, 20,

chipping was evident for fluorite with loads up to 80 gram.
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30 grams) on ta* aoratoning point taie would b* oxpectw) 

to continua In the higher rangea of loading. Mention ha-B Won 

made of the marked tendency of apatite, orthoclase, and quarts 

to snip more than fluorite, it »&e observed that the tendency 

to chip increased with the load. An attempt will be made later 

to whom that, in the care of glass, the notion of chipping in 

to increase tne soratoh width. #ad tw fluorite chipped as did 

the other minerals, the orderly relation shown for the lower 

loading (figure 4b) might be found for the loadings of $0* go, 

and 100 grams on the scratching point. Tammann^O charaeteriws 

fluorspar (fluorite) as plastic. This would account for its 

benavior being different from the other, brittle minerals with 

respect to chipping.

. Method of Calculation

As stated above, the width of each scratch was measured 

at a number of points using the micrometer microscope. Tor 

any one sample the values obtained with equal loadings on the 

scrutoalng point were averaged. The standard deviation and 

probable error of any one observation were found by standard 

methode. The variations of the observations from the mean were 

examined by use of Chauvenet * criterion of rejection, end 

value* of too great divergence were discarded, finally the 

probable error of the mean was calculated, atuaent's^ factors 

were used in cases where less tu&n thirty observations were 

available.

Where the rejection of any value was indicated, the whole 

**ri*s *»e ex»mined for uniformity, and, if tO0U wleee



2%. 
were found to lie near tbe limit permitted fro# tae Galeulttiaa 

no rejection wa# made. Wowevar if the value whose rejection 

was indicated was clearly alone in its eccentricity, there was 

hesitation in allminetiit fro^s the ^ronp* in the cases 

wnere rejection was carried out it was assumed that an error 

had been made in observing the scratch boundary at the time of 

aeasurem^nt.

The means of the micrometer measurements and tns probable 

errors of the means ^ere transformed to micron units by multi— 

plying with the factor 12,After the scratch wiath (in 

microns) had been found it vac changed to Mohs scale hardnws 

by referring to the curves of figure hb.

The hardness value for the sample was found by averaging 

the values for each of the different loadings. system of 

weighting suggested by yellorZ? #&# used in obtaining the aver­

age. The hardness value for each loading was weighted by the 

amount of the reciprocal of the square of the percent probable 

error of the mean of the scratch width. As used in this 

veetigation, this method of weighting depended on dispersion, 

number of observations, and ratio of ths sise of tue dispermima 

to the sire of the measurement.

The value which resulted from these calculations was con— 

sidered to be an expression of the hardness of the sample*

%* General #@nslder&tion*

6. Effect of apeed of Seratoning: %hile n@ extensive 

study of the effect of speed was made, there were some observe 

*tioA# of scratch*# made with a motor speed of 65 %, p. &.
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There w&a no evident difference between the width# of the## 

ear&tOiee and those made at the standard speed of 100 r. p. m. 

since time is an important element in the testing of 
aï&&e%are2%\ inor easin the speed of scratching might be ex­

pected to result in a reduced sor&toh width.

b. affect of shape of Scratching Point; ocratoa hardness 

tests are not standardized. In terms of scratch width, the 

results of each test depend upon the geometric shape and the 

sise of the angles of the point.

In addition to the standard scratching point used through­

out the investigation, another point, made by three planes at 

and angle of 107*, was obtained. The widths of the scratches 

made by these two points are tabulated:

Load on Point Scratch %idth - microns 
grams 130* point 10?* point

10 6.69 6.?6
20 9*2#
30 11.45 9.54
50 15.33 13.45

A series of tests was mad* with the 130* diamond, running th# 

carriage in revere# of it* usual direction, eo that a flat face 

rather than an intersection of planes met the oncoming glass. 

The scratch width# obtained in these testa were almost identic 

sal wita those from the regular procedure when loading# of 10, 

20, and 30 grams were used. The same sample of glass was used 

for all three series of measurements.

the depths of the scratches for the 130» and the 107* 

points were calculated to be 0.163 and 0.27% of the width# 

respectively.
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One of the earliest observations made in this investiga­

tion was that the square of the ecr&teh width w&@ nearly pro­

portional to the load on the point (see Figure 5). This r$* 

l&tlon has been need in obtaining the calibraticn curve* 

(Figure be).

Some attempts were made to analyze the acsicn of the point* 

in forcing tae soratchea. The oomparison* of the results 

from different procedure* did not lead to any definite con­

clusions.

It was found that the scratch made with the 130* diamond 

was markedly less chipped when the flat race wet the oncoming 

gl&ee. Peter^S reported that a diamond tool forming a ehal­

low scratch gave tne best ruling for optical grating*. tm* 

tool made with an an^l# of about 135# at bottom of 

the scratch, and the leading face see flat and inclined at 

about 4o# to the vertical.

c. The effect of Chinning: Figure 5 shows graphically the 

relation between the squares of the scratch widths obtained 

for the 130# diamond point with different procedures. The up­

per curve was drawn by plotting the squares of the scratch 

widths resulting from the standard procedure. The lower ewve 

shows a similar plotting of values obtained when the direction 

of the motion of the sample with respect to the scratching 

point is reversed. Lesser loadings produce identical curves 

because there is no chipping. As the loading is increased, 

the shipping becomes more evident with the standard procedure, 

and the two curves separate.
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•Scratch made with 10 
grams load on scratch­
ing point. No chip­
ping.

Scratch made with 20 
grams load on scratch­
ing point. Slight 
chipping.

x
•' A

' " 7 A

En.4 °f 
Scr.tcf

Scratch made with 50 End of badly chipped
grams load on scratch* scratch. Note crack
ing point. Badly which preceded the
chipped but path of scratching point,
diamond is visible.

Figure 6
Magnification approx. 650 X



30.

Figure 7

Silhouette of scratching point 
perpendicular to intersection 

of two planes. Photograph 
made at the completion of the 
scratching tests. Magnifi­
cation approximately 80 X.
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The amount of wear which occurred made no material dif- 

f&renae in the results of the tests.

e. Tae Relation between Scratoh %idth and Load on the 

Scratching Point : Figure $ ehows the relation between tan 

square of the scratch width and the load on the scratching 

point. Figure 8 enowa the relation of width to load. the form 

of tne curve of Figure 5 suggeetas that the relation shown in 

Figure 8 is parabolic in nat^e although there is departure 

fro# a true paranoia.

The very eaert dotted branch of Figure 8 above the form of 

curve which resulted from some meaeuremente made with email 

loads in the early part of the investigation. This form of 

curve could result from a very thin» soft surface layer on the 

glaee. The relatively high error of measurement of such a 

narrow scratch leads one to question the significance of the 

observation.
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A Hating of the e&mplee tested in this investigation will 

to found imnodihtoly below. The ooapG#lti&&8 of those eamploe 

which are marked with an asteriea (*) nay be found following 

tn# general listing.

Cample neeoription
Number

1* Rolled, unpolished plate glass. tooted on the rough 
surface.

2* The same ag No. 1. Tested on a s&ooth edge produced 
by breaking.

?* The name as No. 1. &ouge^pol 1 shed in the laboratory. 
Tested on th# rouge-polished aurfase.

&* Polished plate glass. Tested on the rou&e-polieaed 
eurface.

5* Polished plate glass. Tested on the rouge-uollBhed 
surface after it had been ooatad with grease.

6* roliehed elate glare. Tested on a emootn edge produced 
by breaking.

7* Wire-polished glass. Tasted on the fira-uolished eur­
face.

%* Unpolished plate original surfao# abraded away.
Tested on the surface produced by treating for 
seconds with a eolation of sulfuric acid (1 part) and 
hydrofluoric aold (2 parts).

9» Polished glass eurfaoe produced by rolling quickly with 
a polished aetel roll. Tested on the pollened enrf&e#.

10* The same as No. 9. Tested on a smooth edge produced 
by breaking.

11* Fire^poliehed window glass used for modulus of rupture 
tests. Tested on the fire-pollebed surface.

12* The same as No. 11. Strained by quick cooling from 
low red heat. Tested on the fire-pollened surface.

13* Cast and polished glass. Tested on the rouge-polished 
surface.
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Ku&ber

14* Flint bottle gl&se.

15* Flint bottle glass.
surface*

16* Amber bottle glass.

I?* Amber bottle plaea,
eurfaoe.

18* Green bottle gl&e*.

19* Green bottle glees,
surface.

20

21

22

2"%

24*

25*

26*

27*

28*

29*

90*

neeoription

Tested on the mold surfaoe.

Tested on tne flre-pollshed

Tested on ine mold eurfaoe.

Tested on the fire-polished

Tested on the mold surface.

Tested on the fire-polished

Clear glass taken from a eater oitcher. The sur­
face tested eas formed against an iron mold.

The same glass as tlAt of Sample 20. The surface 
tested was formed against a paste mold.

Polished plate glass received for modulus of rupture 
tests. Tested on the rouge-polished surface.

Polished plate glass received for modulus of rupture 
tests. Tested on the rouge-polished surface.

Optical glass received fra# tae National Bureau of 
Standarde. Tested on a rouge-polisned surface.

Optical glass received from the National Bureau of 
standards. Tested on a rouge-polished surface.

Optical glass received from the National bureau of 
standards. Tested on a rouge-polished surface.

Optical glass received from Ballsy and Sharp Co., 
Hamburg, R. T. Teeted on a rouge-polished surface.

Optical glass received from Bailey and Sharp Co. 
Tested on a rouge-polished surface.

Optical glass received from Bailey and Sharp 00.
Tested on a rouge-polished surface.

Optical glass received from Bailey and Sharp Go. 
Tested on a rouge-polished surface.
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sample 
lumber

description

31* gxperiWRtal glasses made in the laboratories of
32* tae department of Ceramic Bngineer&ng. In this
3^* aeries amounts of alumina were added to a base glass
3%* of the type used for making bottle*. All were teat-
35* ad on a fire-polished surface.

36* Experimental glasses received from .^lley and SMrp
37* Co., ^mburg# B. Y. The group was selected to snow
38* the effect of variation of composition upon the hard-
39* ness. All were tested on a fire-pollshad surface.

^1*

42 Rod of chemical glassware. Tested on the fire-polish­
ed side surface.

4^3 Rod of chemical glassware. Tested on the end on the 
smooth surface produced cy breaking.

M Tempered sheet glass. Tested on the polished surface.

4) Clear rod of fused silica. Tested on the fire-pollsh- 
ed surface.

46 Green, translucent condensation product. Tested on 
the smooth surface.

4? clear, transparent condensation product. Tested on 
the smooth surface.

48 Red sealing wax. Taeted on the smooth surface pro­
duced by cooling from the melt.

Compositions of the glasses*

The approximate analysis of the glass of samples Io. 1

to Io. 10 inclusive, Me tarai shed by the manufacturer:

810g 
WO 
GaO 
MgO 
W^ 
pad 
41^0^ 
rego^

71.# 
13.46 
13*01 
0.09 
0.87 
0*07 
0.26 
0.48

100.00



TM analyei* of the glass of saaplea Ko. 11 and 12 *&» 

furnienad by the manufacturer:

v&s iuruishad by tM manufacturer)

S1Ü2 
%&20 
C&T'

*
72 .M
11.62
9.84

Sgo 
sag soif, 
K«01

3.20
0t$9 
oao

AlgOz 0.1É
Wo5

The approximate analysis of gla^- of e$^pla ^o. 11

The analyses of the glaenea of oaupls# 14 to 19 inclusive)

8*02 
S&pO 
o&5
X&0

Æ 
70.80 

7^82 
12.05 
6.87

Naoi
SboOc 
y^o|

0.15 
0.88
1.06 
o.ok

were furnished by the manufacturer:

Percentage conpoeltion
Sample X*. lk-15 16-1? 18-19

Silica 7^.90 71-77 71.71
0.U6 1.55 1.16

Calcium 
mgnaelum 
S&0 
KUgO

5.8g 9.12 5-82
k.06 0.0g 4.18
o.*7 ----- - 0.46

15.W 17.36 16.41
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Th# amklyaea of th# glaeae* of sample# 2$, and 26 

have oema oaloulate^ from their b&toh composition#. They sere 

furniehed by the K&tion&l Bureau of BteMarde-

Mimple ^o.
Percentage Composition

2% 25 26

SiOg 39-9 66.6 66.5
3.0 9.8 11.0
4.0 5-9 5«o

f»bO 49.0
^aO 7-8 10.6
zno *• « 1.9 1^5
c&O 4.0
&$2O% «a * 0.2

7.8
0.4
3.0

SbgOg 1.0 •w W

The analyses of the glasses of SMplea 37 to ^O,incln$ive, 

have been calculated irou* tueir batch conpoeitlons. They 

wore furnished by Bailey and Sharp Co.» %w#urg, %, Y.

Sample #o.
Parc# 
27

ratage Composition
28 29 30

56.0 48.0 40.0 27.0
RpO^ w 1.0 3.0 0.0
Cav" -* w. . w. w
PbO 8.5 #» we 73.0

8.5 9.0 9.0
MM ** 4.0 6.9
6.0 7.0 3.0

^agu 5*o 1.0
5au 14.0 30.0 4a. o

The analyses of the glasses of samples Xo. 31 to 35, indu-

Siva# were made by bailey and ^hayp Co.# Hamburg, X. Y.

Percentage composition
Sample So. 31 32 33 3» 35

810% 73.50 70.92 69.90 69.73 69.00
c&o 6.07 5.88 5.75 4.95 5.61
^#0 4.38 4.14 3.92 3.60 3.90
Azo# 0.35 3.36 4.75 6.33 7.71
wo 15.68 15.70 15.68 15.39 13.78
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azykiy##* of tue glasses of samples Mo. 36 to M, in— 

olnslvs^ have oa^a fmnieà^ô by the Bailey and Bharp Co.

Sample Mo. 36
Percentage Composition
37 38 39 49 41

SiOg 72-7 72.5 72.7 72.6 71*d 72.51.% 0.7 a.7 1.5 2.3 2.3cao 10.7 11.2 12.9 10.5 10.6 11-5
sa20 15.4 15.6 13-7 15.4 15-3 13-7

3. MODULUS OF auptmx

fhe apMT&tus sho%n so^ematloally in n.^3üre 3 and deeorib- 

ad on page 10, was used for the determination of the modulus 

of rupture of the several glassse. Before using the apparatus, 

the ratio of the load on the end of the beam to the load @a 

tee specimen sus determined. This was found to be 1.000 to 

10.00. The machine #a@ set so that there would be no load on 

the test place when the loading vessel was empty.

The gl&esee used in tas aodulue of rupture tests were 

received from two manufacurers and are described as Samples 

Ko. 4, 11, 22, and 2^ in the listing beginning on page 33* They 

were in the form of etripe one inch (2.g cm.) in width, olg&t 

inches (20.3 om.) in length, and of different thicknesses. 

These sampler apparently hsl been cut from larger sne^ta of 

gibes by scratching and breaking. Ruan received eaon pisos 

was separated from its neighbor by a sheet of paper, and care 

was tacan not to toucri tne samples near the center before they 

had been broken.

To make a test, the gl&se specimen was placed in the hold­

ing device,and water was admitted to the loading vessel at a
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pr&det&rsinad zate. Lian tue aa&ple ^aà broken, tas plea#* 

*$re removed aal t ae breadth and tae talG&aese of tn* glaa# at 

the point of br&&tlng *are #a&@ur@4 %lth % atcroaotor. Tha

of in the raoeivin^ Tempel fouwi to tae near­

est 1/2 ounoe (li&.great).

From the data obt&ine# the of rapture cal*

cala.tal by the formula:

in ehica P #&% the load (%% pound#), b the length of span ( 7 

inchea), b the breadth of the ea^plg (in inohee)# d the thiek* 

neee of the f&mple (in inches). The modulus of rupture h&a 

been converted to egulv&laot units of the metric system in 

reporting.the results.

Since the specimens «are not of the same tnickneea aa 

ettempt vas made to apply the stress rather than the load at a 

uniform rate. fnc avar^ge rate of application of strese aaa 

^010 lb. per sq. in. per minute. Rates actually used for each 

series of sables *111 be given in reporting tn# results of the 

testa.

Statistical values sere calculated for tue modulus of 

rupture data. Rejections were made on the oasis of aaauv$net*$

criterion.
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A. SCRATCH HARDNESS

The results ef the determinations of hardness for the 

several glasses tested in this investigation are tabulated 

below. The mean scratch width, the probable error of the 

mean, the number of scratches made, the total number of meas­

urements made, the Kobe scale hardness, and the average aoho 

«sale hardness are given. The weighting procedure described 

in the previous chapter was used in arriving at an average 

value for hardness.

Sample Load Mean Probable dumber Nobe Averageaumbar on Scratch Error of of of Saale MrdneeePoint Width Mean Measure*» H&rdaeee %ohe
Grams Mierans Microns mda meat* V&lue seal*

l 10 
to

6.26 0.053 11 108 5.60 5.639.06 0.051 2^ 104 5*54
30 11.01 0.075 11 04 5.65
50
80

14-73 O.O56 M 34 5.65
18.82 0.069 : 17 5.66

100 21.62 0.067 & 15 5-61
: 10 6.02

9.10
O.O67 3 21 5.6O 5.66

20 0.069 4 34
30 10.77 0.080 3 21 5.71

14.U 0.114 4 34 5.74
80 18.61 0.118 4 34 5.70

100 21.61 0.241 4 20 5.61

3 10
20
30

6.65 0.050 3 21 5.44
5.39
5-58

5.52
9-57

11.35
2:28 ? 21

21
50 15-26 0e073 3 21 5.5g
80 19.64

22.67
Delia 3 f 5.56

100 oa# 3 7 5.48

M 10 6.6» 0.030 20 153 5.43 5.52
20 9.28 o.oas 21 152 5.47
30 11.45 O.(A( 20 137 5.55
50 15.33 o.oy 17 119 

73
5.57

80 20.48 0.066 14 5.45
100 22.32 0.145 14 37 5.53
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sample Load &e&n Probable Number Number Average
Number 0% Seraten Error of of of Scale Hardness

Point %idth ^ean Soratche# %@&#ure~ Hardness Mob#
Gram# Micron# Moron# mente Value Seal e

5 10
20
30

6.7» 0.058 3 20 5-40 5.64
9.«

11.2»
0.052
0.0*3

3
3

20
20

9

5-38
5.60

50 1».*9 0.123 5.69
80 18.66 0.041 3 17 5.69

100 20.99 Q.10I 3 11 5.70
6 10 6.46 0.050 3 20 5.52 5.62

20 9-52 0.050 3 20 5.41
30 10.99 0.0*3 20 5.66
50 14.57 0.075 16 5.68
80 18.90 0.156 3 15 5.66

100 21.42 0.335 3 4 5.63

7 10 6-75 0.042 4 21 5.4o 5.47
20 8.99 0.057 4 26 5.55
30 12.15 0.155 4 19 5.40
50 16.11 0.087 4 28 5.45
80 18.89 0.436 4 20 5.67

100 21.61 0.607 4 20 5.75
8 10 6.10 0.100 1 8 5.65 5.48

20 9.04 0.100 3 21 5.54
30 10.80 0.10a 1 8 5.70
50 16.15 0.167 3 21 5.45
80 20.61 0.192 3 21 5.44

100 23.86 0.256 3 11 5.37

9 10 6.05 0.035 8 92 5.68 5.7420 8.69 0.046 10 84 5.64
30 10.93 0.064 8 52 5-67
50 14.70 0.116 6 47 5.66
80 17.71 0.084 3 19 5.85

100 20.22 0.124 3 17 5.so

10 10 ?.O8 0.04g 3 23 5.36 5.64
20 9.83 0.1»7 3 20 5.32
30 11.39 0.068 3 18 5.57
50 15-30 0.163 3 17 5.57
80 18.86 0.128 3 18 5.06

100 21.41 0.237 3 7 5.63

11 10 6.28 0.048 15 102 5.59 5.61
20 8.98 0.040 14 101 5-56
30 11.14 0.030 15 99 5-62
50 14.88 0.037 13 81 5-63
80 19.24 0.065 9 45 5.61

100 22.39 0.084 9 40 5.52
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Savoie Load Maan probable Dumber Dumber Average
on SeratoM Brror of of of Saale Hardness

Point ^idth %aan Scr&tobea ^eamire- Sone
Grama Klorona Moron® àiada manta v&lue Scale

13 10 6.29 0.064 3 ai 5-58 5.46
20 9.^9 0.042 3 20 5.42
30 11.9k 0.079 3 20 5.45

15-*5 0.119 3 6 5-55
80 **** N*** * ****** X 0

100 *** -♦**••** 0

13 10 6.79 0.033 9 n 5-54 5-61
30
30

9.00
10.91

0.049
0.0W

9
9

8
50 1k. §8 0.056 6 39 5.6s
80 IS. 52 9.058 6 3$ 5-%

100 21.95 0.099 6 5.63

10
20

6.%9 0.061 6 41 5-51 5.60
8.6§ 0.076 6 42 5-65

30 10.87 0.070 6 42 5-69
50 15-00 O.O65 6 41 5.62
80 19.87 0.137 6 35 5.52

100 21.7s 0.090 6 19 5.59

15 10 6.SO ' 0.030 9 74 5.38 5.55
20 9.33 0.030 9 65

62
5.46

30 11.17 0.339 9 5.62
50 15.03 0.061 a % 5.61
80 19.65 0.153 f

100 22.70 0.069 6 3? • MS

16 10 6.12 O.O36 5 ^9 5.g 5.65
20
30

8.75 0.0N 6 5» 62
10.63 0.063 6

21
5.69

$3 lh.40 0.056 4 5.70
80 18.89 0.1*8 3 20

100 21.49 0.09* 3 12 5.62

17 10 6.22 0.053 5 Hl 5.61 5.77
20 8.83 0.071 5 Ml 5.^
30 II.52 0.078 5 ?6 5.5*
50 12.89 0.066 4 21 5.93
80 17.10 0.131 3

3
21 5.95

100 19.89 0.1*3 18 5«Sé

1g 10 6.48 0.0*2 1 41 5.51 5.52
20 9.56 0.055 Ml >.40A» 4W4N#
30
50
80

11.56
15.50
19.75

0.041
0.076 
0.436

5
I

Mo
1

1

100 w ***** 3 0



43.
Sample Load &&aan Probable lumbar Number %oh$ AverageKimber on Scratch %r@r of of of BO&la HardnessPoint %idth 8@an Scratch** .^assure- ^rdnees MohsGrama Micron* #icrone Mada manta value Seale

19 10 6.M 0.061 8 63 5. $2 5.4720 9-66 0.066 8 62 5-3730 11.78 0.075 g 61 5*48
50 15.99 0.Q71 « 68 5.47go

100
30.25 0,130 6 35 5.4g22.90 0.115 6 37 5.46

20 10
20

5.6O
M3

0.04$
0.075

3
3

21
22

5*86
5.69

5.73
30 9.92 0.095 3 24 5.9350 0.117 3 22 5.7Igo 18.79 0.153 3 4 5*7100 21.18 0.113 3 12 5-67

21 10 5.82 0.065 3 21 5*77 5.6120 9.03 0.071 3 21 5.54
30 11.55 0.110 3 20 5*5350 14.41 0.182 3 15 5.7080 18.89 0.654 3 5 5.66

100 20.93 0.594 3 2 5-70
22 10 6.98 O.Ofe 3 21 5«31 5-4620 0.055 3 21 5-30

30 O.O85 3 16 5.51
50
80

0.097
0.164

3
3 i

100 21.29 0.245 3 4 5-64

23 10 6.78 0.059 3 21 5-39 5-5320 9.76 9.069 3 21 5.34
30 10.94 0.121 3 21 5.67
50 i5.ll 0.091 3 16 5.6O
80 19.30 O.123 3 15 5.60

100 21.52 0.192 3 5 5-62
24 10 7-55 0.043 g 14 5-08 5.32

20 10.34 0.041 3 21 5.17
30 12.70 0.112 2 14 5.27
50 16.21 0.076 3 20 5.41

5.3880 22.09 0.158 a 12
100 26.08 0.161 & 10 5-18

25 10 5.34 0.047 3 21 5.96 5-82
20 8.38 Q.076 3 21 5-74
30 9.79 0.074 3 21 5.94
50 14.26 0.067 3 20 5-73
80 16-75 0.456 3 3 5-84

100 3 0 **►
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Sample Load iaan Probable dumber dumber Vohs Average
gumbar on ger&toh %rror of of of Sonia Hardness

Point %idth Soratchea Measure* Hardness #o&e
Grama Micron# Miorona Wade Mante Value Soale

26 10 6.36 0.047 6 42 5.56 5.62
20 9.28 0.044 6 42 5.48
30 10.64 0.048 6 5.74
50 15.00 O.O55 6 41 5.62
80 19.00 0.499 6 26 5-64

100 6 0

27 10 6.41 0.041 3 20 5.54 5.65
20 q.02 0.062 3 19 5.54
30 10.8? 0.036 3 20 5.68
50 
ân

14.4g 0.050 3
1

15 5-69

100 ** *»*•**
?
3

u
0

28 10 6.64 0.030 3 19 5.45 5.60
20 9.11 0.034 3 21 5-52
30 10.82 0.033 3 21 5.89
50 14.69 0.099 3 21 5-66

18.64 0.116 3 10 5-69
100 3*** ***** 3 0

29 10 6.85 0.022 3 20 5-37 5-50
20 9.54 0.050 3 20 5.40
30 11.40 0.058 3 1? 5.56
50 I5.IO 0.076 3 21 5.60
SO 19.38 0.042 3 20 5.59

100 22.23 0.100 3 21 5-53

30 10 8.Q4 0.022 3 21 4.87 4.95
20 II.47

14.33
0.048 3 21 4.86

% 0.052 3 20 4.91
50 19.02 0.075 3 5.11
so 25.19 0.127 3 19 5.05

100 26.15 0.190 3 15 5.O6

31 10 6.65 0.057 3 20 5-42 5.42
20 9.24 0.103 3 21 5.49
30 12.14 0.070 3 20 5.40
$0 16.36 0.126 3 21 5-42
SO 20.2? 0.675 3 20 5.48

100 24.07 0.856 3 3 5.2g

32 10 6.83 0.092 3 20 5-37 5-51
20 9.14 0.131 3 20 5-51
30 12.42 0.125 3 20 5-3?
50 16.13 0.287 3 17 5.44
80 19.08 0.184 3 5.63

5-53100 22.27 0.083 3
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Sample Loa# #ean Probable KWber Kohs Average
Lumber on ^aratoh error of of of Beale hardness

Point Sidth Haan Scratches üe&Bure- hardness ^oae
Grams Micron* Microns .^de meats Value Scale

33 10 6#5& 0.070 4 2g 5.47 5.65
20 8,73 0.091 4 27 5.63
30 11-59 0.102 4 23 5.52
50 14.83 O.235 4 19 5.64
go 17-36 0.150 4 12 5-90

100 •* 4 0
34 io 6.23 0.077 3 21 5.60 5.5620 8.91 0.065 3 20 5-58

30 11.SO 0.112 3 18 5-48
50 15.25 0.116 5 20 5-58
80 17.81 9.302 3 4 5.66

100 22.00 0.120 T 6 5.56

35 10 6.02 0.052 3 21 5-69 5-73
20 8.18 0.058 3 21 5-79
30 11.01 0.089 3 22 5-66
50 IN. 85 Q.I50 3 10 5.64
so 18.29 0.031 5 5-75

100 21.61 0.167 3 & 5-61

36 10 6.56 0.081 3 21 5-48 5.48
20 9.4? 0.080 3 22 5-43
30 11.73 0.105 3 20 5-49
50 14.30 0.282 g 5-72
to 0

100 3 0

37 10 5.75 O.O65 6 42 5-80 5-51
20 9.32 0.079 6 42 5-46
30 12.05 0.075 6 41 5.42
50 15-59 O.094 3 21 5-53
to 3 0

100 * ***** 3 0 *» ***

38 10 5.80 0.054 3 21 5.77 5-8120 3.31 0.082 3 19 5-76
30 IO.76 0.112 3 12 5-71
50 13.84 0.180 3 IS 5-79
so 16. S3 0.14? 3 5-98

100 20.37 0.225 3 6 5-78

39 10 6.68 0.05s 3 19 5-43 5.40
20 9.92 0.074 3 21 5-3p
30 11.95 0.096 21 5.44

15.11 0.163 / 9 5-50
0 **

100 w *»*w 0 w ww
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Sample 
lumber

Losa 
OB

Paint
Gram#

^aan 
Ooratnh

Micron#

Probable 
Srror of

Micron#

^iwber 
of 

Soratohe#
Made

Bumbar 
of 

Ma&aur#- 
manta

%ona
Soala 

^ardneaa 
Value

Average 
^rdness 
j^oaa

Scale

40 10 6.97 0.026 3 21 5.32 5-34
20 9.63 0.070 3 23 5.38
30 11.64 0.068 5 21 5.51
50 16.14 0.159 3 20 5*44
$0 18.68 0.62% 3 U 5.68

100 N* **«**w 3 0 **

41 10 6.14 0.116 3 21 5*64 5*58
20 8.99 0.105 3 20 5*56
30 II.05 0.114 3 20 5*64
$0 15.49 0.131 3 19 5*54
#0 4***a* ****** ** ****** 3 0 * ***•

100 ***** **W ** ****** 3 0

42 50 14.59 0.14? 1 22 5.67 5*67

43 50 14.55 0.088 30 5.68 5*68

44 10 6.79 0.046 3 20 5*39 5*64
20 8.89 0.052 3 23 5.5«
30 10.85 0.057 3 21 5.69
50 14.38 0.108 3 22 5*71
80 18.80 0.064 3 5*67

100 21.12 0.096 3 19 5.67

45 10 4.61 O.O65 6 53 6.2g 6.31
20 6.77 0.085 % 22 6.22
30 8.36 0.7 >1 % 1 6.80
50 w- ***** 3 0

46 10 17.20 1 6
20 26.8 1 6
30 31.6 N* 1 6 *a ***•

47 5 18.2 1 7 « *****
10 27.3 1 % m ****
15 1 6 *6» **-*»
20 45.5 1 6
30 51.7 «* ******* 1 7 *• ****

48 5 23.7 «Mt 1 f «M3 ***** * ****
10 32.5 1 6 NW «MOW
15 39*5 1 6
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Sample Load Mean Probable dumber dumber Average
Tested on Scratch Brror of of of goal* hardness

Point %idtb Scratohea Meaeura- Marine**
Grams Miorans Hicrane &enta Value Seal*

gearta 10 3.02 0.0^3 20 6.99 7-02
20 4.51 0.045 21 7.20
?O 6.38 0.072 20 6.96
go 9.09 0.166 19 6*73
80 12.48 3.173 18 7*02

100 15-10 0.149 9 7.00

Ortho- 10 3.98 3.093 21 6*58 6*0%
olase 20 7.11 0.1*9 6,10

30 9.42 0.13% 21 6.02
$0 13.18 0.186 21 5*&9do 16.?7 0.269 21 6.09

100 19.30 O.294 21 5*9%

Apa^
tits 10 6.84 0.126 31 5-36 k.98

20 10.40 9.175 17 5.16
30 14.41 0.2*9 33 4,90
50 22.31 0.415 26 4.69
80 25-31 0.393 15 ).9%

yiuor- 10 9.89 0.077 Bl 4.03 4.01
its 20 14.49 0.080 20

30 18.68 0.15* 21 4.00
50 24.60 0.102 21 3.97
so 32.42 0.249 19 3-99

B. MODULUS! OF RUPTURF

3am- Modulus of Rupture Pro&,%pror - Mean Gumbar Average Rate of
pl* Ib/sq In kg/eq cm Ib/sq in Kg/eq c» of Application of
:No. Spoel­ Stress

man* Ib/sq in kg/eq am

» 10,^50 735 557 39-2 12 2875 202

11 10,574 743 393 27.6 36 2 908 204

22 7,221 50g 223 15.7 12 3000 211

23 7,726 543 484 34.0 2% 3160 222



fw following will be devoted largely to the oo@pari*oa 

of the hardness values for the samples tested. The differences 

in hardness snown by the results will generally be treated as 

real and ei&nifie&nt, since this le neoeee&ry for brevity.

An extended analysis of the eignifloanee of the differences 

in the scratch hardness of the sample* has not been made. It 

might be possible to o&loul&te tae probable error of the aver* 

age hardness value and study the significance of the results 

with its help. It would be possible to examine the signifi- 

canoe of the differences of widths of scratches made with 

each loading on the scratching point. A difficulty which would 

arise in this latter case can be illustrated by an example:

The average result for sample 5 shows a substantial in* 

crease in hardness over sample %, yet when the results for 

the loadings of ten and twenty grams are observed it would ap­

pear that Mo. 4 is harder than Mo. ÿ. The hardness values ob­

tained from the higher loadings are the ones which produce the 

effect shown by the average.

Given though the difference# in hardness may not have the 

desired degree of significance, the result# are generally con* 

sistent.

There are three evident causes of dispersion la th# measur# 

mente of this investigation: (1) the difficulty in properly 

defining the scratch width for measurement, (2) the dispersions 

arising from measuring technic, and (1) the variations which 

seem to be characteristic of glass subjected to any test de*



pending on its physical etaangth.

The difficulty of properly viewing the scratch boundaries 

has already been discussed.

üispereians in the ae&oure&ents are due chiefly to meoh- 

anical imperfections in the apparatus and the inability of the 

eye to sense the precise setting of the cross-hair of the 

micrometer. To thsee must be added the effect of focus, be­

cause it was necessary to readjust the microscope for practi­

cally every measurementt A number of measurements were made 

at Identical points on three scratches to form an estimate 

of tae amount of error introduced in tn# measuring of the 

scratch widths, The usual care was taken in making the meas­

urements, and the microscope was re-focused before each read-

ing was made. The results are tabulated)

Mean standard Number
Scratch Oidtb deviation of

Microns Micron# Measurements

1 6.01 O.2$q 30
11 8.60 0.214 30

III 11.39 0.22& 30

The scratches 11 and III were better defined than scratch I

To allow a ready comparison, some standard deviation data have 

been assembled:

Mean Standard Kumber
Scratch %ldth Deviation of

Microns Microns Measurements
1:8 153

IgA
11.*5 0.42 137
15.33 O.65 119
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Mean standard dumber
Scratch Width Deviation of

lierons lierons Measurements

6.41 0.25 20
9.02 0.25 19

io. «7 0.22 KO
14. M 0.2? 15

§.82 0.42 21
9-33 O.45 21

11. §5 0.68 21
14.4? O.gg 15

6.46 0.31 20
9.52 0.31 20

10.99 0.26 20
14.57 0.41 16

Thés# valw# bave baaa at r&Ma# to eho* ta&t #%eh of

tba dispersion in th# te&t résulta ean be attributed to th# 

error of @e&8ure#@nt. Thia 1* particularly true of tae nar- 

rover ecr&tohee. Th# error of %$aaure#ent might be reduced 

by obtaining a better micrometer, and by having absolute rigid 

ity of the optical perte relative to the scratch.

The results of tests of physical etreugth of glace are 

prone to ahoa large variations from one sample to another. It 

mould not be surprising if a test of scratch hardness adorned 

similar characteristics.

The tendency of individual glasses to chip may be found 

by comparing the number of measurements with the number of 

scratches for a particular loading. %hen it is considered 

that the practice was to make seven measurements for each 

scratch, the recording of less than that number per scratch in 

dicates a tendency to chip. Rhea the chipping sag extensive 

the regions cut table for measurement were reduced in number.



51.
A. PHYSICAL errors

the of the hardnee* @ea$ure#entg are reviewed

the following may be noted;

^ougs-p^llshins a g]a$a surface eoftene it. fuie le 

shown by a comparison of values obtained for sample* 1, 3, and 

aouge^polivhlng aleo eee&a to inoreaau the tendency to 
Ohio.

■ BeU6y26 studied the polishing of .estai», minérale, and 

glass. >ia concluded tant the high polish obtained by use of 

rouge resulted from the flow of the surface. The flow lowers 

tn& projections and fills the depression*, ^ork must be done 

on the #lasa surface to produoe flow. If work is dona, there 

are bound to be frictional effects which will convert some of 

tu# work into heat. A strained material will result if tae 

liquid layer seta and c^ole to the temperature of the aolid 

body. Hypothetio&lly, at least, a rouge-pollened glass aur- 

face is under tension.

Halladay and Twyman^7, who studied an optical glass, found 

that there was a horizontal tension condition immediately be­

low a diamond out in glass* The type of surface was not sjeoi- 

fled, but it may be assumed that it was either rouge- or fire- 

polished. An attempt will be made later to show that there is 

some similarity between these two types of pollsaed surfaces. 
Preston^# was of the opinion that the horizontal stress was 

due to tiny particles of glass which get into the crack formed 

by the diamond and act as wedges in maintaining a strained 

condition. It seems equally likely that the tension condition 
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which is found, just below the diamond scratch is due to local 

release of strain in the outer layer and concentration in the 

plane where it has been observed.

Beilby^G stated that the depth of mechanical disturbance 

in the polishing of calcite was from 500 to 1000 millimicrons. 

For the scratches of the present investigation, a simple cal­

culation shows that the depth is 0.16 of the width, The surface 

layer would be penetrated with a loading of only ten grams on 

the scratching point. Thus, it develops that the results of 

the measurements made on the rouge-pollsbed glass express a sum­

mation of the hardnesses of the surface layer and of the glass 

beneath. It is doubtful if the apparatus used for the measure­

ments is sensitive enough to permit a close study of the hard­

ness from the surface inward.

The above discussion attempts to explain the observations 

of scratch hardness of rouge»polished glass by assuming a sur­

face layer under tension. An alternative explanation of the 

reason for this softening may be deduced as follows :

It is a common observation that glasses which are quite 

durable under ordinary conditions undergo a ra id disintegration 

when treated in the autoclave* In the rouge-polishing process, 

glasses are subjected to pressure and a somewhat elevated tem­

perature in the presence of moisture* It seems possible that 

the conditions of the autoclave are found in rouge-polishing. 

If the surface has undergone any disintegration in the polish­

ing process it cannot be detected by the ordinary means of ex­

amination. This does not preclude a hypothesis of sub-micro-
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seopic disintegration whose effect is note 4 in the scratch 

hardness tests•

The results indicate that a fire-polished surface is 

softer than one which has been formed in contact with metal. 

This may be demonstrated in the comparison of values for 

sample 1 with 7, 9 with 7, 14 with 16, and 18 with 19« An 

exception Is found when sample 16 is compared with 17*

It has been found that when an increase in alkali content 
og 

of a glass is made, the surface tension falls and the thermal 

expansion rises^* From observations on the behavior of sur­

face tension, it is known that a dissolved substance which 

causes a lowering of surface tension tends to concentrate at 

the surface of the solution* The surface layer of a glass, 

which has been colle from a melt, must be under tension because 

its thermal contraction is greater in cooling then the con­

traction of the main body of the glass* This tension is in ad­

dition to the force exerted by the surface tension* If this 

hypothesis of surface strain in fire-polished glasses is ad­

missible then the softening effect of strain can be noted as 

it was in the discussion of rouge-polished glass surfaces.

In the following section which is devoted to the effects 

of composition on the scratch hardness of glasses, it is brought 

out that additions of soda soften a glass. As has been Indi­

cated above, the free surface of a glass would be expected to 

have a higher soda content then the body of the glass. This 

fact, per se, may furnish adequate explanation of the soften­

ing effect of fire-polish*
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Hardness tests made on the fractured edge of certain 

glass samples have been assumed to show the hardness of the 

glass as it is found in the interior of the body. The glass 

of the first ten samples listed is sup rosed to be of , the same 

composition. Hardness tests have been made on the edges of 

three different samples of this glass. These results are listed 

for samples Ko, 2, 6, and 10. While there is not excellent 

agreement among these values, the general average is 5.64.

This approaches the value of 5.65 which was found for sample 1, 

it would seem that the rolling process used in making plate 

glass leaves a product whose hardness throughout is nearly uni­

form. Semple Ko. 9, another rolled glass, is of superior hard­

ness. From the brief desert tion of the manufacturing process, 

there is no indication of a reason for this difference.

Comparison of the hardness of sample 8 with sample 1 

shows that acid treatment softens this kind of glass.

The surfaces of container glassware are sometimes lubri­

cated to reduce the scratching in the lehr. The results from 

the study of the hardness of samples 4 and 5 show that lubri­

cation has an appreciable effect in increasing the apparent 

hardness of glass.

The difference in hardness between a fire- oilshed sur­

face and one which has been forme in contact with metal (usual­

ly iron) has already been mentioned. In addition to the soften­

ing effect of fire-polishing, there is a possibility of a 

hardening effect due to the contact with the metal. By use of 

x-ray technic, Trlllat^ has found evidence of orientation In 

the surface structure of cast glass cylinders. This arrange- 
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ment would result in a more compact structure which would be ex*  

pecten to show an increased hardness•

* Since the units in metals and other substances take up pre­
ferred positions when formed into elongated bodies, it was 
thought that some similar phenomenon might occur in the draw­
ing of glass rods.

Samples BO and 21 show that an article formed in an iron 

mold is more difficult to scratch than one made in a paste mold, 

even when the glass composition is identical*  From the method 

of formation it might be suspected that the glass made In the 

paste mold has a fire-polished surface*  This surface, formed in 

steam, may have different properties from one formed in air. How­

ever there is also a possibility that the orienting effect of the 

mold is minimised by the layers of paste material and steam be­

tween it and the glass, 

when the results of hardness measurements on samples 11 and 

IB are compared, it may be seen that the strained sample is soft­

er and has a greater tendency to chip. In this case the surface 

layers of the streine Cam:le are under compression, because of 

the method of preparation. This effect of strain in reducing the 

hardness of glass is in accord with observations made by Little- 

ton&2 %ho found that a rapidly moving cotton string produced more 

wear on a strained sample of glass than it did on un unstrained 

piece*  The composition of the samples was identical, and the 

test conditions were comparable.

The tests on sample 42 and 43 were made with the thought 

that if it were possible for the molecules in glass to have an 

orientation, the effect would be shown by differences in hard­

ness between the side and the end of a rod*.  The data show
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that the rod is softer on the side, but this is to

be expected from the flMlngs relative to the difference In 

hardness between flre^pollahed and fractured surfaces. If an 

orientation exists, as Trillat found^l, either it cannot be 

detected by the apparatus need, or it 1# not produced by the 

drawing of glass rods.

Sample 44 shows the result of a aeraten hardness test on 

tempered window glass of foreign manufacture. Since the com­

position is unknown, the value is presented merely as a matter 

of interest.

The modulus of rupture of a material is a measure of the 

stress produced in the outermost fibers of a piece broken by 

bending. Because both the scratch hardness and the modulus of 

rupture measurements are dependent in a large degree upon the 

surface condition, it was thought that there might be some 

correlation between the two.

Sample Modulus of Rupture Hardne*.
Kumber kg. per sq. cm.

4 5.J2
11 3-61
22 5# 5-46
23 5*3 5-5?

As can be seen, the correlation is poor.

B. CO%PO8IT%ONAb BFWTS
Wham alumina* is added to a glass, the hardness is in­

creased. Samples 31 to 35, inclusive, demonstrate tjia fact.

for the glasses of samples 31 to 41, inclusive, *&2W re­
ported in the analyses ooneidared synonymous with *^la^3** 
The samples 31 to 35 were made with unusual care from c. p. 
quality materials. The color of samples 3W1 plainly shows 
that they are low in iron, the other common "RgO^* element.
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The data for oampgaitiou und have oeen plotted in

figure 9» It will be seen that there is a steady rise in the 

content and a deoreaae in the amount@ of the other oxides 

present. Thera is a break in the harmeea curve at the post» 

tion corresponding to sample do. 3^* As will be shown later, 

this can be ascribed to the irregularity in the CaO (and RgO) 

composition curve.

The effects of several changes of composition can be noted 

in the hardness values for the series of samples numbered 

3 6 to ^1, inclusive. Rather than devote space to the compar­

ison of the hardness values for different groupings of these 

glasses, the whole series can be summarised by the presentation 

of hardness factors for the different constituent oxides.

The relative affect on hardness of the use of one percent 

of each of the constituent oxides Ms been found for the group 

of samples 36 to 4-1. The factors are:

81% 0.053
%z0% o.l%7
C&o" 0.167
%a&0 ^0.024

These are average values obtained by solution of simultaneous 

equations. As an example of the method used, the equations 

for samples 36 and 37» respectively, had the form:

(36) 7**7 Bi% + 1.2 &2O3 + 10.7 C&O 4 15.4 3&&0 # 5.4&

(37) 72.$ 810& + 0.7 %2% 4 11.2 CaO * 15-6 5.51

Other sinilar equatio n were set up and the whole group was 

solved simultaneously to obtain the factors for GiOg, B2O3# 

etc.

The use of the factors should be limited to glasses of
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type fro# t&ay ver* Beo&uee of th*

smtll ch&ngs in the amounts of SlQg» CaO» and BagO present in 

these glaeeee» It is probably permissible to express their 

effects In terme of constants. 81no* the relative change In 

RgO^ is great» its effect should not be expressed as & constant. 

The proper expression would show a decrease in effect per unit 

added as the amount becomes greater.

Ooneldering timt the factor for AlgO^ 1» probably

too high for the higher ranges of alumina content» and that 

lime is suite effective in increasing the hardness of glass» the 

brea^ in the hardness curve shown in figure 9 1B comprehensible.

The remarks about the relation between composition and 

hardness are in agreement with the observations on samples 

15» 17» 19. Sample 15 is someshat harder than Xo. ^1» but

there are some difference* in composition. The hardness of 

&o. 19 seems to be too high. The group of the grean and 

the amber glasses cannot be considered to include only Al^O^.

The optical glaeeee included in this study sao# a side 

range of composition. These compositions are reported from 

the make-up of the batches» and do not represent tae analyses 

of the founded glasses. ^or these reasons it is difficult to 

generalize upon the relation between their compositions and 

hardnesses. However the tendency of lead to decrease the 

hardness of glasses is unmistakable. The results e&ow that 

optical glasses are not necesearily soft.

Silica glass has a hardness of 6J1 as shown by sample 

No. hg which makes it desirable an an intermediate member be­

tween feldspar and Quarts in the hardness scale.
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M a of interest a fa* maaeuTeaant* **re aa&a on

substances other than glass. The c^ndanB&tlon products and 

the eealln^ wax vers f?un& to be softer than tne range in* 

eluded in the calibration aa&s jrwents^&nd no nardnnss values 

wars obtained for tnea. dealing *w is somewhat softer t wn 

se^plss and ^7 * loh sers the oondansation produots. The 

clear oondansatlon material was quite badly sor&tohed by tn* 

relatively light loads on the ll&aond point? Tae aoratohee 

on the trcnsluo*nt material were of the same ordar of aiae* 

but ware not easily visible because of the matt texture,

0. TK% aARmSSR OT TiR ^I^WkLS

lu has been a matter of observation for a great many 

years that apatite is harder than fluorite, orthoclase is hard* 

er than apatite, am quartz is harder town orthoclase. In­

deed, these observations wore made by ^ohe in setting up his 

scale of hardness. The results of the present investigation 

are in agreement %ltb them.

Later years have seen the formation of ^eneraliRations 

relating crystal structure and hardness. ^iatt? ortho* 

class are harder than fluorite because they have a silicate 

tvoe of lattice and the fluorite lattice ie ionic in type. 

Quarts is harder than orthoclase because the larger &+ ion 

of the feldspar distorts the structure and weakens it. Apa­

tite has a lattice of the Ionic type but it is more complex 

than fluorite. The curves of figura %* show » epæiag 

between the scratch widtu? the silicate and ionic minerals 

than bstceen the minerals of the same type.
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Observâtof harünaM of a(at«rl&18 under oo&-

ditiona vtklcb are not @&r#fully ooatrolle^ likely to lead 

to erroneous conclusion®, nlion two m&terials nave nearly the 

same hardness, either may be soratebed by the other. 'fhie is 

particularly true xhen hand scratching teste are made. The 

following factors ara pertinent to the problem:

Shape and perfection of toe scratching point

Spa^d of scratching 

pressure on the point 

Angle of inclination of the point to the surface. 

In addition to these its## there are others union must 

be considered. A. scratch will be aora rendily visible on 

e highly pollened surface tn^n on one %ion la slignely rough* 

ened. It has bj@n reparustua usa of alumina in glass 

results in a softer produce. Tua true situation to be 

tnat tne Addition ox. aiUiAina *o tne composl tion of a glass 

increases its surface tension and, hence, Brakes & more per* 

feet surface. Tuue scratches tecowe sore xeadily visible to 

the eye. ^iven tiiou&h the eiae might be t&e sh&e, » scratch 

would be more prominent on the surface of a glass of signer 

Indes of refraction. Chipping, too» enters into the question.

Naturally, a glass which chips badly will seem to be softer 

than one of equal Mrdnee? in ^hlch chipping does not occur.
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The results of this investigation t0 justify the

following oonolu&ionai
%* &pp&r&tu$ &nd the method generally *&tie- 

factory for the determination of the scratch bathwee of glasses. 

An improvement in the «icroaetei rpuld be of benefit.

2. The hardnesses of the majority of the comerCiwlly
r

valuable ellioate glaase* lie between 5*0 6.0 of toe

seal*.
3. Rouge^pollaMng, fire-pollening, w*d @trainiB% of 

gl&ee&e aza pnyaieal prœeseaa $àioa r&eult la softening.

%. Skea alumina 1* a&3e3 to bottle gl&aa composition*, 

there ie an inorenea in h&rdneaa. In ganer&l oaee, alumina 

19 not &e effective a# lime 1% inore&alag tüe harôneee of 

glaee,
5. The following f&otars eapres* the relative afreet @a 

the aoratch harOneea of n bot^la glaee of tua a^itlon of one 

percent of the oxide:
SiOg 0.0g

uw 3:13
MgO -0.02*

6. Optical glasses of high load oxide content are *r»

edly wofter than tne average bottle or window gl&we^ 

optical glaeeea way be comparatively hard.

However
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