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The viscos ity o f a soda-lime-silica g lass has bcen m eas urcd a t t he Nat iona l B urcau of 
Stand a rds a nd se ven other la bo ratories. D ete rminations wc rc made in t hc range of 102 t o 
1015 p oises. The rotat in g cy lind er was used at t he hig her t em pcrat urcs (800 to 1450 ° C) 
and t hc fib er elongation met hod at t he lower tempcratures (520 t o 658 ° C) . T hc rcsulLs 
ha ve been critically eva lu ated a nd t il e g lass has bee n issued as Standa rd Sam plc No . 710. 
This glass is a va ila ble from t he Nat ion a l Bureau of Standa rds. 

1. Introduction 

As a part of a program of establishing standard 
samples of glasses, the N a~iona~ Burea.u of ~ t.andards 
has obtained a la rge qua ntIty of soda-lune-slhca glass 
of uniform co mposition . The viscosity of this glass 
has been men,s ured at the National Bureau of Stand­
ards and at seven other la borato ries .l The r esults 
have been analyzed a nd tabuhtted in a "Cer tificate of 
Viscosity Values" a nd the glass (with certificate) has 
been issued as Standard Sample No . 710 . 

The soda-lime-silica glass was selected as the firs t 
of a series of standard glasses because i t is r ela tively 
s table both in s tor ao·e a nd at the temperatures a t 
which viscosity mea;urements are made. Also it is 
of a composition close to that of co mmercial glasses 
that are m ade in the largest quantities . 

A lead-silicate glass which is r epresen tative of 
a no ther impor tant commercial group of gl~~s~s h~s 
been selected as a second standn,rd glass. 1 Jus will 
soon be issued as a viscosi ty standard (No. 711 ) . 
As a co ntinuation of this program on standard 
glasses, other physical proper ties will be measured on 
t hese two glasses as well as on other glasses to be 
issued as s ta nd'Lrds. 

2. Sample 

Over t he co urse of a nUlllber of years there h ave 
been several a t tempts by individual labora tories 
and by cooperative effor ts among several labora­
t ories to produce lots of glass that cO'.lld be used/or 
s tandards of viscosity and other phYSIcal propertIes. 
In spite of painstaking m easurements of properties , 
t hese attempts were not completely successful and 
it has been <Yenerally concluded that the m ajor 
reason h as be~n th a t the lots of glass from which 
samples were taken were not suHicien tly uniform 

I List of pa riicipat in g labora tories .\\-hich -Illade viscosit y ancl othcr proper ty 
llleasurelllcnts on Stan dard Sample 1\ 0. 710: 

Armst rong Co r k Co. , Lancaster , Pa. 
Bausch & Lomb, In c. , Rochester, N.Y . 
B rock way Ulass Co., In c., Brockway, Pa . 
Corning Glass ' Yorks, Corn ing, X . Y. 
Emhart IVI a nu facLllr tng Co. , I Lar t ford , Conn . 
Genera l Elect ric Co., Clevelan d, Ohio 
H azel-At las U lass Co. , P la infie ld, Il l. _. 
K imble G lass D iv Owens- Illin ois, Vin clan d , N . .1 . 
Nationa l J3ureau o·r Standards, ' Vas hington , D .. C. (Lab. A) . 
Owens-Corn ing Fiberglas Corp ., G ran ville, OhIO 
Owens-Illin oiS, 'rolcdo, Ohio _ _ 
U niversit y of Rochester , Rochester, N. \ . 

for the purpose. With this b ackground, ev ery 
effort was m ade a t the start of this work to obtain 
a quan tity of glass that was as uniform as possible 
a nd to verify the uniformity before attempting to 
make viscosity m easurements. 

A con tr act was placed wit h a glass producer to 
fur nish 900 kg of soda-lime-silica glass in equipment 
which is used for th e continuous production of 
optical glass of instrum ent quality. I t was specified 
tha t the en tire lot was to be produced in one con­
tinuous operation , wi thout c lt tL nges in t he batch 
composition. It was fur ther specilied that th e index 
of refraction of the entire lot should be uniform 
wi t hin 2: 0.0001 after all samples h ad been given a 
uniform hea t tr eatment . The supplier was ,Lble Lo 
comply wit h these stringent r equirements except 
t hat no glass was supplied for t hree brief periods 
during the oper ation when t he glass was apparently 
eit ber off index or was discarded for other r easo ns. 

The glass was m ade in the form of bars h aving fL 
cross section of a bou t 5 cm by 7.5 cm . This was 
cu t in leng ths of 60 to 100 Cill. The bar s were 
m arked with the hour of m anufacture to show the 
sequence of production. . . 

When t he glass was r eCeIved the homogeneIty w,~s 
check ed by measuring the index of r efr action on 
specimens taken from a bou t every 10 k g of glass. 
This corresponded to an average of two to three 
index samples for every hour of the production r un . 
Samples were m easured both in the. condition as 
received and after they all had been gIven the same 
hea t treatm ent . The results of t hese index m easure­
ments are shown in figure l. Only one v alue is 
plotted for each hour for clari ty. Index of r efractioll 
(Nn-line) measurement~ weTe m ade on a Graue l:­
type refractometer whlCh IS accurate to ,1pproxl-
mately ± 0.00002 [1].2 . 

U niformity of index is not. tLll a.bs<?lute cl~eck ? n 
uniformity of compOSltlOl1 , sJnc~ It IS p oss~b} e l or 
oh sses of widely different ch eJl1 JC al co mp oslt lOn to 
h ,w e the same Index of r efraction. H owever , con­
sidel'in o· the condi t ions und er which this glass was 
m ade "that is in a co nt inu ous op eration with no 
deJib ~l'at c cha'nges in b atch comp~sition , it would 
r equire a most unusu al set .of Cll'CUm~t~nces to 
p ermit a signific ant change ll1. composltlOn that 

2 F igures in brackets indicate t he literature references at the end of th is pap er. 
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FIGURE 1. Index variation of Standw'd Glass No. 710. 

would not be reflected by changes in in~~x of refrac­
tion. The most likely causes of compositlOn chan~es 
in the glass produced in a con~inuous ~:ypc ?f meltmg 
operation woul~ be ch~tnges m volatlhzatlO~ losscs, 
refractory solutIOn, or madyertent changcs m b~tch 
composition during the more than two days rcqUlred 
to make the lot of glass. 

The chemical composition of the glass as calculatcd 
from batch composition was as follows: 

Si02 70.5 p erccnt 
Na20 8.7 
K 20 7.7 
CaO 1l.6 
Sb 20 3 l.1 
S03 0.2 
R 20 3 0.2 (Fez0 3- 0.02%) 

Chemical analyscs 3 were mad~ by four. of. the 
participating laboratories and theIr r esults mdlcate 
that the glass composition conforms closely to that 
given above. ~ 0 attemp,t was made to. ana~yzc a 
large number of sample~ from the melt smce It was 
believcd that the chemIcal methods would not be 
sufficiently sensitiye to reflect the small differenccs 
in composition that could. be detect e~ by mea~u!'e­
ments of index of refractlOll. In thIs cOInposltI~n 
range a changc of approximately 0.06 percent m 
NaoO will chano'e the mdex: by 0.0001 [2] . 

As a further'""check on uniformity, measurements 
of viscosity were made on fiye samples taken from 
different positions in the lot of glass (fig. 1, Nos. 1, 
2, 3, 4, and 5). Three o.f thc saml~les , N~s. 2, 3, 
and 5 were selected in l'eglOns where mdex of refrac­
tion s'howed the greatest rate of c~~nge: It will be 
seen later (table 4) th~t the. u.nIfOJ·n~lty of !hes~ 
samples was within sp eCI~ed lI:mts. 'I he. details <?f 
these measurements are gl\' en m t he sectlOn of thIs 
paper on Results. 

3 . Apparatus and Method of Measurement 

The apparatus and methods use~ at t~le N.ational 
Bureau of Standard'S for measurmg vIscosity :=tre 
described in detail, those used by the cooperatmg 

:I This glass is not intended as a standard for chernical analysis. 

laboratories are covered by brief descriptions or 
literature references.4 

3.1. High-Temp9rature Viscometer 

In the range of 10 2 to 106 poises the rotating con­
centric cylinder method was used to measure the 
visc?sit,Y. T.his me~hod ~as be~n used by ma,ny 
earlIer lllvestigators III their studieS on glass. 'I he 
geometry of the appara~u~ was similar t? that of 
Bockris and Lowe [3], LIllIe [4], and Robll1son and 
Peterson [5] except for a modification of method of 
measuring the torque on the spindle. 

The platinum-wo~nd r:esistance furna?~ , figur~ 2 
consists of one malll COlI and two aUXIlIary coils. 
The main heatino' coil (inner core) was wound on a 
7.6 cm (3 in. ) i .d. alundum core 35.6 cm (14 in.) 
long with 80 percent. Pt-~O percen~ Rh resistance 
wire 0.081 cm (0.032 lll.) dIam and SIX turns per 2.54 
cm (1 in. ) . The outer heating coils (outer core) 
were wound at each end of an alundum core 9.5 cm 
(3% in.) i.d. and 35.6 cm (14 in.) long. Each coil 
consisted of 18 to 20 turns. There were separate 
controls for each winding. 

The crucible was made of I-mm-thick platinum 
and was 5 cm diam and 10 cm high. The bob was 
l.25 cm diam, 3.75 cm long with 45 ° tapered ends, 
and was suspended by a hollow platinum spindle 
0.635 cm diam and 29.5 cm long. The bore of the 
spindle, 0 .3175 cm diam, extended into the center 
of the bob to accommodate a thermocouple for meas­
uring the temperature of tLe glass before and after 
viscosity measurements. . 

The crucible was mounted and centered on a 
mullite pedestal which extended out through the 
bottom of the furnace and was attached to a turn­
table which was an integral part of the driving mech­
anism. The 25 .0 cm pedestal was hollow and 
accommodated another thermocouple to read tempera­
tures directly below the bottom of the crucible. A 
commercial insulation "Fiberfrax" which was used 
to pack the opening a~'ound the pedestal, offered no 
resistance to the rotatlOn or vertICal movement. 

The complete driving mechanism was mounted on 
an elevator table which had 25.0 cm vertical travel. 
The drive consisted of an 1800-rpm, )§-hp syn­
chronous motor connected to interchangeable gear 
reducers which gave a range of crucible speeds from 
0.030288 rpm to l.3493 rpm. 

The short (l5-sec) term period of frequency 
stability of the power line had a mean error from 60 
cis of 0.1 percent and a maximum error from 60 cis 
of 0.2 percent. For a long (30-min) term period the 
frequency stability had a. mean error from 60 cis of 
0.038 percent and a maXImum error from 60 cis of 
0.077 percent. This gave very good speed control 
on the outer crucible during viscosity measurements . 

An electromao'netic torque balance [3] based on 
the principle ot a large moving coil galvanome.tel' 
was used to measure the torque by a null detectlOn 
method. 

~ The authors have gone into consi derable detail on the design and c~)Ostruct!on 
of their apparatus because of the numerous inquiries they have recmved askJJ]g 
about this particular experimental set up. 
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FWU HE 2, n iah-/ell /perature viscosi ty fll1'nace, 

Th e gll.lvHll olllc Ler wn.s m n.dc up o r a permanent 
magnet Al ll ico JI (sin terecl ) with f1 1650 g ltu SS gap 
field str el1 o'Lh nnd :1 coil which wns an in tegral p nr t 
of t l lC SU ~l)C ll sioll a ppaJ'H.tus, Th c C-tvpe magnet 
h ad a gap 4,7 G cm wide, 4 ,7 6 cm. high, :lIld 3,81 em 
deep , It was m ountcd on m oYa,bIc pla tes s.o Lhut 
t he m agnc t co uld b e adJus ted lU ;In,\' h on zo nt cll 
direction, Th c roil cO]1sisLcd or it rcctang ul:u ' alu ­
minum [I'nme wi t h nbouL 500 m 01 N o, 34i ns ul:,ted 
coppcr wirc wo und aro ~ncl i t. T he re~is tan cc of t he 
coil WftS 425 Q, In sen cs \\'ILh th e COlI wcre sm-er a] 
resistors adjus tablc f 1'0111 20,000 ~ to 300,000 Q, fixed 
r esistors 1 ~I Q to ]0 1\[ \1 a nd lour stn,nda rd fi xed 
r esistors 10 Q 25 Q 100 Q, and 1000 Q, C urren t in 
th e coil was a~ljustcd to set up a couplin g, force w~lich 
was opposite t o that set up by t he To tatll1g crU CIble , 
The balance was observed through it telescope on 11, 

1-m-radius scale set 1 m dis tant from a reflectin g 
mirror on the axis of th e suspension s haft jus t b elow 
the coiL The amount of curren t tb rou gh t he coil 
was found b y m easuring th e voltage across a s tal;d­
ard resistor with a T ype K potent.IOme ter. PolaI'l t)T 
in t he circuit could be r eversed to accomm oda tc 
r eversal 01' cr ucible rotn tion, 

The coil of t he suspension appara t us was COll­
n ect ed to an adjustable h ead , Th e su spe~ sions "',erc 
5 cm lon g and mn,de of pl lOsph o1'-bl'on ze Wl1'C rangm g 
in diam eter f),om 0,020 cm to 0 ,0635 cm , and were 
easily in terchan o'eable Lo obtain se nsi tiviLy n eecl ed , 
T h e 'coil was co~nected to t be pla tinum spindle by 
a brass rod wllich had a series of [-ins on i t to r adia te 
heat an d a chuck to h old th e platinum spindle of the 
bob. 

The appar a tus was calibrated a t 25 DC and 40 DC 
wit h NBS Stanclard oils , Th ese oils ran ged in 
viscosity from 1 P to 500 p, T empera tures wer e 
m easured with a calibra ted copper-colls tatr1n thermo­
couple in the same way t lh1t t hey would be m easured 
at higher t empera tures wit h Pt- P tRh tll ermocouples , 
Since m olten gh sses covel' s uch a wide range .of 
viscosities the calibration was checked at high er VIS-
cosi ties (102 to ] 05 P ) with "abi toL " 5 . 

Calibra tion was canied ou t nL a given level of 
liquid (oil) in the crucible and the b ob immersed t o 
] 2 mm of the boLtom of th c crucible, These con­
ditions of liquid le \'el and depth of immcrsion wer e 
m aintained at ele \'a ted tem peraLures , using m olte ll 
glass, by adjusting the position of the crucible Lo 
l111o\'.r for exp a nsio n of glass :wel Lhe furnace 
compone nts with increase in LemperaLure, This 
amounted to lowering Lhe cru cible l1bout 0, 5 mm {or 
ey erv 100 0 C in crMse in tempen tLure of m easure­
m e nt , TJ IB calibmtio n was :,lso corrected for the 
volume expansion of tJ IB platilltUll bob whe n used 
f1t the lligh er tempera tures , Tllis correction ranged 
from 2,5 t o 4,5 p erce nt depe nding on th e tem pern,Lure 
of m easur em ent, 

In mi1king m easurem e nt s at high tempcra tu res, 
re:tdings were li,ke n on three th ermocouples: o ne 
abO\-e the surf:1ce of the glass , one jus t below the 
cru cible, alld one inside the inn e r cylinder 0 1' b ob, 
Once the t \\-0 th ermocouples a bo \'e a lld bclow the 
o'hiss r e:lel \\'ithin 1 0( ', li readin g \Vas taken of the 
~ l lC illside t]l e bob ; torqu e measu~ eme nts wer e m iHle 
a t\'ari ous flil gular \'elociti es in b o th direc tions , a nd 
th en aJl o ther rea ding of [Jl e thermocouples was 
tuke n, T he leads to th e th erm ocouples inside th e 
bob a nd bi'lO\\' the crucible were disconnec t eel whe n 
the torque m easurem ents wcre li1ke n, Th e avernge 
of the l\1'() tempentture r eadillgs, before and 
after , \nlS take n liS the yiscosily temperature of 
lTIeaSUl'eme ll L, 

The current I r equired t o counterbrtlrLn ce or ze ro 
th e lo rque producin g thc defl ecl ion angle of the 
inllcr b ob (ill th e r o ta ting \'iscom eter) is direc tl)' 
propor t ional to the \' iscosit~- YJ of the tesL liquid and 
~he a ngular yelocity w of ll w oute r )'otfLling crucible, 
1. e" 

1= ('w YJ (1 ) 

where ('= co lls ta nL of proportiolHtliLy dcp ending 
on the geometry of th e ~tppf1mLus , 

Comparillg the cUl're nL I~ of an unknown liquid 
\yi th that of a "standard" or liquid of k nown vis­
cosity , I" [6] olle has 

or 

1 2_ YJ 2w2 
~- 1J 1 W l 

(2) 

5 A sa mple (Lot AZ K108) was obta ined from H ercules Powder Co" Wilillin g­
ton , D el. , fo r experimenta l use onl~r . T hIS was l11easured, usmg a call brat.ed 
H oeppler viscometer, at 30, 40, an d 50 °C, 
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where the subscripts 1 and 2 stand for the known 
and unknown liquids, respectively. 

3.2 . Low-Temperature Viscosity 

11easmements of low-temperatme viscosity were 
made by the fiber elongation method. This method 
has been developed by many investigators such 
as Lillie [4], Robinson and Peterson [5], Poole [7], 
Norton [8], and Boow and Turner [9]. The der­
ivation of the equation used for determining the 
viscosity by this method is given by Lewis, Squires, 
and Broughton [10]. 

Fl 
1)=--

3A dl 
dt 

or as used in these calculations 

where: 

60Flf 
1)=--' 

3A dl 
dt 

F = extending force (dyn) 
l = fiber length (cm) 

A = fiber cross-section area (cm2) 

j = multiplying factor of optical lever 
1 dl I . ( / . ) .f dt = e ongatlOn rate cm mm 

(3) 

The tube furnace used in these measurements was 
50.8 cm (20 in.) high and 15.2 cm (6 in.) diam, 
figure 3. It was heated by three separately con­
trolled windings of 80 percent Pt- 20 percent Rh 

g~~~~L -< 
\ 

MEASURING 

BOTTOM 
CIRCUIT 

- SHELL 

i~H4'L.(L'j-- GLASS FIBER 

~ TRANS ITE = BRASS 

~ SILVER CORE = REFRACTOR Y = SIL-O- CELL 

F 10 U RE 3. Low-tel1i perature viscosity .rumace. 

resistance wire wound on a 4.1 cm (1- 5/8 in .) i.d. 
alundum core. The inner silver core 25.4 cm (10 in.) 
long and 3.81 cm (1 1/2 in. ) diam had an inside bore 
0.635 cm (1 /4 in. ) diam to accommodate the fiber 
and also two off-center holes at the top and bottom 
to the midpoint of the core for thermocouples. The 
fiber was suspended by means of stainless steel rods 
and Inconel chucks. 

The fibers used in these measurements were 0.5 to 
1 mm in diameter , 10 cm long, and of uniform 
diameter throughou t their length. All fibers were 
well-annealed and those that were used for deter­
minations below the annealing temperature were 
"stabilized" for lengthy periods. Weights ranging 
from 5 to 1000 g, depending on the temperature of 
test , were used to apply tension to the fibers. An 
optical level' with a multiplying factor of 50 was 
used to observe the elongation rates using a telescope 
equipped with a vertical scale. 

3.3. Participating LaboratoriEs 

The methods used by the participating labora­
tories are given by literature reference and very 
brief notes in table 1. Calibration methods used 
by each participating laboratory (except Laboratory 
A) are not discussed here because it is assumed that 
each laboratory followed procedures given in their 
literature references. These methods are essentially 
the same as Lillie [4] and Robinson and Peterson 
[5]. In the case of Laboratories C and F. a Brook­
field RVT viscometer was used to make torque 
measurements. 

T A BLE 1. M ethods used by participating laboratories 

La b. High tern pera ture Low temperature 

A' Rotatin g cylinder [3, 4] ________________________ F iber elon gation [5, 91 

B' Hotating cylinder [41 __________________________ Fiber elongation [7] 

C Rotat in g cylinder [41 __________________________ Fiber elongation [7] 
rrhe inner cylinder was rota ted and torque 

TIleaSurcmcnts lllade with a Brookfield R v 'r 
ViscOlllcter Silli_lllnnite crucibles used . 

D ' Rotat ing cy linder [41 __________________________ Beam bending [12] 

E ' Rotat ing cy linder [51 _________________________ _ 
M ethod of measuring deflection consisted of 

a disk gradua ted in 3600 jILounted directl y 011 
the spindle shaft. 

F ' Rotatin g cylinder [141 ________________________ _ 

G 

II 

Rotat in g cylinder [4 , 51 _______________________ _ 
Furnace heated by eight g lobars placed sym­

metrically between a furn ace lini.n g and a 
ver t ical refractory core 

notat in g cylinder [41- _______________________ __ 

*Laboratories A, B , D , E , F , I , and J determined softening pOint followin g 
A STM Procedure [Ill . 
Lab~r~tories A, D , E , I , and J determined annealing and strain pOint followin g 

A S'l'M Procedure [13] . 

4. Results 

4.1. Viscosity Measurements Made at NBS 
(Laboratory A) 

The lower temperature limit used in the analysis 
of the viscosity data was the annealing region 
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(actually some 15 °C above the the annealing tem-
, perature , 546°C). Measurements taken below this 

temperature showed that the measured viscosity 
was dependent on the thermal history of the glass. 
This was first observed by Lillie [1 5] and subsequently 
by Otto [16] . 

The effect of thermal history on the fibers usecl in 
this study can be seem from table 2 and figure 5. 
Viscosity m easurements were mltde on fibers that 
received two different heat treatments . One group 
of fibers was measured at the test temperature in 
the state they were drawn, i.e., high " ficLil'e tem­
perature" [17] . The other group of fibers was 

I heat-treated at the annealing temperature (546 °C) 
for 1 hI' and then measured at the test temperature. 

TABLE 2. Low-tempemtuTe viscosity oj fib eTs oI di.OcTent 
thermal his tories 

Stabilized fib ers 

T emp. log" 

°C 
519.2 15. 048 
538.4 13.804 
548.9 13. 385 
556.6 12. 968 

560.2 12. 751 
565. 7 12. 480 
569.4 12.3 11 
571. 6 12.203 
575.8 12.000 
580.4 It. 804 
590. 0 11.425 
600. I 11. 066 
609. 8 10.712 
618.7 10. 436 
626.5 10. 144 
628.4 10.067 
633.9 9.918 
639.6 9.734 

Ii o ldin ~ 
Ullie I 

Itr 
265 
100 
65 
18 

- --- ------
16 
16 
8 
2 
I 
Y:i 

------------

' I'C l l l p . 

°C 
519.5 
529. 6 
538. 7 
549. 5 
558. :3 

564 . 7 
574.6 
585.2 

An nea led fibers 

Log" 

14.604 
14. 072 
13.729 
13.201 
12.854 

12. 485 
12. 064 
II. 645 

lI old in g 
ti llld 2 

itT 
4 
2 
1 
1 
1 

1 Time held at indicatcrl lClll pcra tu ro before m easurements of v iscosity were 
J11ade. 

2 'l' irnc needed for furn ace LO reach ther ma l equil ibriullI at test temperature. 

FIGU BE 4. Labom torlj setups oI viscosity appaTatus. 

At approximately 560°C and above, figure 5, all 
thermal history of the glass is erased in a very short 
time and the measured viscosity reflects the equilib­
rium state of the glass at the temperature of measure­
ment. Measurements made at 560 °C after holding 
for 16 hI' or 1 hI' on fibers wi til two differ en t thermal 
histories gave the sam e result. 

The results of viscositv measurements on five 
samples selected from the" lot of glass as indicated 
in figure 1 are given in table 3. All of these measure­
ments were m ade by laboratory A (NBS) . 

In order to derive ii, vi scosity curve for each or 
t he five glasses, the datft points from both the low 
temperature fiber elon gation method and the high 
temperature rotating cylinder method wcre com­
bined and fitted to th e Fulcher equation [18] by a 
least squares calculation. This equation 6 has t he 
form: 

(4) 

6 The fit of v i scos i t.Y~ tc rnpc ratlirc data for glasses io th e li' u lcll cr equation h as 
beon shown by prev ious in vesti gators to be excep tiona ll y good . For CUEC of 
manipulation, interpola tion , a nd exa llli ning data fo r nonsystcmatic errors it has 
proven to be ver y useful. The u.sc of c1a ta points from both th e low te mpera ture 
fiher elongation moth od and th o high temperature rotatin g cy linder method a rc 
com patiblc wi thin exper i men ta l error . D ata to be pub li shed frorn this labon1. tor y 
will show t ha t , in the rango 106 to 1010 P, t he continuit y of th e t wo met hods ca n 
be substantia ted . 
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TABLE 3. Viscosities of five samples 

Sample :\To. 1 Smnple X o. 2 Sample :-:0.3 Sample X o. 4 Sample No.5 
Test 

I I 
method 

TeInp I Log 1/ ob~ Temp Log 1jobe 'remp Log 110 bs Temp Log l1ob ~ 'relllp Log 710bs 

-----------------------------------

° C °C ° C 
560.2 12. 751 565.7 12.480 574.6 12.064 
600.1 11. 066 590.0 11. 425 585.2 11.645 
639.6 9.734 626.5 10. 144 628.4 10.067 

855.1 5.561 905.1 4.999 900.3 5.045 
881. 4 5.255 1025.3 3.950 945.7 4.601 
901. 4 5.032 1124.6 3.295 1019.1 4.015 
907.4 4.997 1198.5 2.923 1054.6 3.751 
946.8 4.598 1248.0 2.690 1103. 5 3.428 

1000.4 4.136 1315.6 2.416 1200.6 2.912 
1102.9 3.433 1411. 1 2.082 1212.0 2.853 
1112.4 3.373 ------ ---- -------- -- 1298.4 2.475 
1202.5 2.899 1402.4 2. III 
1306.1 2.435 ----- -- ----
1306. 7 2.445 ----- -- -----

°C 
575.8 12.000 
609.8 10.712 

- - --- ----- ----------

904.7 5.030 
963.4 4.441 
996.5 4.163 

1103.1 3.437 
1123.0 3.316 
1214.8 2.853 
1315.7 2.437 
1414.5 2.074 

- ----------
- ----------

°C 
580.4 
618.7 
633.9 

903.0 
954.4 
963.5 

1054.8 
1104.5 
1149.9 
1194.3 
1250.4 
1250. 8 
1338.5 
1399. 8 

11. 804 
10.436 
9.918 

4.999 
4.557 
4.411 
3.739 
3.430 
3.164 
2.947 
2.681 
2.684 
2.311 
2. 105 

lFiber elou­r gation. 

Rotating 
cyliLlder. 

1412.3 2.060 ----- -- ------ ---- -- ------- ---------- 1402.7 2.082 

where T = temperature in DC 
7]=viscosit~T in poises 

and A, B , and To are constants. 

The values of the parameters and of tempera tures 
for specified viscosi ties calculated therefrom for each 
of the five smnples are given respectively in tables 4 
and 5. In table 5 it is noted that the temperatures 
for the five samples at certain viscosity values are 
reproducible to well within 1 DC. Due to this repro­
ducibility tempera tures throughout tbis paper are 
given to the nearest 0.1 DC for Laboratory A as We'll 
as for the participating laboratories. Even though 
all precautions were taken to eliminate temperature 
gradients in this work it is conceivable that they are 
still significant in these measurements. The data 
points from these five samples were also combined 
and treated as one sample to give one curve to 
represent the viscosity for the entire lot of glass. 
The constants for this equation are given on the 
bottom line of table 4. 

Table 6 gives the viscosity values along with their 
standard deviation (from the Fulcher equation) for 
each of the five glasses for T = 1300 °C and T = 600 
DC. The values from the Fulcher equation using 
the combined data points from all five glasses are 
also shown in table 6. 

TABLE 4. Fulcher equation constants (jive samples) 

Sam ple :-:0. A B 1'0 

L _____________ _______ -1. 655 4266 264.5 

2 _____________________ -1.596 4204 267.4 

3 _____________________ -I. 593 4202 267.6 

4 _________________ _ . __ - 1. 579 4195 267.6 

5 _____________________ - 1.649 4258 265.1 

Combined 1-5.. ______ - I. 626 4239 265. 7 

T AB LE 5. Compa1'1:son of temperatures c01Tesponding to 
specified viscosities calculated f1'om the Fulcher ef/ualion 
pm'ameters for each sample 

Temperature, °C 

Jog ~ 
Sample Sarnp le Sample Sample Sam ple Combined 
No.1 ~o. 2 No.3 No.4 ~TO. 5 No. 1- 5 

------------ -----

2.1 1400.5 1404. 9 1405.3 1407. 8 1400.8 1403.3 
2.5 129!. 1. 129:3. 8 1294.1 1296.0 1291. 3 1293.0 
3.0 11 80.8 1182.2 1182.4 1183.7 1I8!. 0 1182.0 
3. 5 1092.0 1092.4 1092.6 1093.5 J092.0 1092. (j 
4. 0 101 8.8 1018.7 1018.8 1019.5 J0 18.8 1019.1 
4.5 957.5 957.1 957.2 957.6 957.5 957.6 
5.0 905.5 904.8 904.9 905.2 905.5 905.4 
5.5 860. 7 859. 9 859.9 860.2 860.7 860.5 
6. 0 82 1. 7 820.9 820.9 821.1 82!. 8 821. 5 
7.0 757.3 756.5 756.5 756.6 757.4 757.1 
8.0 706.3 705.5 705. (j 705.5 706.4 706.0 
9.0 664.8 664.2 664.2 6M.I 664.9 664.6 

10.0 630.5 630.0 630.0 629.9 630.6 630.3 
11.0 601. 6 601. 2 601.2 601.1 601.8 601. 4 
12.0 576.9 576.6 576.7 576.5 577.1 576.8 

TABLE 6. Comparison of values 0/ log 1/ and standard devia­
tions calculateel f01' two specified tempemtu1'es from the data 
of the participating labomtories 

Lab. 1'~1300 °C La b. 1'~ 600 °C 

A - No. L __ ____ 2.465 0.005 A- 1\o. L _____ 11. 060 0.016 
1\0. 2 __ _____ 2. 475 . 002 No . 2. _____ II. 044 . 022 
No. 3_. _____ 2.476 .005 "0.3 .. ____ 11 .048 .020 
No. 4 _______ 2.484 . 009 Xo . 4 ______ 11. 041 .032 
No. 5 _______ 2. 465 .010 No. 5 .. ____ J 1. 065 .041 

Comb. 1- 5 ______ 2.472 .010 Comb. 1- 5 ____ II. 054 .029 
B _______________ 2.469 .004 B _______ ___ ___ 11. 071 .048 C _______________ 2.457 .003 C _____________ J 1. 075 .001 D ____ _________ _ 2.468 .005 
E ___ ____________ 2.464 . 002 
F _______________ 2.541 . 003 
G _______________ 2.514 . 005 
11. _____________ 2.534 .009 
Comb. A - H ____ 2.487 . 027 Comb. A - TT __ 11. 060 .040 
Comb. A - E . ___ 2.471 .003 Comb. A - E ___ 11. 057 .033 

The following two conclusions are clear from 
table 6: 

(1) For both temperatures (1300 and 600 00) the 
values of viscosity for each individual sample may 
be said to agree with the corresponding values from 
the combined equation (based on all five samples) 
using plus or minus one standard deviation from the 
individual sample and from the combined equation 
as the test of agreement. Thus, the combined 
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equa tion represents to wit hin its uncer tainty [19] 
t he v iscosity of any of the five consti tuen t sflmples, 
and also, it is assumed, of any other sample from this 
lot . It is r ecalled , fi gure 1 , thfLt these sa mples were 
chosen in the least favora ble case for uniformiLy . 

(2) The uncertain ty of t he viscosity as given by 
th e standard deviation is a function of temper~tt u re, 
the precision a t the higher tempem t ure bei ng better 
by a factor of ab out t hree. This is due to t he well 
established fact th ttt t he rota tin g cylinder meLhod is 
m ore precise than the methods which are used at 
low temperatures . This W,ts the reason for t he 
choice of t he represe ntative tempera tures 1300 a nd 
600 °C . 

4.2 . Viscosity Measurements Made at Participating 
Laboratories 

One sample fro m t he lot of gl fLss was sent to each 
of 10 cooperating htbom tories to determin e high ­
and low-temperatu re v iscosity for com parison with 
each o th er fL nd wi th L ab oratory A. In ttddiLion 
they were asked to determin e t he softening, Rlln eal­
ing, and stmin p oin ts using s tandard ASTM pro­
cedures [1.1 , 13]. These r esulLs were a lso compared 
with similar determinlttions made in Ltboratory A. 

The res ul ts of the viscosi ty measurements from 
all of these la boratories are lis ted in ta ble 7 . It is 
seen from table 7 that only two laboratories made 
both high- a nd low- tempemture viscosity measure­
ments. 

The data points submi tted by each laboratory 
were fi t ted to t he Fulcher equation by t he s tandttrd 
least square technique in the sam e J1lf1 llner as that 
used for L aboratory A. The vttlues of the co n­
stants so obtained for A , .73, tmd n, for all lab om­
tories (including L ,tbora to ry A ) lHe shown in table 8 
in the range of temperatures in whi clt v iscosi ty 
m easurements were actually made. A comparison 
of the data [rom each labom tory is show n in table 9. 
T empem t ures at specified v tdu es of log v iscosi ty 
were calculated usillg t hose constallts derived from 
efLch la boratory 's da ta. 

The data poinLs from th e seven pa rtIcIpa ting 
IfLbor ttto ries shown in ta ble 7 Rnd th ose. from the fiYe 
samples of Lltbortt tory A were r.ombined fL nd fitt ed 
Lo the Fulcher equ tttioll . Tllls ga, \-e : 

) 41 Rl 
log 1) = - 1.56S+ T 0(; - 268 .9 

T AR LE 7. Ex pe1·imental Tesults oj pa1·lici pating labomton·es 

Lab. B ·Lab. C ·Lab. I) I :Lab . E I La b. }<' I JJab. (l I IJab. II 
-------,-----�.------~-----I-----_.------!------,_-----!-------------i------,------i------------ T est 

__ T em p Log " o b. ~I Log ~ob . ~ Log ~ob. ~I Log ~o b. ~I Log " ob. T emp I Log ~ob. ~I Log " o b. ---=-~~ 
°C 

• 534.9 
55.1. 7 
560. 2 
582.2 
612. 8 
662. 2 

1014.4 
1042. 2 
1093. 3 
1153. 3 
1204. 4 
1256.6 
1309.4 

J3. 976 
J3. 159 
12. 720 
II. 761 
10. 615 
9. J59 

4. 035 
3. 827 
3. 49 1 
3. 151 
2. 890 
2. 656 
2. 436 

b 584. 5 

1098.5 
11 58. 0 
1183. 7 
J21 O. O 
1282.5 

JI. 680 

3. 4.78 
3. 13 1 
3.000 
2.835 
2. 539 

803.8 
844. 4 
878. 6 
930.8 
960. 3 
998. 1 

1040. 4 
1080. 6 
111 7. 1 
lI57.2 
J 192. 1 
J230. 2 
J272. 0 
J308. 9 
1353. 1 

6.217 
5.659 
5.257 
4.7 19 
4.449 
4. 132 
3.828 
3. 562 
3.342 
3. 121 
2.949 
2. 764 
2. 584 
2. 435 
2.266 

802. 0 6. 339 1025. 6 4. 000 
852. 0 5. 650 1063. 9 3. 750 
909. 0 5. Oil J 103. 3 3.500 
950.0 4.587 J 147. 8 3.250 

1001. 0 4. 170 11 96. I 3. 000 
1048.0 3. 792 J248. 9 2. 750 
1101. 0 3. 436 1309. 4 2.500 
1151. 0 3. 158 1378. 9 2. 250 
1199.0 2.909 1456. I 2. 000 
1249.0 2. 682 ---.------ ----------

1288.0 2. 513 ---.------ ----------

790. 0 6. 400 
886. 0 5.220 
983. 0 4. 270 

1088. 0 3. 540 
1290. 0 2.560 
1335. 0 2. 380 

----- ---- ... ----

---------- ---------

---------- ---------
---------- ----------

---.------ -- --- -----

840. 0 
848. 0 
928. 0 

JOil . O 
1095. 0 
1145.0 
J25 1. 0 
1304. 0 
1313. 0 

------- - --
------- - --

5. 775 
5.670 
4. 787 
3.623 
3.518 
3.219 
2. 715 
2.525 
2. 487 

----------
------- - --

F iber 
elonga tion . 

Hotat in g 
cylinder. 

:\ Lab . B - Holding times were resp ectively reading down ward 119 hr, 195 hr, 39 hr, 15 Jn in , 10 mill , and 5 mi n . 
b Lab. C- H olding time not given . 

TABLE 8. Fulcher equation conslanls from the nata subm1:Ued 
by each participating labom lory 

Laboratory Hange A B T o 
-----1------ ------------

A (I) .. _ . . .... . _. 
B .. . ...... _ ... . 
C . ... _. __ ..... . 
D ............ _. 
E ............. . 
F ............. . 
0 ._ ........... . 
11. ............ . 
Ocn . cq (2) .... . 

°C 
56(}-)4oo 
56(}-1300 
58(}-1300 
800- 1350 
80(}-1300 

1025-1450 
79(H340 
84(}-1310 
560- 1450 

- I. 626 
- I. 655 
- 1. 761 
- I. 584 
- I. 586 
- I. 727 
- I. 473 
- I. 211 
- 1. 626 

I D ata from samples 1- 5 com bined. 

4. 239 
4. 271 
4.4 13 
4, 186 
4. 124 
4,580 
4, 11 2 
3, 711 
4, 236 

I Data from Laboratories A- E combined- sec text. 

265.7 
264.4 
256.2 
266.9 
28 1. 8 
276.8 
268.7 
309.0 
266.0 

Following the same procedure as was done for th e 
five samples from L a boratory A, th e values of log 1) 
along with their stt1l1cl fLrcl deviation for T = 1300 DC 
and T = 600 °C were calculfLted a nd are shown in 
table 6. The values using the combined data of 
L aboratories A through H are also shown in table 6. 

It CfLn be seen from table 6 that the values of 
viscosity at 1300 DC, plus or minus their standard 
deviation, for LfLboratories F , G, fLnd H fall outside 
the viscosity value, plus or minus its standard devia­
tion, from the combined data points of Laboratories 
A through H . If the data points from only Labora-
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TAB LE g.- Comparison of temperatures for specified viscosities calculated from appropriate Fulcher equation paramete1's (see 
table 8) 

rremperature., °0 

Log v iscosity Laboratories 

Al B C D E F G II 

Value from 
combined 
equation 

-----1·---------------------------------
P 

2.00 
2.10 
2.25 
2.50 
2.75 
3.00 
3.50 
4.00 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
8.00 
9.00 

10.00 
11. 00 
12.00 

1403.3 
1359.3 
1293.0 
1234.3 
1182.0 
1092.6 
1019.1 
957.6 
905.4 
860.5 
821. 5 
787.3 
757.1 
706.0 
664.6 
630.3 
601. 4 
576. 8 

1292.4 
1234.1 
1182.0 
1093.0 
1019.7 
958.4 
906.2 
861. 4 
822.4 
788.2 
757.9 
706.8 
665.3 
630.9 
601. 9 
5n.2 

1297.3 
1236.4 
1182.4 
1090.7 
1016.0 
953.8 
901. 3 
856.4 
817. 5 
783.5 
753.6 
703.2 
662.5 
628.9 
600.7 
576.7 

1358.7 
1291. 9 
1232.8 
1180.1 
1090.3 
1016. 5 
954.9 
902.6 
857.8 
818.8 
784.7 

1291. 0 
1232.8 
1181. 0 
1092.6 
1020.0 
959.4 
907.9 
863.7 
825 .4 
791. 8 

1455. 7 
1423.6 
1378.5 
1310.4 
1249.9 
1195.7 
1103.1 
1026. 6 

1303.7 
1242.4 
1188.0 
1095.6 
1020.0 
957.1 
904.0 
858.4 
819.0 

1308.9 
1245.8 
1190. 2 
1096.6 
1021. 1 
958.7 
906.4 
861. 9 
823.6 

1434.3 
1402.9 
1358.9 
1292.7 
1234.0 
1181. 7 
1092.4 
1019.0 
957.5 
905.3 
860.5 
821. 5 
787.3 
757.1 
706.1 
664.7 
630.4 
601. 5 
576.9 

I Results from_ Lab. A are the combined results from five sam ples. 

tories A through E are combined and fitted to the 
Fulcher equation, one obtains : 

4,236 
log 1J=-1.626+ T 0C-266 

The values of viscosity at 1300 and 600°C along 
with their standard deviations from this equation 
are also given in table 6. In the last column of table 
9 the temperatures at specified values of viscosity 
are given for the combined data from Laboratories 
A through E. 

In figure 6, the calculated viscosities, represented 
by a horizontal line at zero ordinate, are based on the 
Fulcher equation computed from the data of Labora­
tories A through E. The differences in the observed 
and calculated viscosities of each laboratory's data 
using this equation are plotted in figure 6 to show the 

c: -.2 

'" o 
...J 
<J - .3 

-5°C 

600 800 

PARTICIPATING LABORATORIES 
0 A-LAB , E - LAB 

• B-LAB • F-LAB 
0 C- LAB + G-LAB 

• D-LAB x H-LAB 

1000 1200 1400 1600 
TEMPERATURE ,'C 

FIGURE 6. Diilerences in obse1'ved and calcuLated viscosities 
of pm·ticipating labomtories on Standa1'd Glass No. 710. 

scatter in these measurements . Closer inspection of 
figure 6 and table 9 shows that part of the data 
points submitted by Laboratories G and H (below 
1100 °C) also fits this second equation . The scatter 
between laboratories is mostly confined, or nearly so, 
between the arbitrary limits ± 10 percent viscosity 
in poises used by H. R . Lillie 7 in his analysis of 
similar measurements. Also shown in figure 6 are 
the ± 5 °C limits which at 1400 °C represents a 
± 0.015 log viscosity (±3.5 percent viscosity) and at 
600°C represents about ± 0.2 log viscosity (± 50 
percent viscosity). About 90 percent of the ob­
served points of the participating laboratories fall 
between these two limits. 

The observed values of log viscosity of each labora­
tory were plotted against the function of tempera­
ture 4236/1'-266 (derived from t.he combined data 
points of Laboratories A through E) and are shown 
in figure 7. Most of the experimental points sub­
mitted by the participating laboratories are seen to 
fall on a straight line having a slope of unity [2] . 
The portion of the curve within the dashed rectangle 
has been expanded and plot ted on the right. This 
range (log 2 to log 4) is the one in which most yis­
cosity measurements are made since these tempera­
tures are most cri tical in the melting, fining , and 
forming of glass. 

At the beginning of this program only three par­
ticipating laboratories (A, B , and C) made viscosity 
measurements by the fiber elongation method. These 
results (down to 560 °C) were included in the cal­
culations of the constants for the final eq uatioll . 
Since then, Laboratory C has sent in one more de­
termination and Laboratory D has made numerous 
determinations, co\rering the range 530 to 700 °C, 

7 I L H. Lillie, Report No. R- 163, April 15, 1954, American Ceramic Society 
Glass Di vision Standard Glasses, "'r-est Results from Several Laborator ies." 
Corning Glass Works, Coming, N. Y. 
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by a beam be nding test. These additional deter­
minations (see below) agree very well with th e meas­
uremen ts made by Laboratories A, B , and C and 
would not sig nific~tntly a ffect the co nstan ts of the 
final equation if calculaterl over again. 

L aborator y C: (Fiber elongation method) 

log 11 = 12.97 ILL 556.3 DC (No holding Lime given) 

L ab oratory D: 8 (Beam-bending method) 

log 11 = 14.36 7 at 530.0 DC 
= 13.834 at 538 .0 °C 
= 13.577 at 546.0 DC 
= 13.130 at 553 .0 DC 

(No h old ing 
(D o.) 
(D o.) 
(D o. ) 

time given) 

4.3. Softening, Annealing, and Strain Points 

These empir ical poin ts were determin ed by five 
par ticipating la boratories wi th an additional two 
labora tories deLermining only the sof tening point. 
The defini tion of these points a nd meth od of de­
termining them are given in the ASTM Standards 
(11 , 13]. The resul ts a re shown in table 10. 

T A B LE 10. Softening, annealing, and stmin points of standard 
glass No. 710 by participating labom lm'ies 

Te m peratufe, °0 

L aboratories 

A Il D E F Avg 
------------------

Softening pL ____ __ 727 723 72[ 721 723 725 727 724 

Anneali ng pt ______ 546 544 546 545 547 546 

Strain pL __ ____ ___ 503 5O1 504 505 50S 504 

8 Other low-temperature viscosity measurements on til is glass have beon pub· 
lished i'l a paper by H . E. H agy [12J. 

,5. Summary 

(1) T he National Bureau of Standards has es­
tablished a viscosity standard for glass, No. 710 
(Soda-Lime-Silica) .9 

(2) Viscosity m easurements have bee n made on 
this glass by eigh t par ticipating laboratories be­
tween 520 and 1450 DC, using the rotaLing cylinder 
and fiber elongation methods. 

(3) A viscosity-temperatm e curve was determin ed 
from th ese measurements by fitting the data points 
to th e F ulcher equation by the meth od of leasL 
squares. 

(4) The softening, annealing, and str ain poin ts of 
this glass have been determined by seven of th e 
par ticipating laboratories. 

The au thors acknowledge the inte rest taken by 
C. H. Hahner in initiating and directing this pro­
gram a nd F. W. Glaze (retired) for his assistance in 
the cali bration work a nd prelimi nary calculations. 
The au thors also express Lh eir sincerest tha nks to all 
the parLicipft ting laboratories for their cooperation 
in m aking viscosity measuremenLs o n Lhis glass. 
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