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The compositional dependence of thermal expansion, α (in 10~^ K~^), transformation temperature, Tg (in °C), dilatometric softening 
point. Mg (in °C), and viscosity, η (in dPa s), was determined for low-silica glasses in the S y s t e m N a 2 0 - K 2 0 - M g O - C a O -
-Β2θ3-Ρ2θ5-81θ2 . The following phenomenological equations were established: 

α = 3.625 + 0.345 j ! 7 N A 2 0 + 0.266/^κ^ο + 0.098/7caO + 0.064;?ρ ,θ5 , 

Tg = 635.9 - 5 . 2 6 ; ? N A 2 0 + 3.18/7κ2θ - 3.16 /7Mgo - 0.47/7Na2O ' / ^ K j O - 0.12;?κ2θ ' /?caO , 

Mg = 790.6 - 1 7 . 8 3 / 7 N A 2 0 " 5.79;?κ2θ + 0 .28 /7^20 - 0.39/^^.go 

wherePi is oxide content in wt%. The viscosity was modelled to f i t an Arrhenius-type equation, = Α -\- BIT. Giving η in dPa s, 
the compositional dependence of Α and Β were found as 

Α = - 5 5 . 7 0 7 + 0 . 5 9 7 / ? N A 2 0 + 0.591 ρ^,ο + 0 . 6 0 4 / ^ M G O + 0 .516 /7cao + 0.429/^p^os + 0.387;?si02 , 

Β = - 9 1 . 4 6 3 / ? N A 2 0 + 162.861 pc^o + 485.020/7B2O3 + 249.200/^p^os + 285.212/?si02 · 

Beziehungen zwischen Eigenschaften und Zusammensetzung bei bioaktiven Gläsern 

Der Einfluß der chemischen Zusammensetzung auf den Wärmeausdehnungskoeffizienten, α (in 10"^ K~^), auf die Transformations
temperatur, Tg (in °C), auf den Erweichungspunkt, Mg (in °C), und auf die Viskosität, η (in dPa s), wurde für Gläser mit niedrigem 
Siliciumdioxidgehah im System N a 2 O - K 2 O - M g 0 - C a O - B 2 0 3 - P 2 O 5 - S i O 2 bestimmt. Die folgenden phänomenologischen Glei
chungen wurden abgeleitet: 

α = 3.625 + 0.345 p^^^o + 0.266 p^^^o + 0.968 /?caO + 0.064 pp^OS^ 

Tg = 635.9 - 5 . 2 6 / ? N A 2 0 + 3.18 /7κ2θ - 3 . 1 6 / ? M G O - 0 . 4 7 ; 7 N A 2 0 ' ;?Κ2θ - 0 .12 /7κ2θ ' Pcao, 

Mg = 790.6 - 1 7 . 8 3 / 7 N A 2 0 - 5.79;?κ2θ + 0 . 2 8 / 7 ^ 2 θ " 0 .39;?^go, 

wobei pi für den Oxidgehalt in Gewichtsprozent steht. Die Viskosität wurde in eine Form gebracht, die einer Gleichung vom 
Arrhenius-Typ entsprach: \$η = Α -\- B/T. Für Α und Β wurden mit η in dPa s und in Abhängigkeit von der Zusammensetzung ermit
telt: 

Α = - 5 5 . 7 0 7 + 0.591 ρ^^,ο + 0.591 p^^o + 0.604 /7Mgo + 0.516 /?cao + 0.429pp^Os + 0.387 psi02 , 

Β = -91 .463 /?Na20 + 162.861 /?caO + 485.020 Pß^oa + 249.200/?ρ ,θ5 + 285.212;?si02 · 

1. Introduction 
There is an increased interest in the possibility of cutt ing 
down the number of experiments, when designing glasses 
with specific properties. This interest is accentuated for 
properties which involve in-vivo experiments. O n the 
other hand , many propert ies vary smoothly, even if 
rapidly, with composi t ion and simple models are in 
general use in which the concentra t ion of each oxide 
consti tuent is multiplied by a coefficient and all the 
terms are summed. A n excellent review of available 
models has been compiled by Volf [1], but most of these 
concern ordinary commercial glasses. Only recently 
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a t t e m p t s have been m a d e to m o d e l also glasses in the 
compos i t i on r änge where bioact ivi ty can be expected 
[2 t o 4]. Α bioact ive glass is here defined as a glass to 
which b o n e cells a t tach by forming a chemical b o n d 
[2]. In general , glasses show bioact ivi ty if the silica con
ten t is below 60 w t % [2 a n d 3], bu t the bioact iv i ty 
decreases wi th increasing durabi l i ty a n d is inh ib i ted by 
t r ivalent ions like A P ^ [3]. T h e present s tudy in-
vestigates physical proper t ies in the low-silica p a r t of the 
System Na20 - K2O - M g O - C a O - B2O3 - P2O5 - Si02. 
T h e p r o p e r t y - c o m p o s i t i o n relat ionships were deter
m i n e d in t e rms of the rma l expans ion , t r ans fo rma t ion 
t empera tu re , d i la tometr ic softening po in t a n d an 
app rox ima t ion of viscosity. G o o d mode ls a re requi red 
for developing vi t reous enamels for coat ing steel p ros -



Table 1. Composition by synthesis of the investigated glasses in wt% 

glass no. NasO K2O MgO CaO B2O3 P2O5 Si02 

1 10 5 0 15 0 0 70 
2 15 0 2 15 0 0 68 
3 0 15 5 10 0 3 67 
4 10 5 0 15 3 3 64 
5 15 0 5 10 0 6 64 
6 5 10 2 20 0 0 63 
7 5 10 2 15 3 6 59 
8 10 5 5 15 3 3 59 
9 15 0 5 20 3 0 57 

10 20 10 5 10 0 0 55 
11 20 10 2 10 3 3 52 
12 20 10 5 10 3 0 52 
13 25 5 2 10 3 3 52 
14 15 15 2 15 3 0 50 
15 20 10 5 20 0 3 42 
16 25 5 2 20 0 6 42 
17 20 10 5 20 0 6 39 
18 15 15 2 20 3 6 39 

theses wi th a layer able to form a f irm chemical b o n d 
to bone . 

2. Experimental design 
Genera t ing sufficient da t a to establish t he propert ies for 
a seven-component System by classic m e t h o d s would re
qui re h u n d r e d s of compos i t ions to be investigated. 
Therefore, the a u t h o r s used a Computer search method 
for a min imum-cor re la ted s tochast ic des ign of experi
men t s [5]. T h e m e t h o d , men t ioned in [5], was developed 
by L. N y s t r ö m , bu t based o n a Suggestion by Himmel
b lau [6]. T h e exper imenta l p l an was des igned to give as 
m u c h informat ion as possible to be used for a phenom
enological model l ing of the p r o p e r t y - c o m p o s i t i o n re
lat ionships. 

Eighteen glasses wi th compos i t ions given in table 1 
were investigated. In order t o get safe m o d e l s for bioac
tive glasses, the compos i t iona l ränge was extended out
side the region of bioactivity. Cor re la t ions between the 
compos i t ions generated can be represented by means of 
a corre la t ion mat r ix for the whole System. Values close 
t o zero are preferred if the effect of each componen t is 
to be established independent ly of the o thers . But values 
close to 0.3 are still sufficient to avoid elimination of 
wrong variables in the regression analysis procedure. The 
corre la t ion mat r ix is given in table 2. Because the oxides 
to ta l 1 0 0 % , S iOi was chosen as a dependen t variable 
a n d omi t t ed from Statistical analysis. T h u s , cross corre
lat ions involving sihca are of n o concern . 

3. Experimental methods 
T h e glasses were p repa red from p u r e d ry materials, 
mel ted in a p la t inum crucible in an electric furnace and 
homogen ized by crushing a n d remelt ing. T h e melts were 

cast to rods in a graphite mould and annealed for 30 min 
slightly above the estimated temperature (470 to 
580 °C) and slowly cooled to room temperature accord
ing to a scheme suggested by Redston and Stanwor th 
[7]. The rods were cut and ground to a length of 25 m m 
and a cross section of (5 by 5) mm^. The thermal expan
sion was determined by a Dilatronic I di latometer from 
The ta Industr ies Inc. The reproducibility of an expan
sion measurement was about 2 % . At least two parallel 
measurements were made for each glass. If the difference 
between two measurements exceeded 2 %, the measure
ment was repeated twice and the two extremes skipped. 
Also, if the expansion curve indicated poor anneahng , 
the sample was reannealed. F rom the dilatometric curve 
three different propert ies were extracted, the thermal ex
pansion, A , the t ransformation point , 7g, and the dilato
metric softening point . Mg. 

Further , an a t tempt was made to estimate the 
v i scos i ty - t empera tu re relaüonship according to a 
me thod described by Scholze [8]. The me thod is suitable 
as a first approximat ion when the number of experi
ments is large. It is also suitable for composi t ions con
taining componen t s which have a high vapour pressure 
or which corrode plat inum. According to the me thod 
certain deformation points observed in a high-tempera
ture microscope (Leitz Wetzlar G m b H , Wetzlar (Ger
many)) can be related to the viscosity. The microscope 
consists of an electrically heated hor izontal tube furnace 
in which a cylindrical sample (2 by 2) mm^ m a d e from 
crushed glass is placed on a ceramic Substrate. The 
deformation of the sample is observed when the furnace 
is heated. Scholze defined four points that can be repro-
ducibly identified, i.e. the sintering point , SP, defined as 
the poin t where the sample Starts shrinking, the mini
m u m base line point , MBL, where the sample already is 
a soft glass, but the Wetting of the Substrate is neghgible. 
Further , the poin t when the sample forms a semisphere 
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Table 2. Correlation matrix showing eross eorrelation between oxides in experimantel plan 

Na20 K2O MgO CaO B2O3 P2O5 Si02 

NasO 1.000 
K2O -0.191 1.000 
MgO 0.117 0.029 1.000 
CaO 0.000 0.000 -0.114 1.000 

B2O3 0.041 0.116 -0.185 -0 .136 1.000 

P2O5 0.096 0.080 0.047 0.168 0.000 1.000 
Si02 -0.654 -0.402 -0.215 -0 .420 -0.149 -0.435 1.000 

which he denoted by HKP, and the point when the 
sample has floated out to a given height he called flow 
point {FP). The microscope was calibrated with a com
mercial Container glass with known v i scos i ty - t em
perature behaviour between Tg and the temperature 
where η = dPa s. Giving the viscosity η in dPa s, the 
points were identified as follows: η = 10ioo±o.3 

η = 106·1±0.3 j^ßj^ η ^ |Q4.2±0.3 ^^p ßj^aiiy 

η = 10^ "^-^^ at FP. The latter two values are lower than 
found by Scholze [8], who repor ted η = 10^·^^ to 10^·^ at 
MBL and η = 10"^^ to 10^^ at FP, respectively. Further, 
establishing MBL is strongly influenced by the Wetting 
of the ceramic Substrate. In par t icular high po tash con
tents lowered the surface tension too much for any accu
rate determinat ion. Also the two high-viscosity points, 
SP and MBL, were difficult to establish. O n the other 
hand , Tg and Mg can be reproducibly determined within 
a few degrees from the thermal expansion and these 
points were taken to represent the high-viscosity region. 
For the calibration glass these two points were found to 
correspond to ^ = 10^^^ and 10^^^ dPa s, respectively. It 
was therefore decided to use the two dilatometric points 
and HKP and FP for modell ing the v i scos i ty -com
posit ion relationships. 

4, Results 
The linear thermal expansion between 20 and 300 °C 
and the temperatures at the four chosen viscosity points 
are given in table 3. Expans ion values are means of two 
determinations. The scattering in the expansion meas
urements never exceeded 2 %, while Tg and Mg could be 
determined within about ±5 K. The two viscosity values 
at HKP and FP are ar i thmetic averages of three deter
minations. The scatter was much greater, but less than 
±20 Κ corresponding to less than ±0.25 viscosity units. 
The scatter was of the same order as obta ined when cali-
brat ing the Instrument. 

The composi t ional dependence of the coefficient of 
expansion, α (in 10"^ K'O, between 20 and 300 °C was 
tested at a 95 % significance level. The model 

α = 3.625 + 0.345 j^Na^o + 0.266/7K2O + 
+ 0 . 0 9 8 / 7 c a o + 0 . 0 6 4 / 7ρ , θ 5 

(1) 

where Pi, is the a m o u n t of the i-th oxide in w t % , h a s 
a regression coefficient = 99.67 % a n d a n es t imated 
Standard deviat ion of 0.17 · 1 0 ~ ^ K ~ ^ T h e degrees of 
f reedom, i.e. the n u m b e r of exper iments used for tes t ing 
the mode l , were 13. T h e goodness of the fit was esti
m a t e d by an F-test a n d the to ta l F-va lue was found t o 
be 982. 

T h e compos i t iona l dependence of the t r a n s f o r m a t i o n 
t empera tu re , Tg (in °C), was also tested at a 9 5 % level 
a n d could be described by 

Tg = 635.9 - 5.26j9Na20+3.18/?K20 - 3 . 1 6 / 7 M g o " 

- 0.47;7NA2O 'PK20 - 0T2;?K2O-;^cao · 

H e r e are: the regression coefficient = 9 9 . 3 5 % , t he 
es t imated Standard deviat ion 6.8 K, the degrees of free
d o m 12 a n d the to ta l F-valuet 368. 

T h e compos i t iona l dependence of the d i l a tomet r i c 
softening po in t . Mg (in °C), was 

Mg = 790.6 - 17.83 ;7Na20 " 5 . 7 9 ; 7 κ 2 θ + 

+ 0 . 2 8 / 7 ? , , , o - 0 . 3 9 ; 7 ^ g o . 
(3) 

T h e mode l was tested at a 9 5 % significance level. T h e 
regression coefficient was = 99.5 % a n d the es t imated 
S tandard deviat ion 5.9 K. T h e degrees of f reedom were 
13 a n d the to ta l F-value was 643. 

In test ing the viscosity mode l s a g o o d e n o u g h de 
scr ipt ion was ob ta ined with an Ar rhen ius - type e q u a t i o n 

\gη = A + BIT. (4) 

1 Ρ}^2θ + 

Α Voge l -Fu lcher -Tammann re la t ionship was therefore 
never tested, in par t icu lar as it h a d requi red non - l i nea r 
regression analysis. Fo r viscosity (in dPas) the c o m p o 
si t ional dependence of Α a n d Β was found t o be 

Α = - 5 5 . 7 0 7 + 0 .597 ;?Na20 + 0.597 

+ 0 .604 /7MgO + 0 . 5 1 6 / 7 c a O + 

+ 0.429 ; 7 ρ , θ 3 + 0.387 ;7si02, 

Β = - 9 1 . 4 6 3 ; 7 N a 2 0 + 162.861 pc^o + 485.020 /78^03 + 

+ 249.200 PP,Os + 285.212 jr7si02 

(5 ) 



Table 3. Experimental and ealculated thermal expansion between 20 and 300 °C, transformation temperature, dilatometric softening 
point, high-temperature-microscopic semisphere and flow point. The calculated HKP and FP are obtained from equations (4 to 6). 

glass no. α in 10- Tg in °C Mg in °C HKP in FP in °C 
experi equation experi equation experi equation experi equation experi equation 

mental (1) mental (2) mental (3) mental (4) mental (4) 

1 9.88 9.89 570 566 614 611 1065 1060 1145 1130 
2 10.12 10.28 557 551 588 584 1055 1032 1100 1102 
3 8.63 8.80 652 649 695 694 1095 1108 1170 1183 
4 10.02 10.08 565 566 604 611 955 1008 1060 1071 
5 10.14 10.17 531 541 577 576 1010 1024 1115 1094 
6 10.20 9.99 597 587 642 649 1135 1108 1160 1185 
7 9.84 9.87 581 593 661 649 1040 1038 1185 1105 
8 10.28 10.08 550 551 593 602 870 1006 1005 1073 
9 10.81 10.77 545 541 581 576 1065 987 1085 1055 
10 14.21 14.17 444 440 486 478 945 963 1000 1047 
11 14.76 14.36 449 449 488 486 930 911 955 982 
12 14.14 14.17 441 440 475 478 950 902 995 975 
13 14.66 14.75 447 449 487 489 920 879 930 947 
14 14.10 14.27 464 465 500 498 975 952 1010 1028 
15 15.23 15.35 435 428 478 478 990 1000 1005 1099 
16 15.85 15.93 443 443 488 489 1085 968 1095 1059 
17 15.60 15.54 422 428 478 478 1010 1005 1030 1105 
18 15.15 15.15 453 456 494 498 995 974 1010 1057 

Table 4. Compositional validity ränge in wt% for equations 
(1 to 3, 5 and 6) 

oxide ränge of composition in wt% 

NasO + K2O 15 to 30 
K2O Oto 15 
MgO CaO 10 to 25 
MgO Oto 5 
B2O3 Oto 3 
P2O5 0 to 6 

where is given in wt%. Giving viscosity in dPa s, for 
equa t ion (4) the regression coefficient was = 98.74 
at a 9 5 % significance level and the es t imated Standard 
deviat ion for lgη = 0.53. T h e degrees of freedom were 
60 a n d the to ta l F-value was 439. T h e validity ränge of 
all mode l s is given in table 4. 

5. Discussion 
5.1 Thermal expansion 
T h e greatest recorded difference be tween an experi
men ta l a n d a predic ted coefficient of expansion was 
0.44 · 10"^ K " ^ bu t in general the difference was less 
t h a n 0 .1 . T h e p rob lem is, however, n o t the reproduc
ibility n o r the model l ing, bu t the ques t ion of how to 
Interpret the d i la tometr ic recording. T h e r e is in every di
la tometer at low tempera tures a difference between ac
tua l sample t empera tu re a n d t h e r m o c o u p l e temperature. 
Fo r instance, as a rule α between r o o m tempera ture and 
300 °C is abou t 1 0 % smaller t h a n between 70 and 
300 °C. Fur ther , in h te ra ture the l inear expansion is 
somet imes repor ted between r o o m tempera ture and 

300°C, sometimes between room temperature and 
400 °C. For the set of glasses in this investigation, the 
values of a2o/4oo were about 5 % larger than those of 

0^20/300· 

One of the best methods published for estimating the 
hnear expansion coefficient from composi t ion was pub 
hshed by Appen [9] back in 1949, i.e. long before a de
tailed design of experiments by Statistical analysis of big 
bodies of da ta were commonly used. Applying his model 
on the present set of composi t ions gave as a rule very 
good agreement with experiments. Appen's model 
yielded on average 0 . 7 % higher values, but extremes as 
big as - 4 . 6 and + 4 . 2 % were recorded, corresponding 
to about 0.3 · 1 0 - ^ K - i . 

5.2 Dilatometric points 
The two dilatometric points, Tg and Mg, could be very 
accurately determined. Al though the experimental plan 
showed very small cross correlations, in the final model 
several oxide terms were eliminated in the F-test due to 
cross correlations. The modelling also required second-
degree composi t ional terms. However, the fmal models 
give very good estimates in the investigated region. 

Andersson [4] has published a model for Tg based on 
D T A measurements on bioactive glasses. Al though 
M g O and K2O are not considered in his model , a 
reasonable agreement is obtained between estimates by 
his model and by equat ion (2). As a rule the results are 
within the limit given for equat ion (2) and large devia
t ions occur only for glasses outside Andersson 's exper
imental silica ränge. In the same paper Andersson also 
gives a restricted model based on the soda content only. 
This model , however, is not applicable in the present 
experiments. 



Proper ty -compos i t ion relationsliips for potentially bioactive glasses 

5.3 Viscosi ty 

The determinat ion of the v i scos i ty -compos i t ion rela
t ionship was made by combining two different methods, 
the dilatometric points for the low-temperature region 
and the high-temperature microscope for the working-
range region. The difference between experimental value 
and estimate according to equat ion (4) was fairly 
independent of the experimental me thod and on the av
erage less than 0.3 units on the logari thmic scale. The 
accuracy of the model is, however, less, only about 
1 unit . In the low-temperature region this corresponds 
to about ±50, in the working ränge to about ±100 K. 
Al though these values are rather large, the accuracy is 
not inferior to other comparable models [1]. 

When compar ing the measured viscosities with vis
cosities calculated by the models developed by Lakatos 
[10 and 11] and Lyon [12], the agreement was acceptable 
only for the glasses with the highest silica content . At 
low silica contents the estimated low-temperature vis
cosities were wrong by Orders of magni tude. Because 
Laka tos ' and Lyon's models do no t consider P2O5, they 
were tested only on a limited set of experiments, but even 
then it was evident that they gave p o o r estimates in the 
region for bioactive composit ions, i.e. below about 
6 0 % Si02. 

Recently Brink [13] has m a d e an a t tempt to estimate 
the viscosity by using all four of Scholze's microscopie 
points. The discrepancy between her model and equa
tions (5 and 6) is particularly great in the low-tempera
ture region. Here the dilatometric determinat ion seems 
to be superior to the high-temperature microscope. 
However, the present au thors also obta ined a slightly 
lower viscosity in the working ränge. 

6. Conclusions 
The aim of this investigation was to model properties 
impor tan t when enameling steel in order to get a surface 
to which bone cells can at tach. Thus , the impor tan t vis
cosity region is at temperatures in and below the 
working ränge. The composi t ional dependence of ther
mal expansion, of t ransformat ion point , of dilatometric 
softening point and of viscosity of potentially bioactive 
glasses has been determined in the low-silica par t of the 
System Na20 - K2O - M g O - C a O - B2O3 - P2O5 - SiOs 

on e ighteen glasses chosen by a min imum-cor r e l a t ed 
s tochas t ic design of experiments . Acceptab le re la t ion
ships are developed for all proper t ies investigated. T h e 
exper imenta l ränge Covers compos i t ions also ou t s ide the 
r änge of bioact ive glasses. Mode l s for compos i t i ona l de 
pendence of bioact ivi ty have, however, been t rea ted else
where [2,3 a n d 14]. 
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