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Synopsis

A rheometer has been developed to simulate the extrusion of luting cement

from beneath a full crown during seating using clinicall y realistic shear

rates. Five luting cements were studied and differences in rheological.

behavior were illustrated. These measurements demonstrate the importance of

consideration of the effects of shear rate on viscosity when evaluating a

cement for optimal clinical utilization.
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Introduction

Knowledge of the apparent or “working” viscosity of dental luting cements

is of great importance to the clinician . Apparent viscosity is the viscosity

or relative consistency of a material at a particular shear rate. A fluid

whose viscosity remains constant whatever the shear rate is known as a Newtonian

liquid. One whose viscosity decreases as the shear rate increases Is called

pseudoplastic; one whose viscosity increases with increased shear rate is known

as dilatant.

With knowledge of the behavior of any particular luting cement to various

rates of shear, the clinician could vary his cementing technique. For example ,

if he is using a type of cement whose viscosity decreases with increasing shear

rates then the use of rapid quick tapp ing forces would encourage the extrusion

of the luting cement from beneath the casting. If the cement viscosity increases

with high shear rates it would be more effectively extruded by a slow steady

application of force.

A variety of tests have been used to examine the rheology of dental cements.

Friend1 simply used subjective evaluations by clinicians ranking mixes as too

thick, too thin, or just right. Such an evaluation would not provide information

on the relative behavior of different cements during cementation since one with

pseudoplastic characteristics might appear thick but in reality be more readily

extruded than a Newtonian liquid of comparable subjective thickness. The ADA

test for establishing “testing consistency” and also film thickness makes use

of a parallel plate plastimeter.2 A number of investigators have used the film

thickness measured at various tine Intervals after mixing , under various

environmental conditions, and with different powder/liquid ratios for evaluating
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consistency.3 6  Batchelor and Wilson7 stated that the parallel plate plastiineter

does not measure the rate of flow but measures a static equilibrium , where the

applied force Is balanced by the internal shear stress. For this reason the

parallel plastimeter falls short as an instrument for examining the rheology

of different types of cement.

Plant, et al
8 

compared the setting characteristics of various cements via

traces obtained from the oscillating rheometer. Differences were observed in

the patterns of change in fluidity of setting cements as related to the type of

cement, temperature and powder/liquid ratios.

Vermilyea, Powers and Craig
9 used a rotational viscosimeter to measure

the viscosity of zinc phosphate and polycarboxylate cements during setting.

They modified the spindles of the apparatus so that small amounts of liquid could

be used . The spindles were recal ibrated using viscosity standards. They

observed some change in viscosity with increasing shear rates, but found

temperature to have a greater effect. However a basic limitation of the technique

is the design of the rotational viscosimeter . Most commercial rotational

viscosimeters operate at shear rates below 20 second~~. Since the tapping

closure rate of a normal human mandible can surpass 8000 mm/m m 10 , it can be

inferred that the shear rates present at the margins of castings during

cementation may be higher by several orders of magnitude than those produced

in the rotational viscometer. A highly non-Newtonian cement might behave quite

differently during cementation of a casting than the data from a rotational

viscosimeter would indicate.

The purpose of this study was to design and test an instrumenf for
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investigation of the viscous behavior of cements as a function of rate and

time of application of the seating force.

Methods and Materials

Instrumentation

A diagram of the apparatus designed and fabricated for investigation of

the rheological behavior of cements during seating of a casting is shown in

Figure 1. The instrument essentially is a ram and piston penetrometer. The

reservoir capacity of 1.25 ml was selected because it was possible to mix the

dental cement in amounts of 1 ml by the accepted clinical technics. The floor

of the reservoir was formed by a threaded plug to permit removal and hence

facilitate cleaning of the apparatus . There was a 30 micron circumferential

clearance between the piston and walls of the reservoir. A gap of this

magnitude was felt to represent a realistic marginal opening through which

cement would be extruded during seating of a cast full crown.

The piston was driven into the cement reservoir by means of a universal

*
testing machine at a fixed rate of travel, and the required force was recorded .

The range of head speeds was established in a series of preliminary tests.

With ~ head speed of 1.25 mm/mm the maximum travel time was 8 minutes, and

this permitted the entire setting cycle to be monitored. The highest head

speed at which strain behavior of the cements could be monitored was 80 mm/mm .

The cements were tested at head speeds of 1.25, 2.5, 5, 10, 20, 40 and 80 m m/mm .

It was felt that the data obtained over the range of shear rates was sufficient

* m atron Corporation, Canton, MA. 
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to allow reliable inferences to be made with respect to rheological behavior

of the cements.

In order to determine approximately the magnitude of shear rates developed

in the apparatus , prel iminary tests were conducted with silicone polymer

*viscosity standards of 12,000, 57,000 and 105,000 centi poise. The resistance

curves obtained as related to head speeds are presented in Figure 2. The

silicone polymers are Newtonian fluids at shear rates below 2000 second ’ but

become pseudoplastic at shear rates in excess of 2000 second~~
)1 Since the

behavior of these silicone polymers was pseudoplastic in these tests the

inference was that shear rates in excess of 2000 second~~ were produced in

fluids when tested in this apparatus . A calculation of the shear stress

developed in this device based upon chamber dimensions and the circumferential

gap indicated that a shear rate of 2000 second~~ would be reached at a head

speed of 7.6 mm/mm .

Five cements were included in the study . They were: (1) a representative

zinc phosphate cement; (2) a conventional zinc polycarboxylate; (3) a zinc

silicophosphate; (4) a glass ionomer , formulated as a luting agent; and (5)

a water mixed polycarboxylate. The materials , powder/liquid ratios and the film

thicknesses obtained at those ratios are listed in Table I. The powder/liquid

ratios employed for all materials except the zinc phosphate are those recommended

by the respective manufacturers . The zinc phosphate cement mix at the

recommended ratio was judged to be too viscous for clinical cementation , there—

* Brookfleld Engineering Laboratories, Stoughton, MA.
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fore a somewhat lower powder/li quid ratio was used . The powders were

proportioned by weight on an analytical balance and , with the exception of the

conventional polycarboxylate , the liquids from bulk containers using glass

tuberculin syringes. The manufacturer ’s plastic syringe was used for the

polycarboxylate liquid.

The zinc phosphate and silicophosp hate cement were mixed on cool glass

slabs. The mixing slab was placed in a container of crushed ice for 2.S

minutes , then it was removed , dried and the powder and liquid dispensed onto

it. Mixing was initiated promptl y at 3 minutes from the time of removal of

the slab from the ice. This procedure produced a consistent mixing slab

temperature (61.7 + .9° F).

The other three cements were mixed on room temperature slabs since the

manufacturers did not recommend cool slabs. In order to determine the effect

of slab temperature on the rheological behavior of the conventional polycarboxylate

cement a second series of tests was run on the material in which mixing was done

on a chilled slab .

The manufacturers ’ directions were followed with all cements with respect

to rate of addition of the powder, mixing procedure and time. Immediately

after mixing, the cement was placed in the reservoir of the test apparatus,

and 30 seconds after completion of the mix the test was initiated.

Prior to each test, a run was made with the apparatus empty in order to

record the spring constant which was deducted from the subsequent readings .

Also, as a control measure, the temperature of the test apparatus was monitored

prior to loading with the cements and during the test runs.

I

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Results

The resistance values for the zinc phosphate cement at the different

crosshead speeds are shown in Figure 3. The increase in resistance is

generally proportional to the increase in strain rate. When the resistance

values at one minute after mixing are plotted against the strain rates

(Figure 4) the resulting data points can be fit to a straight line with a

correlation coefficient of .987. The behavior of this zinc phosphate cement

can be described as Newtonian. To investigate the possibility that the passage

of the piston through the cement was affecting the rate of setting and thus

the resistance values, runs were made at 10 mni/min at successive time periods.

If the testing process was affecting the set of the cement, the resistance

values at the end of one run should not correlate with the values at the

start of the next run. Since the three resistance curves are fairly contiguous

(Figure 5),it can be inferred that the testing procedure did not markedly

affect the setting of the cement.

The resistance values for the conventional zinc polycarboxylate cement at

different crosshead speeds are shown in Figure 6. Replotting the resistance

values obtained one minute after mixing against the strain rates (Figure 7) pro-

duces a curve suggestive of the behavior of a pseudoplastic material.

The resistance of polycarboxylate cement mixed on a chilled slab is

compared with the resistance of the same cement mixed on a room temperature

slab in Figure 8. Initially the consistency of the cement mixed on the cool

slab is not less than the cement mixed at room temperature, but the cement

mixed on the cooled slab maintains a lower consistency for a longer time.

—~~~~-- —
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The resistance curves for the zinc silicophosphate , glass ionomer and water

mixed polycarboxylate cement tested at a head speed of 1.25 mm per minute are

compared to those obtained for zinc phosphate and the conventional zinc

polycarboxylat e cement in Fi gure 9. At this low shear rate the glass fonomer

cement shows more resistance and has a much shorter working time than the other

cements. The working t ime for the water mixed polycarboxy late is considerably

less than the conventiona l polycarboxy late and it affords more resistance to the

piston. It is interesting that with this slow rate of shear the silicophosphate

cement offers less resistance and has a longer working time than does the zinc

phosphate cement .

Discussion

The data obtained for the silicone polymer viscosity standards in this

test apparatus designed to simulate seating of a cast full crown indicate shear

rates well in excess of 2000 second
1 
would be developed in the fluid cement

during cementation. In fact calculations indicate that shear rates of this

magnitude were achieved when the travel of the piston into the reservoir was

less than 10 mm/mm . However , even the maximum speed used here of 80 mm/mm

is slow indeed , when it is considered that the closure rate of the human

mandible can be more than 8000 mm/mm . Thus it is apparent that during seating

of a casting very high shear rates can be developed in the cement by tapp ing

the casting into place or allowing the patient to seat the casting by rap id

closure of the mandible. Shear rates of these magnitudes could easily induce

pseudoplastic behavior in a shear labile luting agent.

The differences in the rheological behavior of zinc phosphate cement

_ _ _  
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and polycarboxvlate cement when subjected to increasing strain rates is most

interesting. The zinc phosphate cements behaved in a Newtonian fashion over

the entire range of strain rates employed here , while the conventional

polvcarhoxylate behaved as a Newtonian li quid only at low strain rates. At

higher strain rates it exhibited pseudop lastic properties. it is speculated

that the pseudop lastic behavior of this cement is due to the presence of a

polymer , since certain polymeric materia ls are known to behave as Newtonian

liquids at low strain rates but are shear labile , and behave pseudop lastically

at higher rates.

The apparent “viscous consistency ” of the mix of polycarboxylate cement

at the recommended powder/liquid ratio as compared to the consistency of the

mix of the more familiar zinc phosphate cement has been difficult for the

practitioner to accept. However , these data would indicate that because of

the pseudoplastic behavio r of the polvcarhoxvlate cement the resistance to

seating of the casting is no greater and perhaps less than when zinc phosphate

cement is used . As was suggested previously , from a practical stand point

it would appear that seating of the casting with zinc phosphate or any cement

that behaves in a Newtonian fashion could best be accomplished by app lying

force at a slow steady rate. Any sort of impact load would be contraindicated

since the resistance would be increased proportionall y to the rate of loading.

On the other hand rapid loading, such as tapping, might be advantageous when

seating a casting with a pseudoplastic cement , i.e. polycarboxylate cement ,

since resistance does not increase proportionally with the increasing shear

rate.

- ‘.- - , -  ~~~~~~~~~ ~~~- ~~~ --. ~~~~~~~~~~~~L ~~~~
— -

~~ 
-

~~ — — — — —--- —~~~~~~~~~~~~
-“ -‘ -



- —
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i~~~~~ .J. - Iuu!uUU~~~~

— —

‘~ith re,;~)ect t o  mix ing ci the po 1 v c a r b o x v l a t t ’  cement the  d a t a  i n d i c a t e

tha r mixing on .t chilled slab does not  r educe  th . Initi al v i s c o s i ty  of the

emt a t hu t  that It dots tX tend workin g t Inc . In many i nst a n ces  the  longer

~~~ ‘ rk i ng t i m e  wetild be c l i n i c  a 1 1 v adv . in  t . t g t o u s

The zinc sil i cop hosphate , glass ionomer and w a t e r m i x ed polvcarboxvlate

cements were tested only at the h’wcst s t r a i n  r a t e .  Al though some interesting

c o m par i s o n s  mi ght  he made w i t h  r e s pe c t  to r e l a t i v e  w o r k i n g  p r ope r t  ies of

t he ::~a t e r ia 1s the  d a t a  f o r  inc  ph o s p h a te  and p o l v c ar b o x v l at e  i n d i cat e  the

f a l l a cy  of a t t e m p t i n g  to  do so u n t i l  t e s t s  over  a range of s t r a i n  r a t e s  have

been c o n d u c t e d .

In v i e w  of WI !  son and Batchelor ’ s statement r e g a r d i n g  the  i n a b i l i ty  of

the  c o n v e n t i o n a l  f i l m  t h i c k n e s s  t e s t  t o  p r e d i c t  w o r k i n g  p r o p e r t i e s  of cement s ,

i t  is i n t e r est  :ng to compare t h e  r e s i st an c e  ot  the v a r io u s  cements  a t  e a r ly

t i mes , I . e .  3 m i n u t e s  ( F i g u r e  Q) t o t h e  t i l m  t h i c kn e s s  da t e  (Table  1) . The

w a t e r  mixed p o l v c a r b e x v l a t e  ranked f o u r t h  h ig hest  in r e s i s t a n c e  to s e a t i n g  of

t h e p i ston  at t h i s  low s t r a i n  r a t e  hu t  was lowest  in f i l m  t h i c k n e s s .  However ,

if one removes t h i s  cement  f r o m  the  g roup  there  appears  to he a reasonably

good c o r r e l a tio n  between f i l m  t h i c k n e s s  and the  shear  r e s i s t a n c e  of the  o t h e r

~ cement s .  The z inc  s i l i c o phospha te  cement  had the  lowest  f i l m  t h i c k ne s s  and

e x h i b i t e d  the lowest shear stress w h i l e  the  glass ionomei had the highest  f i l m

and a f f o r d e d  g rea tes t  res i s tance  to sea t ing .  The o ther  2 cements fe l l  between

the ex t remes  both w i t h  respect  to f i l m  th ickness  and res is tance.

Conclus ions

In conclusion , a new t echn i que has been developed to measure the f low
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properties of dental cements during setting using clinically realistic shear

rates. These measurements have demonstrated the importance of consideration

of the shear rate dependence of the viscosity of this class of dental materials

in making a clinical evaluation of their optimal utilization.

The authors wish to acknowledge Dr. A. P. G. Giorgini, Associate

Professor, School of Civil Engineering, Purdue University , Lafayette, Indiana,

for his aid in calculating the shear stress developed by the test instrument.

Commercia]. materials and equipment are identified in this report to
specify the investigative procedure. Such identification does not imply
recommendation or endorsement, or that the materials and equipment are
necessarily the best available for the purpose. Furthermore , the opinions
expressed herein are those of the authors and are not to be construed as
those of the Army Medical Department.

I-



—li -

Re forenees

I . Fr lend , 1.. A.  fl.md i i  ug p r op er  t I es o f a z inc pc i v ca rboxv  l a t e  cemen
an invt ’sl I gat ion . Brit Dent 3 127:  t~~9 , 1969.

1 American Dental Assoc t a t  ten . Coune t I en Dent  a I Mat  or I a Is and Devices :
Amer i can  Dental A se tat ion Spec I I teat Ion No . 8 I or d e n ta l  ~ In c  p hosp ha t  ‘

cement.  .1 Amer Dent Assoc 74:1’b’~, 1967.

3. WindIer , A .S. : The use ci fi lm t h I c k ne s s  t o  mI ’:Isurt ’ w or k i n g  t im e ’  ci  Z I n c
phosphate cement .1 Dent Res S7:697 , 1q78 .

4 . J~ rgensen , K. I). : Fact ors I n f l  none t o g  t h e  t I I  in thickness of r Inc pho up hat  o
cements . A ct s  Odent Scan 18:679, 1960.

5. Katal.tns , M.C.. Swartz , M.l ., and Philli ps , R . W . :  E t i o c t  o f  m n n t pu l : i t  l v i ’
Va t I alt 105 on the prept’ r t I os it f po l v  c a rho x~ 1 at v cement . Acts I Dent .1 .‘(~ : 1 ,
19 1 ‘t .

6. McCune . B.  3.  • Phi Ii Ips , R.W . , Swart , M. 1. , and M u m t or d  , C. : The’ of I t’c t of
cccl usal vent  tug and f t  Inc thickness on t he’ c i ’mont a t  Ion of ful I cast croc.ics
.1 South  C a l i f  Dent Assec 34: 36 , 1~ 11

7. Batchelor , R.F. , and Wilson, A.U . : ‘inc oxi t te—t ’ugcne l cement s :  I .  The’
e t t  oct  of s tmt t spher  Ic cond i t  tens on rhee log ica l  p rop or t  los.  .1 Pen t R i’s
48:8S3, 1Q69 .

8. Plant , C. C . , Jones • 1.11. , and WI lsec~ 11.3. : Set t lug eh ar act  cr 1  s t ie s  ci
I In I ng and cement I ng mate ’ r t a t  s . Br I t Dent .1 11 1 : .‘l , 1972

9. Verm ii  rca • S. , P owers • .1. H. , and (‘rat t g  , R . C. : Ret at ion:il v t  seeniet i v  of  a
zinc phosphate and a i Inc pci vaccryl at t . e cement . 3 Dent R’s S6 : It t .’, 1 Q 7 1 .

10. George , 1. ,  and l3eoiw , H. F. : Personal  comncuntcat  ton .

11 . iowa rd , P. W. : Broc ki it ’! d Eng I net’ ring Labs , Stoug ht en , Mn . : rersona I
commun t ea t Ion.

a2 ’ ~~~~~~~~~~~



TABLE I

Film Thickness
Range P/L R a t i o

Zinc phosphate Fleck’s Cement 28 — 32 l.bcc/.bcc
M i z z y ,  Inc .

Poly carboxylate  Durelon 24 — 26 1.74/1.25
(conven t iona l )  Premier  Dental  Prod.

St l i cophosp hate  Fluor o- thin  24 — ~8 
. 1.4 1. 6

S. S. W h i t e  Co.

Glass ionoiner Fuj i lonomer Type 1 32 — 36 1.6/1.0 . 

-

~f o r  cementa t ion
C—C Dental Tndustrj.’~1
Corp.

Polycarboxylate Unldent 16 — 24 2.85/.75(water-mixed) Sankin Corp.

I
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Capt  Ions

F I g ur e ’  1. l) lzigram of rheotnett ’r de’stgne’d to stmttiate ex t r u si o n  of ei ’me’nt
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~ p t’e’tt s

F I gu r e  3. Res [s tance  c u r v e s  for  z i n c  phosph at t e cement  wheti  t e st e d  at
var ious  c to ss  head speeds.

F’ igure  4 .  Res t stance of .~ Inc ph o spha te  cement one m in u t e ’  n it  t comp let ion
ci the mix as r e l at ed  to cross head speed .

Figure 5. Resistance cut-vt’s chin m o d  for mixes ci Inc phosphat e  cement
when the t es t s  were In I t  t a t e d  at  1 , 1. 8 -ii t ~I m m c i i  05 .11 t o t
compi et ton of [l i t ’  m ix .

FIgure 6. ResIstance curve’s foe- pci ~‘~‘a rltoxv tat t’ c omen C when I .‘steel :mt
var Ions cross head speeds.

F igure  7. Rc~ is tance of pci v cnrb oxv  I : i t i ’ cement ont’ mInute at [or compl i’t tc ’i~
of the m i x  as r e lat e d  to stratec rate.

— Fi gure 8. Res t s  taet~’ c curves for pt’ I ycacrhcxv I act c c omen t nil xcii on a cii tiled
and on a room t empera tur e  s l ab .

F igure  9. Resis tance’ curves f o r  v a r i o u s  cements  when t e s t e d  at at cross
hc~ d speed of 1 .25 mm / m m .
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VISCO SITY SIANDAR D S AS MEASURED
IN TEST APPA RATU S
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POLYCARBOXYLATE CEMENT -~

At Various Crosshead Speeds -

ZINC PHOSPHATE CEMENT
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