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Penetration of commercial and dental waxes
was studied. Measurements indicated that
resistance of paraffin and dental inlay waxes
to penetration was closely related to the tem-
perature at which solid-solid transformations
occurred. Annealed waxes were more resis-
tant to penetration than unannealed waxes.

Thermomechanical analysis (TMA) mea-
sures the mechanical response of a material
as it is programmed linearly through a se-
lected temperature range.' The techniques
used in TMA include linear expansion, vol-
umetric expansion, tensile elongation, tor-
sional modulus, and penetration. Compar-
ison of TMA penetration curves with curves
of transition temperatures obtained from dif-
ferential thermal analysis (DTA), is a pow-
erful, new technique for studying the effect
of thermal transitions of a material on its
mechanical properties.
DTA of commercial and dental waxes has

established the presence of solid-solid tran-
sition temperatures as well as melting transi-
tions.2 The phase changes associated with
these transition temperatures might be ex-
pected to influence the mechanical behavior
of wax. In this study we examine the rela-
tionship between penetration and transition
temperatures for various commercial, dental,
and combined waxes and provide fundamen-
tal information on the formulation and test-
ing of dental waxes.

Materials and Methods
Waxes, as obtained from the supplier (Ta-

ble 1) or blended as indicated, were sub-
jected to penetration. Cylindrical wafers
(6.0 mm in diameter and 1.0 mm in height)
of a wax were made in a warmed stainless
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steel die. The temperature of the die was
the annealing temperature for a particular
wax or wax blend.
The waxes were studied in annealed and

unannealed conditions to test the effect of
heat treatment on penetration. Annealed
specimens were prepared in a manner similar
to the unannealed specimens, but were heat-
treated in an oven for 24 hours at a tempera-
ture 20 C below the melting temperature of
the wax before testing. The temperatures at
which the various waxes were annealed are
given in Table 2.
TMAa was carried out on three specimens

for each condition from 25 C to the temper-
ature at which maximum (100%) penetration
occurred for the various waxes. The anal-
ysis was conducted in air, and a linear heat-
ing rate of 5 C per minute was used. DTAb
was carried out from 25 to 100 C in air with
a heating rate of 20 C per minute.
A schematic sketch of the penetration

mode of the thermomechanical analysis cell
is shown in Figure 1. A quartz probe, which
is attached to a metallic sleeve that serves at
the core of a linear variable differential
transformer (LVDT), was mechanically po-
sitioned by a spring on the surface of a wax
sample. The output of the LVDT was then
electrically balanced and zeroed so subse-
quent vertical displacement could be cali-
brated and recorded as a function of tem-
perature. The cylindrical probe tip shown
in the blown-up portion of Figure 1 has a
diameter of 0.92 mm and a length of 0.72
mm. Thus, 100% penetration refers to a
vertical displacement of 0.72 mm. Stresses of
1.52 and 25.5 gm/mm2 were applied to the
wax. All TMA curves began at 25 C with

a DuPont 941 Thermomechanical Analyzer, E. I. du-
Pont de Nemours & Co., Inc. Instrument Products Di-
vision, Wilmington, Del.

b DuPont 900 Differential Thermal Analyzer, E. I.
duPont de Nemours & Co., Inc, Instrument Products Di-
vision, Wilmington, Del.
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TABLE 1
COMMERCIAL, DENTAL, AND COMBINED WAXES

Wax Description Source

Paraffin Fully refined paraffin wax (lot 319) Ross Co., Jersey City, NJ
Beeswax Refined yellow beeswax, USP (lot 2247) Ross Co., Jersey City, NJ
Carnauba Refined pure no. 1 yellow carnauba (lot 2318) Ross Co., Jersey City, NJ
DD Blue inlay casting wax, regular (lot 0141B806) Kerr Mfg. Co., Romulus, Mich
EE Blue inlay casting wax, hard (lot 0824A865) Kerr Mfg. Co., Romulus, Mich
FF Dr. Peck's purple hard wax (lot 1136) Kerr Mfg. Co., Romulus, Mich
i Blue inlay wax, regular (lot 0727101) S. S. White Co., Philadelphia, Pa
K Blue inlay wax, hard (lot 20912) S. S. White Co., Philadelphia, Pa

zero percent penetration. When several
curves were plotted on the same figure, the
curves were offset for convenience. Temper-
atures at which 10, 50, and 90% penetration
occurred were analyzed statistically by anal-
ysis of variance.3 A hypothesis testing the
equivalence of means was rejected if the
computed value of a was less then or equal
to 0.05.

Results
The relationship between DTA and TMA

by penetration for annealed carnauba wax

is shown in Figure 2. The TMA curves for
both stress levels reached about 80 C before
penetration was observed. Initiation of pen-

etration at both stress levels was associated
with the endothermic DTA transition ob-
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FIG 1.-Schematic sketch of penetration mode
of TMA cell.

TABLE 2
ANNEALING TEMPERATURES FOR COMMERCIAL,

DENTAL, AND COMBINED WAXES

Annealing
Wax Temperature

Paraffin 40 C
Paraffin-beeswax blends 40 C
Beeswax 40 C
Paraffin-carnauba blends

(2.5 to 25% carnauba) 40 C
Paraffin-carnauba blends

(50 to 75% carnauba) 60 C
Carnauba 60 C
DD 50 C
EE 50C
FF 50 C
J 50 C
K 50C

served from 65 to 90 C. Mean temperatures
at which penetration of 10, 50, and 90% oc-
curred for carnauba was at both stress levels
are listed in Table 3.
The relationship between DTA and TMA

for annealed beeswax is shown in Figure 3.
The curve for the lower stress level was asso-
ciated with the endothermic transition ob-

TABLE 3
MEAN PENETRATION TEMPERATURES FOR CARNAUBA

AND BEESWAX AT Two STRESS LEVELS

Stress Penetration Carnauba Beeswax

1.52 gm/mm2 10% 84.0 (1.8) 57.1 (6.3)
50% 85.7 (1.8) 61.3 (0.8)
90% 86.5 (1.9) 61.7 (0.8)

25.5 gm/mm2 10% 81.0 (0.3) 37.8 (0.6)
50% 82.1 (0.4) 44.0 (0.4)
90% 82.1 (0.3) 44.6 (0.4)

Note: All means were significantly different at the
95%to level when compared between stress levels.

* Mean (standard deviation) with sample size of
three; units in degrees C.
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TABLE 4
MEAN PENETRATION TEMPERATURES FOR ANNEALED AND UNANNEALED

PARAFFIN AT Two STRESS LEVELS

Penetration

Stress Treatment 10% 50% 90%

1.52 gm/mm2 Unannealed 34.2 (0.2) 38.4 (0.9) 49.1 (0.3)
Annealed 35.0 (0.5) 46.8 (0.3) 50.0 (0.2)

25.5 gm/mm2 Unannealed 29.1 (1.7) 33.8 (0.3) 34.4 (0.4)
Annealed 33.1 (0.3) 34.2 (0.5) 34.4 (0.5)

Note: All means were significantly different at the 95% level when compared between
stress levels and when compared between annealed and unannealed conditions at the
lower stress level. At the higher stress level, there was a significant difference at the 95%
level between means of annealed and unannealed samples at 10% penetration only.

0 Mean (standard deviation) with sample size of three; units in degrees C.

served from 55 to 70 C. An average initial
penetration of about 15% was observed at
52 C at this stress level. The curve for the
higher stress level was associated with the
onset of the endothermic transition observed
from 53 to 55 C.
The relationship between DTA and TMA

for annealed and unannealed paraffin shown
in Figure 4. The curve for annealed paraffin
at the lower stress level had an initial pene-
tration associated with the initial endother-
mic transitions observed for paraffin from 25
to 38 C. This initial penetration accounted
for about 45% of the total penetration. The
final penetration was associated with the
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FIG 6.-Penetration temperature vs percentage

carnauba for paraffin-carnauba binary mixtures
at a stress level of 1.52 gm/mm2.

large endothermic transition observed from
45 to 58 C. The curve for annealed paraffin
at the higher stress level was associated en-
tirely with the initial endothermic transi-
tions of paraffin. The mean penetration
temperatures for annealed and unannealed
paraffin are shown in Table 4.
To explain the differences observed be.

tween the annealed and unannealed condi-
tions of paraffin, a limited study was made
of the influence of annealing (heat treat-
ment) on the magnitude of the endothermic
transitions observed from 25 to 38 C for
paraffin. The results of this DTA study are
shown in Figure 5. Trial 1 is the DTA curve
of an unannealed sample of paraffin run
from 25 to 40 C. Trial 2 is the DTA curve
of the sample of paraffin that was tested im-
mediately after cooling from trial 1. Trial 3
is the DTA curve of the sample of paraffin
from trial 2 that was annealed at 40 C for 24
hours before testing. The differential tem-
peratures or peak heights (AT) observed for
the endothermic transition with a maximum
at 31 C were 4.5, 6.0, and 8.5 C for the three
trials, respectively. The values of AT ob-
served for the endothermic transition with a
maximum at 34.5 C were 2.0, 2.25, and 2.5 C
respectively.
Mean temperatures for penetration of 10,

50, and 90% at a stress level of 1.52 gm/mm2
are shown in Figure 6 for annealed binary
mixtures of paraffin and carnauba.
Mean temperatures for penetration of 10,

50, and 90% at a stress level of 1.52 gm/mm2
are shown in Figure 7 for annealed binary
mixtures of paraffin and beeswax. Each cir-
cled data point is the mean of three replica-
tions.
The temperature data for 10% penetra-
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tion for both beeswax-paraffin and carnauba-
paraffin binary mixtures at each stress level
is summarized in Figure 8. The most notice-
able features of these data are the great ef-
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paraffin for binary mixtures of paraffin with bees-
wax or carnauba for penetrations of 10% at two
stress levels.
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FIG 9.-Relationship between DTA and TMA
bypenetration for annealed (A) and unannealed
(U) dental inlay wax at two stress levels.

fect of small additions of carnauba wax and
the almost negligible effect of small addi-
tions of beeswax on increasing the resistance
to penetration of the binary mixtures. The
effect of higher stress on 10% penetration
temperatures of the pure components also is
shown in Figure 8. The resistance to pene-
tration of beeswax was influenced to a
greater extent by increased stress then that
of paraffin or carnauba. The differences in
penetration temperatures at the two stress
levels for 10% penetration observed for bees-
wax, carnauba, and paraffin were 19.3, 3.0,
and 2.9 C, respectively.
The relationship between DTA and TMA

for annealed and unannealed dental inlay
wax is shown in Figure 9. The curve for the
annealed wax at the lower stress level had an
initial penetration that was associated with
the onset of the major endothermic transi-
tion observed for the dental wax from 50 to
68 C. This initial penetration accounted for
about 10% of the total penetration. The
final penetration was associated with the
completion of the major transition and the
onset of the endothermic transition observed
from 68 to 85 C. The curve for the annealed
wax at the higher stress level was associated
entirely with the endothermic transition ob-
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TABLE 5
MEAN PENETRATION TEMPERATURES FOR FIVE ANNEALED DENTAL INLAY WAXES AT Two STRESS LEVELS

Waxes

Stress Penetration DD EE FF J K

1.52gm/mm' 10% 61.4 (1.9) 63.4 (1.1) 65.2 (1-0) 61.1 (0-9) 63.9 (0.6)
50% 67.3 (0.7) 66.1 (0.7) 68.6 (0.4) 66.3 (0.2) 66.5 (0.2)
90% 68.1 (0.8) 66.9 (0.6) 69.1 (0.3) 67.4 (0.2) 67.3 (0.2)

25.5 gm/mm2 10% 44.9 (1.0) 44.9 (1.1) 47.8 (1.8) 39.8 (1.0) 44.5 (1.0)
50% 49.1 (0.3) 50.5 (0.6) 54.7 (1.0) 46.3 (0.4) 49.0 (0.2)
90% 50.2 (0.2) 52.0 (0.6) 56.9 (0.9) 47.8 (0.2) 50.4 (0.2)

Mean (standard deviation) with sample size of three; units in degrees C.

served from 35 to 50 C. The data shown
in Figure 9 are typical of the five dental in-
lay waxes studied.
Mean temperatures at which penetrations

of 10, 50, and 90% occurred for five annealed
dental inlay waxes at both stress levels are
listed in Table 5. An analysis of variance of
penetration temperatures of annealed waxes
(Table 5) indicated significant differences
among means at levels of a of less than 0.05.
Ranking of the means is shown in Table 6.
In general, Type I waxes were more resistant
to penetration than Type II waxes at the
higher stress level.
The temperature data for 10% penetration

for dental inlay waxes at each stress level is
summarized in Table 7 for the annealed and
unannealed conditions. In general, annealed
dental inlay waxes were more resistant to
penetration, particularly at the higher stress
level. This observation is further demon-
strated by examination of the penetration
data (percentages) at temperatures of 30
and 37 C listed in Table 8 for annealed and

TABLE 6
RANKING OF MEAN PENETRATION TEMPERATURES

OF ANNEALED DENTAL INLAY WAXES AT
Two STRESS LEVELS

Stress Penetration Waxes

1.52 gm/mm2 10% J DD EE K FF

50% EE J K DD FF

90% EE K J DD FF

25.5 gm/mm2 10% J K DD EE FF

50% J K DD EE FF

90% J DD K EE FF

Note: Underscoring indicates no significant difference
(a =0.05).

unannealed conditions of the five dental inlay
waxes.

Discussion
Comparison of the penetration curves ob-

served for beeswax, carnauba, and paraffin
with DTA measurements2 indicates that re-
sistance to penetration is closely related to
solid-solid and melting transitions. The ex-
tent to which penetration occurs appears to
be dependent on the temperature at which
the phase change occurs and the extent to
which this transformation takes place. Ex-
perimentally, penetration is dependent on
factors such as time, temperature, load, and
rate of heating. The rate of heating is
especially critical for materials that are poor
thermal conductors, such as waxes.
DTA measurements2 indicate that the bees-

wax used in this study is a mixture of hydro-
carbon and ester waxes, each of which has a
distinct endothermic melting transition. At
the lower stress, the higher melting com-
ponent provides sufficient integrity to the
wax for it to resist penetration, although the
lower melting component has undergone a
major phase transition. The resistance of
beeswax to penetration is influenced at high
stress levels by the temperature at which
the lower melting component transforms.
Carnauba wax is a relatively pure, high-

melting ester wax.2 Penetration at both
stress levels corresponds to the melting trans-
formation: penetration at the higher stress
level occurs at the onset of the melting transi-
tion and penetration at the lower stress level
occurs near the completion of the melting
transition. At the two levels of stress studied,
the solid-solid transition of carnauba, which
occurred at 61.0 C, had no influence on
penetration.

Vo1 53 No. 2
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TABLE 7
SUMMARY OF TEMPERATURES AT 10% PENETRATION FOR FIVE DENTAL INLAY WAXES IN

ANNEALED AND UNANNEALED CONDITIONS AT Two STRESS LEVELS

Waxes

Stress Treatment DD EE FF J K

1.52 gm/mm2 Unannealed 56.8 (7.0) * 56.9 (0.4) 63.1 (6.6) 48.8 (1.5) 57.4 (7-7)
Annealed 61.4 (1.9) 63.4 (1.1) 65.2 (1-0) 61.1 (0.9) 63.9 (0.6)

25.5 gm/mm2 Unannealed 46.5 (1.0) 43.0 (0.1) 44.1 (1.8) 37.4 (0.8) 43.1 (1.8)
Annealed 44.9 (1.0) 44.9 (1.1) 47.8 (1.8) 39.8 (1.0) 44.5 (1.0)

Note: All means were significantly different at the 95% level when compared between annealed and un-
annealed conditions.

' Mean (standard deviation) with sample size of three; units in degrees C.

The paraffin used in this study is a low-
melting (51 C), hydrocarbon wax that under-
goes two solid-solid phase transformations
about 16 to 20 C below its melting transi-
tion.2 An initial penetration accompanied
the lower temperature solid-solid transforma-
tion at the lower stress level. Final penetra-
tion occurred with the onset of the melting
transition. At the higher stress level, penetra-
tion was associated entirely with the lower
temperature solid-solid phase transformation.
Thus, the resistance of paraffin to penetra-
tion is predominantly influenced by the tem-

perature at which the solid-solid phase trans-
formation occurs and, to a lesser extent, by
the melting temperature.
Annealing paraffin at 40 C for 24 hours was

shown to increase the resistance to penetra-
tion. A corresponding increase in the magni-
tude of the heat of transition of primarily
the lower temperature phase transformation
was a result of this heat treatment. Anneal-
ing paraffin increases the crystallinity of the
lattice primarily with respect to the odd-
numbered paraffin hydrocarbons,4.5 and this
increased crystallinity offers more resistance
to penetration.

The pronounced effects of small additions
of carnauba on the increased resistance of
penetration of paraffin are consistent with
DTA measurements.2 Addition of beeswax
to paraffin does not produce pronounced
hardening; rather, it appears that small addi-
tions of beeswax may actually reduce the re-

sistance of paraffin to penetration by interfer-
ing with the crystallinity of the paraffin.
DTA measurements2 suggest that dental

inlay waxes are mixtures of hydrocarbon and
ester waxes. The effect of the high-melting
ester component on the resistance to penetra-
tion of dental inlay waxes at low stress levels
is apparent. Although there is an initial
penetration associated with the melting trans-
formation of the hydrocarbon wax, the major
penetration is beyond the melting transition
of the hydrocarbon wax. At high stress levels,
however, the temperature of the solid-solid
transformation associated with the hydro-
carbon is the determining factor of the re-

sistance to penetration. With most of the
dental inlay waxes studied, this solid-solid
transition occurred well above the tempera-
ture of the mouth.2 Formulation of waxes

where resistance to flow is important should

TABLE 8
PENETRATION PERCENTAGES FOR FIVE DENTAL INLAY WAXES IN ANNEALED AND UNANNEALED

CONDITIONS AT Two TEMPERATURES AT A STRESS LEVEL OF 25.5 gm/mm2

Waxes

Temperature Treatment DD EE FF I K

30 C Unannealed 0.9 (0.4) 0.5 (0.0) 0.9 (0.4) 1.5 (0.2) 0.8 (0.6)
Annealed 0.1 (0.1) 0.0 (0.1) 0.4 (0.3) 0.7 (0.2) 0.7 (0.6)

37 C Unannealed 2.4 (1.4) 2.2 (0.1) 5.0 (0.1) 9.6 (1.7) 4.2 (1.0)
Annealed 1.4 (0.2) 0.8 (0.2) 1.3 (1.1) 4.7 (1.3) 2.6 (2.0)

Note: All means were significantly different at the 95% level when compared between annealed and un-
annealed conditions.

* Mean (standard deviation) with sample size of three; units in percentages.

j Dent Res March-April 1974
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be based more on the temperature at which
the solid-solid transition occurs than on the
melting temperature of the hydrocarbon wax.
The importance of the solid-solid transition
on the resistance to penetration of a wax
blend, however, decreases greatly as increas-
ing amounts of high-melting ester wax are
added.
Annealing the dental inlay waxes at 50 C

for 24 hours improves their resistance to pen-
etration and decreases the variance associated
with the measurement. It was not deter-
mined if these effects were the results of an
increased crystallinity of the hydrocarbon
component.

Because the results show that resistance
to penetration of dental waxes may be signif-
icantly changed by heat treatment, the cur-
rent practice of storing a wax at 37 C for 24
hours before testing for recommended prop-
erties may be misleading. Future studies
should examine the effect of heat treatment
on a wax to determine if critical factors exist.

Conclusions
Penetration curves from 25 C have been

determined by TMA for a variety of com-
mercial, dental, and combined waxes. Com-
parison of these curves with DTA measure-
ments indicated that resistance of waxes to
penetration was closely related to the tem-
perature at which solid-solid and melting
transformations occurred.
The resistance of beeswax to penetration

was influenced at high stress levels by the
temperature at which its lower melting com-
ponent transformed. At low stress levels,
resistance to penetration was dependent on
the transformation temperatures of both
components. The resistance to penetration

of carnauba was determined primarily by its
melting transition.
The resistance to penetration of paraffin

was predominantly influenced by the tem-
perature at which the major solid-solid trans-
formation occurred. A heat treatment that
increased the heat of transition associated
with the major solid-solid transition of par-
affin also increased the resistance to penetra-
tion of the annealed paraffin when compared
with the unannealed paraffin.

Additions of carnauba to paraffin caused a
pronounced increase in the resistance of the
mixture to penetration; addition of beeswax
to paraffin did not produce comparable
results.
At high stress levels, the temperature of

the solid-solid transformation of the hydro-
carbon component of a dental inlay wax was
the determining factor of the resistance of
the dental inlay wax to penetration. An-
nealed dental inlay waxes were more resis-
tant to penetration than unannealed waxes.
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