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DETERIORATION OF PHOSPHATE-BONDED INVESTMENT ON
EXPOSURE TO 100% RELATIVE HUMIDITY ATMOSPHERE

BY

Toshiyuki Mivajr*!, Kayoko Urtsumi, Ei Suzukr
and Yuu SHiMizu*2

ABSTRACT

Changes in the powdery composition and setting characteristics of the phosphate-bonded
investment (Ceramigold) on exposure to 1009, relative humidity atmosphere were investigated
by means of Thermogravimetry-Differential Thermal Analysis (TG-DTA) and X-ray diffraction.
The following results were obtained.

1. In the powder, NH,H,PO, and MgO contained as the setting agents were converted
into MgNH,PO, + 6H,O through Mg(NH,),H.(PO,), - 4H.0.

2. As compared with the result of the powder stored in the thermo-hygrostatic xoom (con-
trol=not exposed), the setting time of the mixture of the exposed powder with the colloidal
silica solution decreased temporarily but increased after 4 days of exposure when the quantity
of NH,H,PO, in the powder became small and couldn’t be measured after 10 days of exposure.

3. The compressive strength and diametral tensile strength of the mixture at 2 hours
increased slightly but decreased after 4 days or more of exposure and couldn’t be measured

after 10 days of exposure.

4. The thermal expansion of the mixture at 800°C produced little difference between the

control and after 8 days of exposure.

As for the setting agents the process of deterioration is similar to the setting reaction. The
quantity of NH,H,PO, in the powder seems to be related to the setting time and the strength
of the set investment. The quantity of MgNH,PO,6H,0 in the powder may contribute to

the extreme delay of the setting reaction.

INTRODUCTION

Gypsum-bonded investment powders are
well known to deteriorate on exposure to
high humidity atmospheres. This deterio-
ration results from the reaction of the
plaster or stone contained in the invest-
ment as a binder. Farmer and Skinner
[1] reported that one “model” plaster
1009, relative
humidity exhibited, first of all, a progres-
sive increase in the setting rate when

powder on exposure to

mixed with water but later became “dead-
ened”. Buchanan and Worner [2] claimed
that the plasters absorbed water from the
moist atmosphere and underwent hydra-
tion of CaSO,+2H,0O and that the rate of
absorption of moisture at any particular
humidity appeared to depend mainly on
the quantity of the dehydrate already
present in the plaster. So, in the Dentist’s
Desk Reference (ADA [3]), the following
notice is written regarding the use of the

gypsum-bonded investments: Use only a
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fresh investment, especially avoid invest-
ments which have been stored for a pro-

longed period in a humid atmosphere.,

But for the use of phosphate-bonded in-
And
despite the presence of the hygroscopic
primary phosphates contained in the phos-
phate-bonded investments as the setting
agents, reports of this type have not been
published to date.

This study dealt with the changes in the
powdery composition by means of Thermo-
gravimetry-Differential Thermal Analysis
(FG-DTA) and X-ray diffraction and in
the setting characteristics by measuring the
setting time, compressive strength, diame-
tral tensile strength and thermal expan-
sion. The purpose of this study was to
elucidate the deterioration process of one
of the commercial phosphate-bonded in-
vestments (Ceramigold) on exposure to
100% relative humidity atmosphere.

vestments such notice is not written.

MATERIALS AND METHODS

The investment used in this study is
Ceramigold (Whipmix Corp., Louisville,
Ky.). In order to investigate the dteriora-
tion of this powder owing to humidity, the
following methods of storage were chosen.
(A) Exposing to 1009, relative humidi-
ty atmosphere; stored in the hygrostat
(26 cm in diameter and 30 cm high)

(B) Exposing to ordinary humidity at-
mosphere; stored in the uncontrolled
room

(C) Ordinary storage as control (not

exposed); stored in the thermo-hygro-
static room (20°C, 50%,)

The powder was collected carefully from,
at and near each surface and after being
collected the remainder was mixed with
each other. The result in the case of (C)
above was plotted at day 0.

The collected powder was used as a very

fine powder by grinding it in the mortar
made of agate in the TG-DTA measure-
ment (No. 8076, Rigaku Denki Co., Ltd,,
Japan) and in the X-ray diffraction (CN
2028, Rigaku Denki Co., Ltd., Japan). In
the TG-DTA measurement, the sample
was 30.00+0.05 mg in weight and carried
out from the room temperature to about
110°C at a heating rate of 5°C/min. The
weight loss was calculated from the initial
weight at room temperature and the final
weight after the temperature was decreased.
X-ray diffraction was carried out on the
sample at room temperature. Cu target
and Ni filter were used.

As to the setting characteristics, the
powder was mixed with a colloidal silica
solution at a L/P ratio of 0.16 for 30
seconds by using the VAC-U-VESTOR
(Whipmix Corp., Louisville, Ky.) and
poured into each teflon mold. And finally
the rod-like samples (10 mm in diameter
and 20 mm long) were prepared, and the
compressive strength (Universal Testing
Instrument, Model 1125, Instron Corp.,
USA) and the diametral tensile strength
(Universal Model
1125, Instron Corp., USA) were measured
after 2 hours. Finally the rod-like samples
(7mm in diameter and 14 mm long) were
prepared, and the thermal expansion (High
temperature type, Cat. No. 8096, Rigaku
Denki Co., Ltd., Japan) at 800°C was
measured after 24 hours.

Testing Instrument,

RESULTS

Fig. 1 shows the weight loss of the
Ceramigold powder due to heating up to
about 110°C. The weight loss was very
little on day O (control), and little more
than 2.59, at 60 days of exposure to the
ordinary humidity atmosphere but about
109, at 25 days of exposure to 1009, rela-
tive humidity atmosphere. Fig. 2 shows
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Fig. 1. Variation in weight loss of Ceramigold
powder on exposure to 1009, relative humid-
ity atmosphere (crosses), or ordinary humidity
atmosphere (open circles).

how the powdery composition changed on
exposure of the Ceramigold powder to
1009 relative (lefthand _and center
columns) and ordinary (right-hand column)
humidity atmospheres by means of X-ray
diffraction. In this range of diffraction
angles (20—4 to 28°) the peaks of «-
quartz and a-cristobalite, which repre-
sented q and C in the bottom row (con-
trol), were detected in all cases. The peaks
of MgO are not detected in this range. In
the left-hand and center columns in Fig. 2,
the peaks of NH,H,PO, became weak at
4 days of exposure and were difficult to be
detected at 6 days of exposure. The peaks
of Mg(NH),Ho(POy), -4H,0 and MgNH,
PO, -6H,0 were detected even at 1 day of

exposure and the former was difficult to
be detected at 27 days of exposure. In the
right-hand column in Fig. 2, the patterns
showed little variation from 6 to 60 days
of exposure and were similar to the pat-
tern at 1 day of exposure in the left-hand
column. Fig. 3 shows how the curves of
DTA (middle), TG (upper) and D-TG
(lower) changed on exposure of Ceramigold
powder to 1009, relative (left-hand and
center columns) and ordinary (right-hand
column) humidity atmospheres. As shown
in the bottom row (control) there was little
But in the other
cases, the endothermic peaks detected in
the DTA curves were accompanied by a
weight loss. Fach shape detected in the left-
hand and center columns in Fig. 3 showed

variation in these curves.

a single peak at 1 day of exposure but
double peaks from 2 to 15 days of ex-
posure. FEach temperature of the endo-
thermic peaks at the extrapolated onset
was measured in the order of 63, 67, 71
and 73°C. The shape detected at 27 days
of exposure was that of a single peak and
the temperature of the endothermic peak
at the extrapolated onset was 82°C. So
the peak/ detected at 27 days of exposure
corresponds to that detected at a higher
temperature in the case of a double peak.
By weighing each area of the peaks sepa-
rated from each double endotheric peak,
the following results were obtained; the
area detected at a lower temperature be-
came gradually larger till the 6th day of
exposure, showed little variation from 6 to
15 days of exposure and became gradually
smaller after 15 days of exposure; that de-
tected at a higher temperature showed lit-
tle variation till the 4th day of exposure,
became gradually larger at 4 to 6 days of
exposure, showed little variation at 6 to 8
days of exposure and gradually became
larger after 8 days of exposure. In the
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Fig. 2. Variation in the X-ray diffraction patterns on exposure of Cerami-
gold powder to 1009, relative humidity atmosphere (left-hand and center
columns) and ordinary humidity atmosphere (right-hand column). Con-
trol=not exposed, open triangles=NH,H,PO,, open circles=Mg(NH,),H,
(POy). »4H,0, solid circles=MgNH,PO, - 6H,0, d.=day or days of ex-

posure

right-hand column in Fig. 3, there was lit-
tle variation as the exposure time was
prolonged. The patterns were similar to
the pattern at 2 days of exposure in the
left-hand column in Fig. 3.

As shown in Fig. 4, the setting time de-
creased temporarily but increased after 4
days of exposure as compared with that of
the control and couldn’t be measured at
10 days of exposure to 100%
humidity atmosphere. The compressive
strength and the diametral tensile strength
at 2 hours are shown in Fig. 5. The ten-

dency obtained in Fig. b was almost the

relative

reverse of that obtained in Fig. 4. The
thermal expansion curves are shown in
Fig. 6. In the range of 200 to 250°C the
shrinkage was detected clearly at 8 days of
exposure to 1009, relative humidity at-
mosphere, slightly at 27 days of exposure
to the ordinary humidity atmosphere but
not detected at day 0 (control). The ther-
mal expansion at 800°C, however, was
about 1.2%, in each case.

In order to clear the conversion detected
in the setting agents owing to the humidi-
ty, the mixed powder of NH,H,PO, and
MgO at a ratio of 1:1 (molecular weight)
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Fig. 8. Variation in curves of DTA (middle), TG (upper) and D-TG (lower)
on exposure of Ceramigold powder to 1009, relative humidity atmos-
phere (left-hand and center columns) and ordinary humidity atmosphere
(right-hand column). d.=day or days of exposure

was exposed to 1009, relative humidity
atmosphere. In Fig. 7 and the left-hand
column in Fig. 8, the X-ray diffraction pat-
terns and the curves of TG and DTA are
shown in the same manner as in Figs. 2
and 3. The conversion detected in the set-
ting agents was similar to that detected in
the Ceramigold powder. As the peaks of
Mg(NH,),Hs(PO,), - 4H,O were stronger, a
double endothermic peak was detected in
the DTA curve. The weight loss was about
45%, at 28 days of exposure. The right-
hand column in Fig. 8 shows the variation
in the X-ray diffraction patterns, whose
range of diffraction angles was from 36 to
46°. The peak of MgO was detected in
this range. As the exposure was prolonged,

the peak of MgO was weaker and the peaks
of MgNH,PO,6H,O were stronger.

DiscussioN

Ceramigold powder is composed predo-
minantly of a-quartz and e-cristobalite (75
to 85%) and the remainder are the setting
agents. In the Ceramigold powder used in
this study, NH,H,PO, and MgO were ad-
ded as the setting agents. Owing to the
humidity, the Ceramigold powder con-
tained chemically combined water because
of the reaction of the setting agents as well
as of the hygroscopic or physically ab-
sorbed water. Both the weight loss of this
powder, detected in the TG curve, and the
endothermic peaks, detected in the DTA
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Fig. 4. Variation in setting time measured by
the use of Ceramigold powder on exposure
to 1009, relative humidity atmosphere.
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5. Variation in compressive strength and
diametral tensile strength at 2 hours, meas-
ured by the use of Ceramigold powder on
exposure to 1009, relative humidity atmos-
phere. Each plotted point is the average of
10 measurements. Standard deviation
(s=v 5x2—nx*/n—1) n.d.=not done

6. Thermal expansion curves

Solid line=The powder on exposure to 1009,
rrelative humidity atmosphere for 8 days
was used.

Dotted line=The powder on exposure to or-
dinary humidity atmosphere for 27 days
was used.

Chain line=The powder stored in a thermo-
hygrostatic room (not exposed) was used as
control.

(MN/m2)

o Compressive strength at 2 hours
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Fig. 7. Variation in the X-ray diffraction patterns (top row) and the curves
of DTA and TG (bottom row) of the mixed powder of NHH,PO, and
MgO in the ratio of 1:1 (molecular weight) on exposure to 1009, rela-
tive humidity atmosphere. d.=day or days of exposure
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Fig. 8. Left-hand column; the X-ray diffraction pattern (top row) and DTA
and TG curves (bottom row) of the mixed powder of NH,H,PO, and
MgO at the ratio of 1:1 (molecular weight) collected immediately after
mixing.

Right-hand column: Variation in the X-ray diffraction patterns of that
on exposure to 1009, relative humidity atmosphere.

Open triangles=NH,H,PO,, solid circles=MgNH,PO, « 6H,0, arrows=
MgO, d.=day or days of exposure

59



60 T. MIYAJI, K. UTSUMI, E. SUZUKI anp Y. SHIMIZU

curve, resulted from the evaporation of
In the DTA curve the area of the
peak corresponds to the quantity of the
reaction accompanying the heat change.
Jones [4] reported that the mixture of
phosphate-bonded investment powder with
water had a double endothermic peak at
about 85 to 110°C in the DTA curve. And
Takeda et al. [5] reported that the mixture
of NH;H,PO, and MgO with water also
had a double endothermic peak. Jones
[4] claimed that the double peak was due
to the overlapping of the two reactions:
(1) the volatilization of free and absorbed
water and (2) the partial dehydration of
the chemically combined water of magne-
sium ammonium phosphate. Takeda et al.
[6] gave support to this claim. But in this
study (I) was negligible because the quan-
tity of free and absorbed water in the
powder exposed to the humidity atmos-
phere was very small. The reason is as
follows. In Fig. 7 the weight loss was
about 45%, at 28 days of exposure when
the powder consisted mainly of MgNH,
PO, 6H,O. It is well known that Mg
NHPO,*6H,0 forms an intermediate hy-
drate MgNH,PO,* H,O at about 50°C
(Kiehl and Hardt [6]; Utsumi, Suzuki, Shi-
mizu and Miyaji [7]).
proposed as follows;
MgNH,PO, *6H,0— MgNH,PO,* H,O
+5H,0
The weight loss is theoretically about 379%,.
In our previous study by means of the X-ray
diffraction (Utsumi et al. [7]), MgNH,PO,
*H,O remained at 100°C and was difficult
to be detected at about 200°C in the at-
mosphere, but in the vacuum state MgNH,
PO, H,O could not be detected at any
temperature.

water.

That reaction Iis

In the vacuum state the fol-
lowing reaction is proposed;

MgNH,PO +-6H,0—MgNH,PO,+6H,0
MgNH,PO, is thought to be amorphous.

to be due to (2).

The weight loss is theoretically about 44%,.
When the powder of NH,H,PO, and MgO,
which had been exposed for 4 days to
1009 relative humidity atmosphere, was
heated from room temperature to about
110°C, the variation in the X-ray diffrac-
tion patterns was measured. The peaks of
Mg(NH,),Hy(PO,), *4H,0 were difficult to
be detected at a lower temperature, and
secondly those of MgNH,PO, *6H,0O were
also difficult. Both of them became amor-
phous at temperature below 100°C. So the
latter reaction was likely to occur.

A double endothermic peak is thought
The excessive or un-
reactive MgO remains even at 700°C (Su-
zuki, Utsumi and Miyaji [8]). The exces-
sive NH,H,PO, remains at 100°C (Takeda
et al. [5]). A double peak detected in the
DTA curve is likely to correspond as fol-
lows; the first peak occurs from the con-
version of Mg(NH,);Hy(PO,),*4H,O and
the second peak occurs from that of Mg
NH,PO, -6H,0. The result of the Cerami-
gold powder on exposure to 1009, relative
humidity atmosphere in the DTA curves
(Fig. 3) by weighing each area of the peaks
and that in the X-ray diffraction patterns
(Fig. 2) by measuring each height of the
The
following reactions are proposed during
the deterioration of the Ceramigold powder
owing to humidity:

2NH,H,PO,+ MgO+3H,0—

' Mg(NH,),Hy(PO,), - 4H,O

Mg(NH,),H,(PO,), - 4H,O+ MgO

+7H,0—2MgNH,PO *6H,0
According to Allan and Asgar [9], at room
temperature during the mixing of the
phosphate-bonded investment the follow-
ing reaction was proposed;
2NH,H,PO,+2MgO +6H,0 —
MgNH,PO,6H,0+NH,H,PO,
(excess) +MgO (unreactive) -+ HyO

peaks agree almost quantitatively.
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According to Sawada [10] and Kato et al.
[11, 12], accompanying the setting of the
phosphate-bonded investment Mg(NH,),
Hy(PO,),+4H,O was initially produced
and finally converted into MgNH,PO,-
6H,0. The setting reaction seems to be
similar to the process of the deterioration
as for the setting agents.

As for the fluidity of the setting as well
as the strength of the set investment, the
results at 4 days of exposure to 1009, rela-
tive humidity atmosphere were inferior to
those with a shorter exposure. At 4 days
of exposure the quantity of NH,H,PO,
was extremely smaller. According to Mar-
bie [13], the microscopic work on the phos-
phate-bonded investment (Synchro-X) re-
vealed that NH/H,PO, was readily dis-
solved when the investment powder was
mixed with the liquid, and the gel-like
bond enveloped many of the particles on
the setting. The matrix between the
quartz and the cristobalite grains consists
of MgNH,PO,'6H,0, NH/H,PO, (ex-
cess), MgO (unreactive), and Mg(NH,),H,
(PO,);°4H,0 and so on. If the quantity
of NH,H,PO, in the investment powder
is small, the setting of the phosphate bond
is expected to be slow and the strength of
the set investment is expected to decrease.
At 6 days of exposure to 1009, relative
humidity atmosphere, the peak at 23.7°
corresponding to NH,H,PO, was difficult
to be detected although the peak at 23.9°
remained. At 10 days of exposure to 1009,
relative humidity atmosphere the setting
was extremely slow and the strength of
the set investment at 2 hours was impos-
sible to be measured. Because the quan-
tity of MgNH,PO,*-6H,O tended to be
larger after 10 days of exposure, that may
contribute to the delay of setting.

In thermal expansion the shrinkage was
detected at 8 days of exposure to 100%

relative humidity atmosphere. But in the
range of 200 to 250°C, the heat change was
difficult to be detected in the DTA curve
and the change was also difficult to be
detected in the X-ray diffraction patterns.
So this shrinkage was likely to result from
the physical change. The quantity of Mg
(NH,);Ho(PO,),*4H,O and MgNH,PO,-
6H,0 in the investment powder may con-
tribute to the shrinkage because the quan-
tity of the matrix on the setting in the
case of 8 days of exposure to 1009, relative
humidity atmosphere is larger than that in
the case of the control.
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