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Polymorphism of crystalline phases of calcium
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The structures of the low temperature (7 < 400K) phases of calcium stearate have been
investigated by X-ray diffraction. Several forms are shown to exist at room temperature,
depending on hydration and thermal treatment. New transitions at cryogenic temperatures are
discussed. Transitions at higher temperatures have been investigated together with their
reversibility. Thermogravimetry and two calorimetric techniques have been used as a comple-
ment. This data completes the already somewhat complex picture of the phase transitions of

calcium stearate.

1. Introduction

Calcium stearate (CH,—(CH,),,—CO0Q),Ca is a metal
soap commonly used as a lubricant for diverse pro-
cesses. Its most important uses are in polymer extru-
sion (PVC or propergols) and metal forming (wire
drawing). Moreover, calcium stearate is one of the
major bases for greases.

Its lubricating action is intimately related to its
rheology which in turn depends on its structure. As
most soaps, calcium stearate exhibits several thermo-
tropic crystalline, then mesomorphic phase transitions
{1]. The structures of these phases have been studied
[2-4] by X-ray diffraction. However, it has been shown
that the room temperature structure is extremely
sensitive to both purity and thermal treatments [5],
such as those accompanying soapmaking.

More precisely, two crystalline phases are encoun-
tered up to 373K, then between 373 and 396K,
respectively termed Cl and C2 [3]. In the present
paper, only this temperature range will be investi-
gated. The structures are sketched in Fig. 1: the polar
parts (COO),Ca are gathered in planes between which
the fatty chains are extended. Hence, the interlayer
spacing d is approximately twice the length of a mol-
ecule. A wide range of values are given in the literature
for d (Table I) at room temperature. Vold er al. [5]
have shown that these discrepancies in part result
from different degrees of hydration: 5.04 nm corre-
sponds to anhydrous calcium stearate, whereas
4.95nm is a monohydrate [6]. The difference between
[3) and [7] is probably due to experimental uncertain-
ties and/or sample purity (the product of [3] is much
purer). Moreover, it can be found [5] that calcium
stearate heated up to SO0K or more, then rapidly
cooled to room temperature, has a d value of 4.85nm.
Fig. 2 [5] shows that several room temperature phases
(or crystalline states) may be found depending on the
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maximum temperature of prior heating. However,
4.73nm (Table I) is never found in this study, and
must correspond to an impure soap. As for in-plane
order, little is known. The C2 X-ray diagram is said to
be consistent with hexagonal packing [3].

In the present paper, we propose a more detailed
structural investigation of the phases encountered
below 396 K. The influence of thermal treatments
below 396 K will be described. Contrary to previous
works, this study has been extended to low tempera-
tures (down to 100 K).

2. Experimental techniques
2.1. Preparation of soaps
Two soaps (A and B) from different stearic acids have
been prepared using different techniques. Soap A was
derived from a solution containing 95.1% stearic acid
(C18), 3.1% palmitic acid (C16), 0.6% arachidic acid
(C20) and 1.2% oleic acid (unsaturated C18). The
corresponding soap impuritics are miscible with cal-
cium stearate, hence the structures are not greatly
modified [8]. The acid was saponified by Ca(OH), in a
reactor. The exothermic character of this reaction
causes the soap to be prepared at about 480 K hence,
soap A not only contains impurities, but it has also
undergone a thermal treatment.

Soap B is from an ultra-pure (>99.5%) FLUKA
stearic acid, saponified by a stoichiometric quantity of
Ca(OH), in alcohol (double precipitation technique),

TABLE [ Interlayer spacing of calcium stearate at 293 K

Reference d (nm)
2] 473
(3] 5.06
[6] 4.95
g 5.04
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Figure I Schematic picture of crystalline phases of calcium stearate.
Black circles represent the Ca cations.

and has hence never undergone heat changes before
the study. Thermogravimetry has shown that these
soaps are monohydrates. Whenever desired, dehy-
dration is done slightly below 373K to avoid any
phase transition, under vacuum (=~ 10" *atm.).

2.2. X-ray diffraction apparatus

X-ray diffraction diagrams on polycrystalline samples
have been obtained using a prototype two-axis goni-
ometer [9] and a rotating anode generator of 12 kW,

The angular precision is 107 8. For the low tempera-~

ture study, the samples are placed in a He-cryostat
cooled by gaseous conduction. The thermal stability is
0.03K, the precision of the measurement is 0.1 K.
High temperature studies have been performed in a
RIGAKU furnace with a stability of 1 K and a pre-
cision of 2 K. Throughout the present study, the wave-
length 4 = 0.154178 nm was utilized.
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Figure 2 Irreversibility of thermotropic phase transitions of calcium
stearate and calcium stearate monohydrate [5]. (Q) quenching, (x)
heat evolved.
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Figure 3 Synoptic diagram of low temperature transitions of cal-
cium stearate determined by X-ray measurement of interlayer spac-
ing d: (1 ]) arrows indicate heating or cooling, (-—) effect of ther-
mal treatment.

2.3. Calorimetric experiments

Two types of apparatus were used. First one is a
PERKIN-ELMER DSC IIB differential scanning
calorimeter. Temperature and enthalpy calibrations
were made using the melting peak of indium samples
(T, = 429.7K,AH = 28.4J¢g™"). Samples (5-10 mg)
were placed in open pans to allow for any possible
water loss.

The second apparatus is a SETARAM DSC 111
differential scanning calorimeter in which the sample
and reference are entirely surrounded by the heat flux
transducers. Calibration is achieved during manu-
facturing of the apparatus by Joule heating of a
special specimen. The minimum temperature is 150 K.

3. The different types of structures

All crystalline phases are characterized by a well
defined interlayer distance d. The different phases and
phase transitions have been evidenced by measuring d
by X-ray diffraction. Eleven harmonics are easily seen
with sharp peaks (full width at half maximum A8 ~
0.05° 8 for 0 ~ 5°), which indicates a good crystalline
order along this direction.

Fig. 3 is a summary of the phases and transitions
encountered during this study, which are described
hereafter. Four families of phases may be distin-
guished. One at high temperature 377K < T <
395K) obviously corresponds to the C2 phase of
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Figure 4 Powder diffraction diagram of phase f at 293 K. Miller’s
indices correspond to the supposed orthorhombic cell.



Figure 5 Comparison of the powder diffraction diagram of «
phases.

Spegt [3]. The other 3 families (termed here «, §, ) are
several forms existing at low temperature, their occur-
rence depending on thermal treatments.

3.1. The 8 phases

The f§ phase is the normal state of ultra-pure soap B.
Interlayer distance d is 5.048 nm, which corresponds
to extended chains normal to the polar planes [3]. This
distance is practically independent of temperature
between 100 K and 330 K. Hence, thermal expansion
is limited to in-plane distances. Above 330K, although
no global structural changes are observed, 4 begins to
decrease slowly.

In-plane order is illustrated in Fig. 4. Sharp peaks
reveal a well established in-plane order. It has been
possible to index this diagram with the orthorhombic
cell previously observed for lead stearate [10, 11]. Only
the first (110), (200) and (020) peaks are observed.
Some undulations and a small peak (0 ~ 11.3°) are
sometimes observed; they are probably due to diffuse
scattering characterizing distortion and impurities.
The proposed indexation is however confirmed by its
consistance with thermal expansion, i.c. the index-
ation is correct at all temperatures. The experimental
thermal expansion coefficients are: o,,, = 58.5
107K 'and ag, = 111.0 107 °K~'; the deduced o,
is 79 107K ™!, whereas the observed value is 75
10 °K~"'. The cell parameters at 294K are a =
0.498nm, b = 0.728nm and ¢ = d = 5.048 nm.

Under certain circumstances (thermal treatments)
a slightly different form f° (d = 5.037nm) can be
observed. It has obviously a poorer in-plane order, but
still corresponds to the same type of structure.

3.2. The o phases

This is the usual state of our less pure, monohydrate
soap A. Three o phases are successively encountered
when temperature decreases: a,, o, o,. Phases a, and
o, coexist on a large temperature range (208 to 218 K
on heating). The same is true for &, and o, between 263
and 293K, which proves that these are first order
transitions. Moreover, they exhibit a high hysteresis

i 1 i L I 1 X 1 i I 1
Figure 6 Powder diffraction diagram of y phases, showing the y, -y,
transition.

3227



(4)

(3)

(1)

(SN VT SR S [ T S N S N
Figure 7 Powder diffraction diagrams of phases C2 and under-
cooled C2 (1) C2 just at the transition: 376 K on heating (2) C2 after
further heating to 394 K (3) Undercooled C2 after cooling down to
376K (note the single peak) (4) phase § resulting from cooling C2
under 338 K.

(AT = 60K for a, —» o, AT = 30K for o — a).
These transitions had never been reported previously.
Phase a, is the stable form at room temperature. d is
lower (4.975 nm) than in the § phase, which indicates
that the chains are tilted with respect to the planes.
When temperature increases, d goes through a maxi-
mum at 343K (d,., = 4.997nm). The in-plane dia-
grams are shown in Fig. 5. Phase o, has a lower
symmetry than the f phase, monoclinic or triclinic
cell. This is consistent with tilted molecules. Up to
now, indexing of this diagram could not be performed,
by lack of data from a single crystal. Phases «, and «,
are probably poorly crystailized, as shown by the
unresolved peaks between 10 and 11° 6.

Note that a cooling run after thermal treatment
(313K during 1h) has given a phase «, similar to o,
at room temperature, but which does not undergo the
o; and o, transitions. It is probably a partially dehy-
drated form. It is very difficult to obtain this pure
phase, but it is frequently observed at low temperature
(77K) as small quantities mixed with &, or 8 phases.
The «f in-plane diagram is similar to a,, and the two
phases differ only by the value of d (Fig. 3).

3.3. The y phases

These are encountered for soap A only after thermal
treatment, probably because of dehydration. The
7 phases are characterized by the lowest interlayer
spacing (d = 4.866nm at 294K). v, is the stable
form at room temperature, and undergoes a reversible
transition at ~338K toward a y, phase; again, this
transition had not been reported before. y, has a
maximum d value at 343 K (4.985 nm). It persists until
396 K, without transition towards C2.

As for in-plane order, y, is characterized by two peaks
at 10.75° 8 and 11.2° 6. During the transition towards
1, these peaks tend to overlap (Fig. 6). Interpretation
of this diagram has not been possible up to now.
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Figure 8 Position of the stearate chains within unit cell as proposed
by [10] for lead stearate.

3.4. The 377-396 K range: C2 phase

At 377K, phases  and « undergo a transition towards
what is obviously a C2 phase [3]. In this phase, d varies
rapidly, contrary to the results of Spect [3]. Fig. 7 gives
the in-plane diagram, with a single, broad peak at
=~ 10.6° 6, with a shoulder at low angles (curve 1). This
peak has been interpreted as indicating hexagonal
packing [3], but the existence of the shoulder proves
that reality is probably more complex.

On cooling a sample from this phase, C2 is still
found at temperatures much below 377K, down to
338 K. Line 3 of Fig. 7 shows that the peak is then
sharper and does not display any shoulder. On further
cooling, the f” phase appears (curve 4).

4. Discussion of the transitions

41. The f — C2 transition

The p phase must be regarded as the standard state of
pure, anhydrous calcium stearate. It corresponds to
the C1 phase [3]. The interlayer distance is 5.048 nm
instead of 5.06 nm, which may be attributed to experi-
mental uncertainties. As discussed previously, the
unit cell is orthorhombic with parameters 0.494 x
0.728 x 5.048 nm at 293K, which is common for
substances with long CH, chains: the same type of
structure has been found for lead stearate. However,
the precise position of the chains within the unit cell is
still controversial [10, 11}; Fig. 8 shows a possible
configuration.

At 377K, transition of « and § (not y) towards the
C2 phase is found. Here, we accept at the moment the
hexagonal packing with interchain distance of
0.425 nm and interlayer spacing of 4.875nm at 377 K.
The shortening of d is probably not due to tilting, but
rather to high conformational disorder within each
chain. In [3], d was found to be constant in C{ then in
C2. We have found that d is almost constant in C1 up
to 343K, then decreases (pretransitional phenom-
enon) from 5.048 nm at 343K to 5.00 nm just before
the transition. In the C2 phase, d decreases very
rapidly: in the range 377 to 396K, o = 1180
10-¢*K~'. This is at variance with [3], but is in
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Figure 9 Variation of yield stress with temperature measured by

an indentation test [14]; the initial state of the soap (A) is §’ (dehy-

drated). Note the slope changes at ~335K (= pretransitional
effect) and the fall after 377K (transition to C2).

accordance with our own rheological study of calcium
stearate [12, 13] which shows a rapid evolution of the
yield stress and elastic modulus with temperature in
the C2 range (Fig. 9, [14]).

On cooling from C2 (even slowly), the f” phase is
found after a long interval (377 to 338 K) where
an undercooled C2 phase exists (Fig. 10a). This irre-
versibility is confirmed by our DSC experiments
(Fig. 10b): on a 293 — 386 — 293K thermal cycle,
a sharp transition is found on heating, whereas a
broad peak exists on cooling between 383 and 338 K.

p’ is amodified form of 5. The X-ray diagram shows
that the difference probably does not lie in tilting with
respect to the planes, but in poor crystallization result-
ing from a small conformational disorder.
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4.2. The a0, — o, = o, — C2 transitions

Hence in f§ phases chains are orthogonal to the planes,
whilst chains are tilted in o phases. Thermogravimetry
(Fig. 11) confirms that these phases are in fact mono-
hydrate, as was suggested by d = 4.975nm at 294K
for a,, analogous to Vold et al. [5] for the mono-
hydrate. In this group, two new phases o, and «, have
been discovered: chains are tilted more as temperature
decreases. Note that the in-plane order is significantly
improved when going from o, to «,. Then at about
340K, conformational disorder suddenly increases, as
for B, which results in a maximum in the d(T) curve.
This is close to 343K, the melting temperature of
stearic acid (“‘genotypic point™).

The low temperature o, — o; and o, — o, tran-
sitions must involve thermodynamic changes. This has
been evidenced for the latter by DSC. Fig. 12 shows
that a small peak appears on a sample cooled down to
T. = 151K, when slowly rcheated. The temperature
of this peak (292 K) is consistent with «, — o, given by
X-ray diffraction. Its enthalpy is 2.45 + 0.2Jg ',
This transition is very sensitive to 7, and the time
the soap is maintained at 7., which confirms the
broad temperature range of this transition and its slow
kinetics.

o, has a transition toward a C2 phase which is
slightly different from that coming from g (Fig. 10a).
However, on subsequent cooling, the same under-
cooled C2 phase and the same transition towards f§’ is
found. This shows that such a heating run has dehy-
drated the sample, which will then display a stable
f° — C2 - undercooled C2 — f’ reversible phase
sequence. The enthalpy of the f — C2 transition is
13Jg7".

4.3. The y, — y, transition

As for the y phases, they are observed only as a result
of thermal treatment of «. They also exhibit a maxi-
mum interlayer distance d at 345 K. The main feature
of these phases is the absence of the transition to C2
at 377K. Fig. 13 shows the calorimetric evidence
for the y, — y, transition, the enthalpy of which is
6.5+ 1.5Jg7".
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Figure 10 Irreversibility of the C1 ~ C2 transition (a) transformation of  and « into C2 followed by X-ray diffraction; note the difference
between C2a and C28. (b) Calorimetric evidence of the irreversibility (scanning rate: 10K min™')
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Figure 11 Thermogravimetric evidence of the monohydrate charac-
ter of o phases (monohydrate = 18/624 = 2.9% H,O by weight).

4.4, Transformation between «, f, y: thermal
treatments

Hydrated form o, can be transformed into a mixture
of f and y by thermal treatment below 377 K. How-
ever, the proportion of y and f varies (Table 1I). By
heating below 343 K, a mixture about 60% f-40% 7y
appears; otherwise, transformation into f is almost
complete. A pure y phase is very rarely obtained.
However, precise correlation with dehydration tem-
perature or time of treatment is not possible; only
tendancies can be described, as heterogeneities and
impurities in the o phase probably play an important
part.

With the help of [5], the influence of thermal history
can be extended to higher temperatures. Transitions
to mesomorphic phases exist at 396, 423 and 468 K.
When quenching samples from high temperatures,
one obtains severa! different phases:

1. The phase obtained by quenching from 396 K <
T, < 423K looks much like the § phase (Fig. 14);
hence, contrary to Vold [5], quenching does not retain
the high temperature structure.

2.1If T, > 423K, the in-plane diagram is quite
similar to that of y, or § (a broad peak at about
0.415-0.420nm). For T, between 423 and 500K, the
interlayer spacing (4 ~ Snm) is consistent with a §
phase; above 500K, d ~ 4.85nm is reminiscent of y,.
The critical temperature of 500K is not consistent
with any known phase transition (the last one appears
at 470K).

5. Conclusion

Calcium stearate below 377K, in the C1 phase range,
exhibits one monohydrate « phase, and two anhy-
drous forms: orthorhombic § phase and y (undeter-
mined structure). Within these groups, thermotropic
phase transitions have been discovered: two in the a
group at about 210K and 270 K, one in the y group at
338 K. Moreover, dehydration of « leads to a mixture
of B and v, the proportion of which depends on
the dehydration temperature and probably on sample

TABLE 11 Transformation of a« into f§ and p after thermal
treatments

Furnace Length of Proportion

temperature (K) treatment (h) E___—_Vﬁ
314 70 60% 40%
325 85 55% 45%
336 80 55% 45%
343 500 100% 0%
357 90 100% 0%
363 150 90% 10%
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Figure 13 Calorimetry of y, — y, phase transition; (sample main-
tained 85h at 325 K). (——) heating, (~ — -) cooling, {: - - ) base line.

heterogencities. y also seems to be obtained by
quenching from between 396 and 423 K.

For all these phases, 343K is an important tem-
perature. This “genotypic point” corresponds to the
melting of stearic acid. At 343K, the conformational
disorder of the chains suddenly increases, leading to
poorer in-plane order (cf. our rheological results,
Fig. 9) much before the C1 — C2 transition.

This last transition has been found to be only partly
reversible, since an undercooled C2 phase exists down
to 338 K; then in all cases, §’ (poorly crystallized f)
is found, whatever the initial state « or f. Such under-
cooling is quite common for mesomorphic phases
of soaps [15, 16], but had never been noticed for
transitions between crystalline phases of soaps.

Finally, the polymorphism demonstrated in this
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Figure 14 X-ray diffraction diagrams of calcium stearate samples
quenched at various temperatures {°C) [5].



paper explains the various results found in the litera-
ture for the room temperature interlayer spacing of
calcium stearate.
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