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It is shown that the heat of transition of the phase change II -+ I at 129 ~ on heating 
KNO3 is dependent on the thermal history of the sample, since it involves two steps, 
viz., II--~ III and III--+ I at 2 ~ interval. During cooling, the latter step is fast and 
truly reversible, though with a temperature hysteresis. The former step is sluggish and 
is dependent both on temperature and time. Our results indicate that KNOB can be 
used for calibration purpose only if the material has not  been heated beyond 128 ~ 
in the immediately preceding three hours. 

Potassium nitrate is one of the several substances recommended [1] as a standard 
reference material in thermal analysis. Hence we used it for calibrating DSC, in 
respect of  the temperature and A H. Since the I I  ~ I transition of KNO3 is generally 
recognised to be crystallographic in origin, the same sample was cycled a number  
of  times between room temperature and 150", especially between 80 ~ and 150 ~ , 
and the temperature and A H  of the transitions were measured on the heating and 
cooling cycles. As the DSC curves exhibited some unexpected and unusual 
features, a systematic investigation of the phase transitions in KNO3 was under- 
taken both by D T A  and DSC, particularly to study the effect of  thermal cycling. 

Materials and method 

1. KNO3:  B.D.H. (AnalaR) potassium nitrate f rom two different batches 
(No 70271 and 70708) was used. 

Sample Type A refers to samples which had not  been subjected to any pre- 
heat treatment,  or if  heated beyond 130 ~ had remained at room temperature for 
more than 3 hrs. 

Type B refers to samples heated to 120 ~ and used immediately after cooling. 
Type C refers to samples heated to 150 ~ as recommended by the ICTA Com- 

mittee on Standardisation [1]. 
All samples were less than 150 mesh (B.S.S.). 

* Temperature is expressed in degrees Celsius. 
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2. DSC: The P e r k i n - E l m e r  model - 1B DSC was used. The curves were 
recorded in flowing nitrogen as well as oxygen (flow rate: 20 ml/min in both cases), 
at various heating/cooling rates (0.5 ~ to 32~ and at different sensitivities 
(1 to 32 mcal/sec). 

The sample size was about 15 rag. 
The reproducibility of the instrument was very good. At any given heating rate 

the onset and peak temperatures were reproducible within +0.5 ~ and A H  values 
within ___0.3 cal/g. 

3. DTA:  The DTA equipment was of our own design and described earlier [2] 
except that the furnace temperature was programmed using Redcroft  temperature 
programmer  capable of  variation in heating/cooling rates f rom 1 to 20 ~ per 
minute. The differential and furnace temperatures were recorded on a Rikadenki 
X - Y  recorder. The DTA curves were recorded at a heating rate of  5~ and 
uncontrolled cooling (effective cooling rate 2.5~ in the range 150 to 80~ in 
static air as well as flowing N 2 (flow rate: 4.7 1/min). 

The sample size was about  50 mg. 

Results 

D S C  s tud ies  

(a) On initial heating all Type A and B samples showed a slightly asymmetric 
endothermic peak (Fig. 1) corresponding to the I I  ~ I transition with To = 
129 ___ 2 ~ and with A H  = 11.6 4-0.3 cal/g. The onset temperature (To)and  
the peak temperature (Tp) were determined following the recommendation of the 
Nomenclature Committee of the ICTA [3]. 
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Fig. 1. DSC heating curve at 16 mcal/sec, and 16~ heating rate 
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(b) In case of  Type C samples the values of  A H  was lower and ranged from 6 
to 10 cal/g depending upon the time the sample was kept at roonl temperature 
after heating to 150 ~ . However, if the time lapse between heat treatment to 150 ~ 
and measurement exceeded three hours, then the peak became asymmetric and 
the same values of To, Tp and AH (11.6 cal/g) were obtained as reported at (a) 
above. 

(c) Samples of  Type A, B and C on second and all subsequent heating to 150 ~ 
after cooling to 80 ~ yielded A H  value of 5.5 __+ 0.3 cal/g, i.e., approximately half of  
the value obtained in the first heating. I t  was significant that in every case, on 
second and subsequent heating cycles, the To and Tp of the endothermic peak were 
about  2 ~ lower than those observed during the first heating. 

0.2 mcal/sec 

I I 
120 110 

Temperature, ~ 

Fig. 2. D S C  coo| in8 curve at ] mcal/sec, and l~  coo l ing rate 

(d) A large temperature hysteresis was observed for this II  ~ I transition. The 
temperature hysteresis was about  16 ~ for a heating rate of  16~ and about  8 ~ 
for a heating rate of  l~ 

(e) The most  unexpected feature of  the DSC curves was observed during the 
cooling cycles when only a single exothermic peak corresponding to the I ~ I I I  
transition was obtained. Attempts to get the second peak corresponding to the 
I I I  ~ I I  transition failed.* Curves recorded under conditions of  maximum sensi- 
tivity (1 or 0.5 mcal/sec), however, showed a large number  of  very small peaks 
over the temperature range 1 1 5 - 8 0  ~ with an apparent  maximum at 110 ~ (Fig. 2). 
This is in complete disagreement with the earlier DTA observations and even 
with D T A  results reported in this investigation. 

DTA studies 

(a) When Type A and B samples were initially heated up to 150 ~ only one 
symmetrical peak was obtained with To = 129 ~ + 2 and A H  = 11.6 __ 0.5 cal/g. 

* D r  K. C. Patel of  Sardar  Patel University,  Vallabh Vidyanagar ,  kindly obtained the 
D S C  curves for  K N O  3 on his D u  Pont  model  900 D S C  thermoana lyzer  with the same 
result,  namely  tha t  no  peak due to the III--+ I I  t ransi t ion is observed with DSC.  
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These values are in agreement with those reported earlier [1, 4, 6]. On subsequent 
heating, the values of  AH, To and Tp depended on the temperature at which the 
immediately preceding cooling cycle was terminated (Table 1). 

(b) On cooling f rom 150 ~ to room temperature two exothermic peaks were 
observed at 122 ~ and 102 ~ corresponding respectively to the two known crystallog- 
raphic transitions, viz., I ~ I I I  and I I I  ~ I I  transitions [6]. These temperatures 
are in reasonably good agreement with the values quoted earlier [6], but the AH 
values do not agree with the only reported [6] study of heats of transitions. 

Table 1 

16~ 

Condition 

1. First heating 
2. First cooling 
3. Second heating 
4. Second cooling 

D S C  
16 mcal/see 

T. Tp A H  
cal/g 

5~ 

Condition T, 

131 
116 
129 
115.5 

135 
113 
131.5 
113 

11.6 1. 
5.5 2. 
5.4 
5.6 

3. 

4. 

First heating 
First cooling to 
room temperature 
(2 peaks) 
1st 
2rid 
Second and sub- 
sequent heating 
First cooling ter- 
minated at 110 ~ 
and reheated 

129 

122 
102 

129 

127 

D T A  
0.25 mV/cm 

A l l  
Tp cal/g 

139 11.6 

118 5.6 
98 2.6 

139 11.6 

136 5.4 

(c) I f  the sample was cooled to any temperature below 100 ~ (i.e. after passing 
the second peak) and was reheated and cooled, the sample behaved like the 
initial sample and the observations at (a) and (b) above could be repeated. Unlike 
in the DSC the AH value of  the transition at 129 ~ was 11.6 cal/g and was inde- 
pendent of  the time the sample was kept at room temperature or at any temperature 
below 100 ~ . 

(d) When the thermal cycling was confined to the range 105 ~  150 ~ (i.e., if  the 
cooling cycle was terminated just before the second peak at 102 ~ the AH value of  
the endothermic peak at 127 ~ on heating and the exothermic peak at 122 ~ on 
cooling were equal (5.5 + 0.3 cal/g). This value is the mean of  four heating and 
cooling cycles and is in good agreement with the value obtained on DSC for 
second and subsequent heating cycles. 

(e) None  of the above observations were affected when the atmosphere was 
changed f rom static air to flowing nitrogen. 

(f) These observations were independent of  whether the sample had received 
any preheat treatment or not. 
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Discussion 

Sequence and temperatures of transition in KNO 3 

KNO3 is reported [ 4 - 9 ,  11-13]  to undergo the following crystallographic 
phase transitions when thermally cycled between room temperature and 140 ~ . 

129 ~ 
Phase II (Orthorhombic) > I (Trigonal) 

I I +  -1~176 III22~176 - I  

Trigonal 

(Ferroelectric) 

The results obtained show several disparities which cannot be explained. 
(1) In the DSC curves the transition from the ferroelectric phase III to the normal 

phase II is not observed as a noticeable peak though it is clearly observed in the 
DTA curves (Fig. 3). Obviously in the DSC the III ~ II transition somehow gets 

129 ~ 

Heating 

a) 

.25 mV 

139 ~ 
118 ~ 

122 ~ 
Coo l ing  

I , I , I , 
40 100 160 

T e m p e r a t u r e ,  ~ 

Fig. 3. DTA curves (a) heating at 5~ rate, (b) cooling uncontrolled 

inhibited. The cause for this behaviour is not clear, but it seems that the rate of  
cooling, rate of heat conduction out of  the sample, and the temperature gradients 
within the sample may be contributing factors. This is inferred from DTA studies 
using different rates of  heating, different sample holders and sample holder blocks. 
It  is relevant to note that M i e k k - O j a  [7] from a calorimetric study has found 
that if the rate of cooling is less than 0.35~ the two transitions merge and 
appear as a single peak. This, however, does not appear to be the cause in the 
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present case, since on second and subsequent heating and cooling the A H  is 
constant at 5.5 cal/g, whereas if the two transitions were to have merged a single 
exotherm with a A H  of 11.8 cal/g should have been observed on cooling, just as 
it is in the heating cycle. 

(2) Only in the DSC studies the III --+ 1I transformation appears to be dependent 
upon the time the sample is kept at room temperature or at temperatures below 
about 80 ~ . The samples cycled between 87 ~ and 150 ~ gave consistent but low 
values of AH for the forward transition irrespective of the rate of heating. These 
results suggest that the transformation could be sluggish. However the DTA 
studies clearly show that the transformation is rapid since the sample heated 
immediately after cooling just beyond the end of the second peak, i.e., after 
cooling to about 100 ~ gave AH value of 11.8 cal/g for the endothermic peak 
at 129 ~ . 

That these disparities are inherent in the two techniques and not caused by the 
experimental conditions is demonstrated by the fact that no difference was ob- 
served in the DTA curves recorded with nitrogen flowing over the samples as in 
DSC or conversely in the DSC curves recorded in flowing oxygen to simulate the 
oxidising conditions normally prevalent in DTA in static air atmosphere. Thus it 
has to be concluded that the results obtained were not influenced by the environ- 
ment, though according to Forestier and Kiehl [8 ] the transformation temperature 
of KNO3 is influenced to some extent by the ambient gas. 

(3) The endothermic peak at 129 ~ exhibits a pronounced asymmetry only during 
the first heating. Garn [9] observed asymmetric and multiple peaks in the DTA 
endothermic peak at 129 ~ which he attributed to large particle size. Menis [10] 
also attributes the multiple peaks to single particles transforming in the appro- 
priate directions. To test this hypothesis DSC and DTA curves were recorded 
with samples of + 60 mesh size, which confirmed the observations of Garn [9] 
and showed splitting (often multiple) of the 129 ~ peak on first heating, while the 
- 3 0 0  to + 350 mesh size samples did not. Nevertheless in the DSC curves of even 
the - 3 0 0  to +350 mesh material the asymmetry was retained. The effect of 
particle size is being systematically investigated. 

Thus, whilst the assumptions of Garn [9] and of Menis [10] have a certain 
validity, and are the obvious cause for the multiple splitting of the DTA peak in 
the coarse sample, the asymmetry of the DSC peak of the sample with a very fine 
and narrow range of particle size leads us to believe that there are two very close 
transformations and not one as hitherto believed [11-13] .  This is further sup- 
ported by the observations that (i) for the second and subsequent heating the A H  
value of the endotherm at 127 ~ is 5.5 cal/g in the DSC curves of all samples and is 
almost half of the A H  value observed on first heating of any fresh sample, (ii) this 
value of 5.5 cal/g is the same as that for the exothermic peak observed both in 
DTA and DSC at about 122 ~ during cooling, which exothermic peak is un- 
questionably due to the transformation of the high temperature trigonal phase I 
to the ferroelectric phase III, (iii) for samples not allowed to transform to phase II 
but reheated from this phase III, i.e., cycled between 110-150 ~ the DTA curves 
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also showed a single symmetric endotherm on heating and a single exotherm on 
cooling, both with the same A H  value of 5.5 cal/g, (iv) for a constant heating rate 
the onset and peak temperatures of the endotherm obtained on second and sub- 
sequent heating in the DSC curves, or of the endotherm obtained in the DTA of  
samples cycled between 110-140  ~ were about 2 ~ lower than the corresponding 
values on the first heating. 

It has therefore to be concluded that on heating a fresh sample of KNOa the 
original phase II does not transform to phase I directly, but that it transforms to 
an intermediate phase, which immediately transforms to phase I. This inter- 
mediate phase is presumably the ferroelectric phase III since the A H  on second 
heating (cf. (ii) and (iii) above) is identical with that observed for the I ~ III 
transition on cooling though with a large temperature hysteresis of about 5 to 15 ~ 
depending on the rate of cooling. 

Heats of  transition 

The total A H  for these II --+ III -o I transformations in the forward direction 
is undoubtedly 11.6 _+ 0.3 cal/g. This has been verified by several workers [4, 6]. 
This heat must distribute itself between the two transformations observed during 
cooling. Following this expectation Rao and Rao* distributed the A H o f  12 cal/g 
observed during the heating and reported [6] values of  8.2 and 3.8 cal/g for 
the I ~ III and III -o II transitions based upon the relative areas of the two exo- 
thermic peaks. In the present investigation these values could not be corroborated, 
the calculated values of A H  for these two transformations being 5.5 and 2.3 cal/g 
respectively. However the ratios of A H  for the two transitions as reported [6] and 
as observed here are about the same. 

Since the A H  value of 5.5 _-4- 0.3 cal/g for the III -~ I transition is consistent on 
the heating and cooling cycles, then by difference the A H  of the II ~ III trans- 
formation should be 6.1 cal/g. 

This raises two questions, (i) why is the A H  for the III -o II transformation as 
observed in DTA during the cooling so much less, and (ii) why is this trans- 
formation smeared out in DSC. The DSC results, which have been repeated more 
than a dozen times suggest that the I I I -~  II transformation is both time and 
temperature dependent. If  this be so then it is not impossible that somehow during 
DTA only a certain fraction of III transforms sharply to II giving rise to the 
smaller value of AH. The remaining supercooled phase III could then transform 
gradually to II, thereby smearing out the heat effect. Gray [14] suggested that the 
low value could be due to variation in the specific heat of phase Ill.  The values of  
specific heat obtained [15] can account for only a small part of the missing 3.8 
cal/g. It is not clear why a similar phenomenon is not observed in DSC. This 
aspect is being investigated. 

* P r i v a t e  c o m m u n i c a t i o n .  
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It is possible that this apparently sluggish and time dependent III ~ II trans- 
formation may be responsible for causing in the DTA and DSC study [4] the 
relatively large spread in the reported values of AH for the II ~ I transformation 
which ranges from about lu.~ +o 12.7 cal/g. Since the thermal history of  the sample 
used in that study [4] has noi been i'er it is not possible to seek any corre- 
lation with the reported values of AH. 

Effect of  thermal history 

It  is evident from this study that it is very essential to characterize the sample in 
terms of its thermal history. While the time interval between the pretreatment of 
heating to 150 ~ [1] and the measurement is not critical in DTA, somehow it 
becomes very important for DSC measurements, particularly if the pretreatment 
is given in situ in the DSC sample holder. 

KN03 as a reference standard 

Since KNO3 is suggested as a reference standard it needs to be emphasized that 
at least for temperature calibration of the DSC and DTA equipment the recom- 
mendations of ICTA Committee should be followed (allowing for a time lapse of  
about  3 hours for DSC measurements) as that procedure permits obtaining 
extremely reproducible onset and peak temperatures. However, for calibration of  
the DSC in terms of AH, only fresh samples which have not been heated beyond 
128 ~ in the immediately preceding three hours should be used. For  DTA measure- 
ments this precondition does not seem to be essential yet it is considered advisable. 

The authors '  thanks  are due to Dr. H. G. McAdie, Chairman,  ICTA Committee on 
Standardisat ion,  Dr.  O. Menis (National  Bureau of Standards),  Dr.  A. P. Gray,  and  Prof. 
C. N. R. Rao for helpful discussion of the data. The authors are grateful to Dr. K. C. Patel 
for obtaining the DSC curves on the Du Pont  thermoanalyser  which has enabled an inter- 
instrumental  comparison of the DSC data. 
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RI~SUMt~ - -  Lo r s  du  chau f f age  de K N O 3 ,  on  m o n t r e  que  la cha l eu r  de la t r ans i t i on  de p h a s e  
II  -+  I ~t 129~ d6pend  du  pass6  t h e r m i q u e  de l '6chant i l lon .  D e u x  6tapes  success ives  inter-  
v i e n n e n t  darts u n  in terval le  de  2~ I I - -~  I I I  et I I I  ~ I. P e n d a n t  le r e f ro id i s semen t ,  cet te  
dern i6re  6 tape  es t  r ap ide  et r6e l lement  rdversible  b ien  qu 'e l le  s 'e f fec tue  avec u n e  hyst6r+se 
de  t emp6ra tu re .  L a  p remi6re  6 tape  est  re ta rd6e  et d6pend  de la t e m p 6 r a t u r e  et  du  t emps .  
Les  r6sul ta t s  pr6sentds  i n d i q u e n t  que  K N O 3  ne  se pr6te  h l ' 6 t a l onnage  que  s ' i l  n ' a  pa s  6t6 
chauf f6  au -des sus  de 128 ~ p e n d a n t  les t ro is  heu re s  qui  on t  pr6c6d6 l 'exp6rience.  

ZUSAMMENFASSUNG - -  Es w u r d e  gezeigt,  d ab  be i m  Erh i t zen  v o n  K N O  3 die ~ b e r g a n g s w f i r m e  
der  P h a s e n u m w a n d l u n g  II  --+ I be i  129 ~ v o m  t h e r m i s c h e n  Vor leben  der  P robe  a b h g n g t ,  da  
diese zwei S tufen  enth/i l t ,  n g m l i c h  II  --+ I I I  u n d  II I  ~ I in e i nem A b s t a n d  yon  2 ~ W/ ih r end  
der  K t i h l u n g  ist  die zweite Stufe  schnel l  u n d  wirkl ich  reversibel ,  obgle ich  eine T e m p e r a t u r -  
hys te rese  zu  b e o b a c h t e n  ist. D ie  ers te  Stufe  is t  verzSger t  u n d  sowoh l  t e m p e r a t u r -  als a u c h  
zeitabh~tngig. Die  Ergebn i s se  zeigen,  dab  K N O 3  ftir E ichzwecke  n u r  in d e m  Fal le  ve rwen-  
de t  werden  k a n n ,  w e n n  das  Mate r ia l  in den  ulamit te lbar  v o r a n g e h e n d e n  drei S t u n d e n  n ich t  
fiber 128 ~ erhi tz t  w o r d e n  war.  

P e 3 r o M e -  I l o r a 3 a n o ,  qTO Tel/aoBo~ 3~oqbexx qba30Boro n 3 M e n e ~  II  -~  I np~  129 ~ C 
n cJIyqae ~arpeBarraa KI/IO 3 3aBHCHT OT IIpe;IBapI, ITeJIBHOffI TepMttqeeKo]~ 06pa6oTrrI  05pa3ua ,  
T. r .  aTOT nepexo)I BrnsonaeT RBe cTyneHri II  --~ III  ~ III  --~ I, rlpn nnTepBa~e 2 ~ HpH oxnam-  
~eH~rI BTopag cTynens  n p o T e r a e r  6~,ICTpO r~ o6paTHMO, XOT~ H C TeMnepaTypHI, IM rncTepe3H- 
COM. YlepBan cTyIIettb npoTeKaeT Me/uIeHHO a 3aBHC~IT gaK OT TeMnepaTypbi, TaK It OT Bpe- 
Metric. Pe3yJIbTaTl, I rlOKa3BIBatOT, ~ITO K N O  8 MO)KHO HCi-IOYlB3OBaTb C LIe~IBIO KaJIIl6pOBK~I 
TOYl]bKO B TOM cnyqae,  e c a a  e ro  He HaFpeBaTt, Bblme 128 ~ 
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