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Ammonium nitrate was heated and cooled in consecutive steps in a high tempera- 
ture device mounted on a X-ray goniometer. Diffraction patterns were measured at 
each temperature, using a Si-Li detector together with a multichannel analyzer. The 
results strongly support the existence of a phase II'. They show that the phase change 
IV/III goes via a transition state similar to or consistent with phase II'. 

A new approach was made to elucidate the numerous phase transitions of  
ammonium nitrate. Until now, thermal analysis of this salt has generally con- 
sisted in tracing the DTA or DSC curves of the substance [1, 2]. The diagrams 
showed the transitions by the inherent thermal effects. However, this could not 
elucidate clearly the rather complex behaviour of the substance. 

The new concept consists in combining a high-temperature device on an X-ray 
goniometer with the energy-dispersive X-ray diffraction method, in such a com- 
bination, using a Si-Li detector together with a multichannel analyzer, a fast 
recording of the X-ray diffraction patterns is possible at various sample tempera- 
tures. The sample can be heated in consecutive steps or linearly with a low heat- 
ing rate. 

The stored patterns give direct information on the parameters of the actual 
lattice during the special experiments as a function of temperature. This allows 
a better insight into the transition mechanisms and into the whole lattice dynamics 
generally. 

Experimental 

The investigations were made with a Siemens Kristalloflex IV and a "Lihl" 
high-temperature device on a goniometer of type F. The Si-Li detector was com- 
bined with a NS 880 MCA of Tracor Northern. 

The Kristalloflex was run with a tungsten tube, quadratic focus, 35 kV, 20 mA, 
providing continuum radiation. Collimator aperture was 1/2 ~ , detector aperture 
0.3 ram, and measuring time 100 and 200 sec. 

With a goniometer angle 20 of 10 degrees, a region free of interfering peaks 
is available between about 30 keV. Below 13 keV tungsten fluorescence peaks 
and at about 29 and 30 keV platinum diffraction peaks of  the sample holder 
were visible. The samples were heated in consecutive steps. The temperatures were 
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set manua l ly  by a control lable  t ransformer .  The obta ined spectra were recorded 

on  magnet ic  tape. The  channel  width was 40 eV. Three  runs were made with 

different samples o f  a m m o n i u m  nitrate  (Merck, reagent  grade). Sample 1 had 
been  dried thoroughly ,  samples 2 and 3 were used in the mois t  state. Dur ing  the 

run,  samples 1 and 2 were heated up to 150 ~ while sample 3 was cycled between 

20 and 110 ~ . 

R e s u l t s  

The results are presented in Tables  1 - 3 .  Selected diagrams f rom run 1 are 

shown in Fig. 1. 

Table 1 

Diffraction peaks of dry ammonium nitrate, in keV 

II/IV I II/IV I II/IV II/IV 
~ (001) (100) (110) (llO) (111) (200) / (020) Mod. 

20 
65 
80 
97 

139 
137 
129 
94 
77 
63 
50 
39 
20 

14.40--56 
14.16--44 
14.20--56 
14.20--60 

14.32--64 
14.36 
14.36 
14.40 

16.20 
16.28--32 
16.28--44 

17.96 
17.36--72 
17.48--60 
17.40--64 

17.64 
17.56 
17.56 
17.68 
17.68 
18.00 
18.04--08 

22.96 
22.8-- 23.24 

23.08 
22.64-- 96 
22.56-- 92 
22.56--72 

23.04 -- 24 
22.92-- 23.08 
23.00 
22.88--23.2C 
22.96-- 23.20 
23.12--40 
23.32 

26.12--24 
24.76-- 25.08 
24.60-- 84 
24.68--25.00 

24.52--76 
24.52--96 
24.76-- 25.08 
24.64 -- 92 
25.24-- 52 
25.88 
26.08 

IV 
II 
II 
II 
I 
I 
I + I I  
II 
II 
II 
II 
IV 
IV 

Table 2 

Diffraction peaks of humid ammonium nitrate, in keV 

n/IV III I II/IV n I  n i  i / i i / i v  i i / i v  
~  (001) (101) (100) (110) (111) (120) (110[111) (200/020) Mod. 

20 
59 
59 
97 

129 
138 
150 
122 
52 
40 
20 

14.52 
14.5 

14.4 

14.4 I 
14.6 I 
14.4 I 
14.52 

15.72 
15.84 

18 20 
18.04 

17.72 
16.32 17.76 
16.40 
16.40 

17.05 
17.72 

17.9 

18.36 
22.16 
21.08--21.96 

23.32 

23.04 
23.1 -- 3 
23.25 
23.35 
22.70 
22.84 
23.04 
23.12 

26.35 
25.36 26.04 
24.76 
24.9-- 25.3 
25.4-- 6 

25.04 
25.2 

26.36 
26.56 
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I 
I 
II 
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Fig. 1. Diffract ion pa t te rns  of  dry a m m o n i u m  ni t ra te  (series 1) 
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Table 3 

Diffraction peaks of cycled humid ammonium nitrate, in keV 

II/IV III II/IV In III If/IV II/IV 
~ (001) (101) (110) (111) (120) (111) (200)/(020) Mod. 

20 
58 
58 

111 
57 
20 
63 

102 
53 
20 

14.6 
14.6 
14.5 
14.6 

14.5 

14.5 

14.7 

16.3 
15.9 
16.0 

16.0 

15.7 

15.8 

18.12 
18.04 

18.00 
18.0 
18.20 

17.95 

18.20 

18.36 

18.70 

18.30 

18.48 

21.2 21.9 
21.2 22.2 

21.2 22.6 

21.1 22.4 

21.3 22.4 

23.42 
23.03 

23.2 

23.28 

23.04 

23.4 

24.6 26.42 
25.3-6 
24.2-25.5 
24.60 
25.0- 6 
26.3-5 
24.4 25.18 

25.45 
24.4-25.3 
26.4 26.8 

IV 
IV+ III 
III 
II 
III 
IV 
III 
II 
III 
IV 

Dry ammonium nitrate did not show the transition into phase III .  Heating and 
cooling influenced the planes (110), (111), (200) and (020) of  phases I I  and IV. 

During heating of sample 2, phase I I I  occurred as expected. Consecutive spectra 
at 59 ~ showed that in the first step the peaks at 18.20, 23.32 and 26.36 keV were 
shifted to lower values. Further rearrangement of  the lattices shifted the peak at 
18.0 keV back to 18.36 keV and decreased the intensity of  the peak at 23 keV. 
New peaks appeared at 13.72, 15.82 and 22 keV, 

Further heating caused the transitions I I I / I I  and II/I.  On cooling, the splitting 
of  the peak at 23.35 keV of (110) of  phase I into two sharp peaks at 22.7 and 
25.04 keV, caused by expansion in the direction of ci[ and by shrinkage in the 
plane (001), indicated the transition I/II ,  followed by transition II/IV. The peak 
intensities during cooling were different f rom those of run 1 due to recrystallization 
and texture effects in the sample. 

During heating of  sample 3 the same transition IV/III  occurred as in run 2. 
Further cycling showed the expected transitions III / I I ,  I I / I I I  and III/IV. 

Discussion 

In run 1 the phase transitions IV/II/I  occur as expected. Careful checking of 
the diffraction patterns reveals slight differences of  the peak positions of phase II  
on heating and cooling. Lattice parameters, calculated by Bragg's equation 
(Tables 4 - 5 ) ,  reflect these differences. 

The results can be interpreted in that heating will extend "b"  to the value of 
"a" ,  causing the transition into the tetragonal phase II. Further heating causes 

the transition into the cubic phase I. The transition extends ali to a I �9 x /2  and 
decreases c n to the value of  a I. 
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Table 4 

Variation of aw. H and blv with temperature, in 

279 

so,. iv  I H I I I ii i Iv 

5.72 ~ 7 5.74 

5"49 j > 5.71 ->6.18 ~ 5 .75--*5.60-9  ,,N 5.43 

5.74 , ,  ~ 5.74 
III--* 5 . 6 0 - 6  -----~ 6.14 ~ 5.68-+ 5.68 .... 

5.40 j 5.36 

5.74 "N, ~ 5.72 

5.40/~' 1II ~ 5.60 - 3 . . . . . . . . . . . . . . . .  "N 5.37 

Table 5 

Variation of parameter "'e" with tenlperature, in /~ 

sot. iv  I ,, I , I i, I , v  

4.93 - - - +  4.98 -+ 4.37 --, 4.77 ~ 4.82 ~ 4.95 
4.90-+ III ---r 4.90 ---r 4.36 ---~ 4.95 --. 4.87 --~ 4 . 9 0 - 5  
4.90--+ IIt  ~ 4 .91 -3  --~ 4.34 

On coo l ing ,  the  t r ans i t i on  1/11 requi res  an  e x p a n s i o n  in the  d i r ec t i on  o f  the  

c-axis  and  sh r inkage  in the  o t h e r  d i rec t ions .  Obv ious ly ,  the  e x p a n s i o n  l e ad ing  

to  cli was n o t  c o m p l e t e  a f te r  the  t r ans i t i on  caus ing  l o w e r  va lues  on coo l i ng  wi th  

c o r r e s p o n d i n g  p e a k  shifts. 

A t  50 ~ on  coo l ing ,  d ive rg ing  va lues  for  a H were  ob ta ined .  Th is  t e n d e n c y  f inal ly 

spli t  aii  in to  a smal le r  axis b w a n d  a l a rger  a lv  , caus ing  the  t r ans i t ion  l l / I V .  

24.70 

25.20 

.00 

24.60 

129 ~ 50* 

1 f E I I I 

26.15 

20* 

I 
key 

Fig. 2. Sections of diffraction patterns of dry ammonium nitrate (series 1) 
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The diffraction patterns of run 1 contain further interesting details, which are 
shown in Fig. 2. On cooling, three distinguished peak positions are observed. 
The lowest and the highest values stem from plane (200)Ii, iv and (020)w. The 
third must be attributed to a third phase II', which has been postulated in the 
literature [1, 3, 4] without conclusive proof of its existence. 

The experiments with humid ammonium nitrate reveal that the transition 
IV/III occurs via a transition state, which might well be phase II', Table 6, with 
concentrated information of series 3, confirms this statement. 

Table 6 

Phase transitions of humid AN 
Peak shift in the diffraction patterns, in keV 

IV > III  > I I  

15.9 
18.1 > 18.0 ~ 18.3 /~NA 18.0 

19.8 > 20.2 ---> 21.2 
23.4 > 23.0 ---> 24.2 ---> 22.7; 23.2 
26.4 > 25.2 --. 22.2 ~ 24.6 

The discussion of the transition IV/III is not easy due to the essential differences 
of the two phases. Heating expands biv in the first step to the value of a n. Further 
expansion causes adjacent layers in (001) of IV to shift in opposite directions, 
the shift being stronger for the tilting nitrate than for the ammonium groups. 
As a consequence, (110) of IV containing both groups disintegrates, giving rise 
to (101) and (111) of phase III, which contain the ammonium and nitrate groups, 
respectively. 

The rearrangement being completed, aiv remains essentially unchanged and 
corresponds to Cui; Civ decreased, agreeing in direction with bin; biv expanded 
strongly, corresponding with the direction of anI. 

Tables 4 and 5, containing the calculated parameters a, b and c for all series, 
allow some speculation about the conditions under which phase III will appear. 
There might be a correlation between the appearance of phase III and comparably 
low values for a n and c w 

Conclusions 

The experiments proved that energy-dispersive X-ray diffraction can be success- 
fully used for thermal analysis. Results could be obtained which strongly support 
the existence of a phase II'. It could further be shown that the phase change 
IV/III goes via a transition state which is similar to or consistent with phase II 
or II'. Finally a correlation may exist between the appearance of phase III and 
the values of the lattice parameters of phase II. 

or. Thermal Anal. 13, 1978 
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R~SUM~ -- Le nitrate d 'ammonium 6tait chauff6 et refroidi pas ~t pas dans un four fix6 sur 
un goniom6tre de rayons X. A chaque temp6rature, des diagrammes de diffraction 6taient 
mesur6s par un d6tecteur semiconducteur, combin6 avec un s61ecteur multicanaux. Les r6sul- 
tats supportent l'existence d 'une phase II'. Ils montrent,  que la transition des modifications 
IV/III proc6de par une phase de transition, qui ressemble & la phase II'. 

ZUSAMMENFASSUNG- - -  Ammoniumnitrat  wurde in einer Hochtemperaturkammer auf einem 
RSntgengoniometer schrittweise aufgeheizt und abgektihlt. Bei jeder Temperatur wurde ein 
Beugungsdiagramm aufgenommen mit einem Si-Li-Detektor und angeschlossenem Viel- 
kanalanalysator. Die Ergebnisse untersttitzen die Annahme einer Phase II'. Sic zeigen, dab 
die Phasenumwandlung IV/Ill  tiber einen Ubergangszustand verltiuft tihnlich oder idendsch 
mit der Phase II'. 

Pe3~oMe - -  YlpoBe~eno nocne~oBaTenbHoe cTyneHqaToe narpeBanrte vi ox~a~erir le nrtTpaTa 
aMMOHnla C nOMOlltbrO BblCOKOTeMIIepaTypnoro yCTpO~cTBa, CMOI-ITI, lpoBarlHOrO Ha peHTrertoB- 
CKOM rorInOMeTpe. YIpH ram~ofi TeMnepaType 6bintt n3MepenbI ,~riqbpaKTorpaMMbI, ncnom,3yfl 
Si--Li ~eTeKTop COBMeCTHO C MnOrOKaHa.rlbnblM aHasI~I3aTOpOM. Pe3y31bTaTbI B 3I-IaqI, tTeYlbrlO~ 
cTerten~t aaroT ~oKa3aTenbcTBa cyttteCTBOaaHtla d~a3bi II'. Onn CBriTIeTeYtbCTByrOT, qTO ~a3oaoe 
/43MeHeHl, Ie IV/IlI Npoxo}IFIT qepe3 nepexognoe COCTOflHI'Ie, rlo~Io6Hoe n.rln COBna~ammee 
c qba30i~ II'. 
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