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Peculiarities of thermal solid-phase transformations of Co,_,Mn HPO,-1.5H,0
(0 < x £0.45), which accompanying the formation of a final product of thermolysis —
anhydrous diphosphate solid solution with composition B—(Co,_Mn,),P,0, (0 < x < 0.45)
are established. It is shown that low-temperature a-modification of the diphosphate is the
first formed during heat treatment of the hydrogenphosphates Co,_,Mn,HPO,-1.5H,0 with
0 < x < 0.15. Crystalline B—(Co,_,Mn,),P,0; (x < 0.15) is formed only after the polymorphic
transformation of the o-form into the B-form. The formation of p—(Co,_Mn,),P,0,; with
0.15 < x £0.45 occurs bypassing the o-form. Free phosphoric acid during the heat treat-
ment Co, ,Mn,HPO,-1.5H,0 (0 < x < 0.45) are is not formed.

Keywords: hydrogenphosphates, solid solution, solid-phase transformations, dehydra-
tion.

Omnpezenensl 0COGEHHOCTH TePMUYECKUX TBepAodasHEIX npeppamenuit Co,_ Mn HPO,-1.5H,0
(0 < x £ 0.45), compoBoKIaOIe 00pa3oBaHe KOHEUHOTO TPOAYKTA TEPMOJIN3a — TBEPAOTO
pacrBopa GesBoxHbIX Audocdaros cocrasa [3—(C01_XMnX)2PZO7 (0 < x £0.45). Ilokasano, 4ro
npu rtepmoodpaborre ruapodocharos ¢ 0 < x < 0.15 BHauase obpasyercsa HH3KOTEMIIEPATYP-
Hasa O-Mopmurarus augocdara. Kpucrammmueckne B—(Co,_Mn,),P,0; (x < 0.15) obpasyrorcs
JIAIIE TI0CJIe TIOMUMOpgHoro mpesparrienus o-popmel B B-opmy. OGpasosanme —~(Co,_ Mn,),P,0; ¢
0.15 < x £0.45 npoucxomur MuHys O-popmy. Cobomubie GhocdopHbIE KMCIOTHL IPU TEPMO-
o6padorke Co,_,Mn,HPQO,-1.5H,0 (0 < x < 0.45) re obpasyorcs.

Ocob6anBocri Tepmiunux TBepaodasnux mepersopens rigporendocdaris Co(ll)-Mn(ll).
H.M.Aumpanyeea, H.B.Conod, P.C.Huxna.

Busraueno ocobausocti Tepmivnnx TBeppodasHux mepersopens Co,  Mn,HPO,-1.5H,0 (0
< x £0.45), 1m0 CYIPOBOMKYIOTh YTBOPEHHSA KIHIIEBOrO IIPOAYKTY TEPMOJIiZy — TBEPAOrO
posumHy 6esBopHuX andocdaris craaxy P—(Co,_ Mn ),P,0; (0 < x < 0.45). IlokasaHno, 1o
mig uac Tepmoobpobru Co,_,Mn,HPO,-1.5H,0 0 < x < 0.15 cmouaTKy yTBOPIOETHCA HUBBKO-
TeMmeparypHa O-mogudirania gudocdary. Kpucramiuai f—(Co, ,Mn,),P,0; (x < 0.15) yrso-
PIOIOTBCH JIHIIE Iicaa moaiMopdHOro mepersopeHHs O-Qopmu Ha [-bopmy. YreopenHs -
(Co,_,Mn,),P,0; 3 0.15 < x < 0.45 BigbyBaeThca MunyoOun O-hopmy. Binsmi docharri ruc-
jgoru mix gac Tepmoo6pobru Co,_ ,Mn,HPO,-1.5H,0 (0 < x < 0.45) He yTBOPIOIOTHLCA.
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1. Introduction

Thermal treatment of crystalline hy-
drates is one of the most technologically
advanced methods for preparing anhydrous
salts and modern functional materials made
of them [1-3]. To select the optimal condi-
tions for obtaining products of partial and
full dehydration of a given composition and
controlled properties one needs to know the
peculiarities of thermal transformations
consistency accompanying their formation.

We have obtained such data regarding
the solid solution of hydrogenphosphates of
composition Mn,_,Co,HPO,-8H,0 (0 < x < 0.2)
with the structure of MnHPO,-8H,O [4]. It
is shown that processes of anion condensa-
tion and release of free phosphoric acid in
the products of partial dehydration accom-
pany its heat treatment. Interaction of
phosphoric acid with solid-phase intermedi-
ate products determines one of the parallel
directions of the formation of anhydrous
diphosphates.

Thermal dehydration of CoHPO,-1.5H,0,
which is a structural analogue of hydrogen
phosphate Co(ll)-Mn(ll) is described [5]. Its
heating is accompanied by condensation of
the monophosphate anion that produces
polymeric phosphates and oxides involved in
the formation of the final thermolysis prod-
uct — diphosphate Co,P,0;. However, the
methodology of this study do not ineclude
the determination of free phosphoric acid in
the composition of dehydration products of
CoHPO,4-1.5H,0 that may make significant
changes in chemistry of the formation of
anhydrous diphosphate.

Information on the systematic studies of
thermolysis of Co(ll)>Mn(ll) hydrogenphos-
phates with concretization of composition
and properties of its heat treatment prod-
ucts is absent for now in the literature.

The purpose of the present work is to
study the thermal behavior of Co(ll)-
Mn(ll}) hydrogenphosphates of composition
Co;,Mn,HPO,15H,0 (0 < x <0.45) and to
determine the characteristics of solid-phase
thermal transformations accompanying
their heat treatment, to concretize the in-
fluence of cation nature.

2. Experimental

Hydrogenphosphates Co;_ Mn,HPO,-1.5H,0
(0 < x £0.45) were obtained by reacting of
cobalt(IT) and manganese(II) hydroxocarbon-
ates in the ratio of 1.2 < K = Co/Mn (molar)
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<10.0 with 55 % solution of phosphoric
acid at 50°C and pH 2.8, as described in [6].

The main object of the study was hydro-
genphosphate with a maximum content of
Mn(I1)-Coq 55Mng 45HPO41.5H,0, compris-
ing, in wt. %: Co — 18.27, Mn — 13.91, P
— 16.95, H,O0 — 20.08. To clarify the in-
fluence of cation nature there were per-
formed thermal and analytical studies of
hydrogenphosphates with different content
of cobalt(Il) and manganese(II), which var-
ied in the range of 31.29-18.27 wt. % of
Co, and 1.05-13.91 wt. % of Mn. Selective
analysis was performed to analytically de-
termine free phosphoric acid in the interme-
diate products of CoOHPO41.5H,O heat
treatment — composition of the solid solu-
tion of Co,  Mn,HPO,-1.5H,0 with x = 0.

Heat treatment of hydrogenphosphates
was performed outside in the range of 25—
900°C in the conditions of dynamic (deriva-
tograph Q-1500D, platinum crucibles with
lid, standard sample — freshly calcined
Al,O3, the sample weighed — 0.800 g, heat-
ing rate — 2.5°/min, accuracy of tempera-
ture determination t5°C) and quasi-isother-
mal (the sample weighed — 0.100 g, heat-
ing rate is 3.0°/min, conical holder of the
sample) modes.

The heat treatment products obtained
similar to [7], at temperatures correspond-
ing to thermal effects on the DTA curve,
were studied by complex analysis methods:
chemical, X-ray diffraction (powder diffrac-
tometer DRON-4-M, Fe K), IR spectroscopy
(IR spectrometer Nexus-470, sample
(0.05 wt. %) pressed into KBr tablets). In
addition, IR spectra were recorded during
the heating of hydrogen phosphates. The
anionic composition was established by
quantitative chromatography on a paper.
Determination of free phosphoric acid was
performed by quinolone molybdate gravi-
metric method after the acid extraction
with dry acetone, as described in [8].

3. Results and discussion

Differential thermal analysis results
showed that C0055Mn045HPO41.5H20 is
stable when heated in air atmosphere at
rate of 2.5°/min up to 150°C (Fig. 1). In-
creasing temperature in the range of 150—
510°C is accompanied by the sample weight
loss, which goes in two major stages re-
corded on the thermal gravimetry (TG)
curve of two quite distinet stages corre-
sponding to removal of 1.28 and 0.49 moles
of H,O. On the DTA and DTG curves there

Functional materials, 25, 1, 2018



N.M.Antraptseva et al. / Peculiarities of thermal ...

Table. Anionic composition of heat treatment products of Coyz5Mng 4sHPO,-1.5H,0 (heating rate

2.5 °/min)
Tempera- | Mass loss, | P,05, gen., Phosphate content (P,05, wt. %) as
ture, °C | mole HZO wt. % mono- di- tri- tetra- penta- hexa-
phosphate
25 39.38 39.4 0,0
185 0.84 40.88 38.1 2.8 0.0
200 1.14 44.99 36.9 6.7 1.4 0.0
230 1.28 45.67 32.8 9.1 2.6 1.2 0.0
275 1.77 48.07 13.3 28.4 4.1 2.3 0.0
295 1.85 48.46 5.6 33.7 4.4 2.9 1.9 0.0
470 1.96 49.00 2.8 40.3 3.2 2.1 1.2 0.0
510 1.98 49.10 1.8 43.6 2.0 1.6 0.0
540 2,00 49.31 2.1% 45.9 1.8" 0.0 0.0

* Result of diphosphate hydrolysis during sample preparation to analysis.
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Fig. 1. Curves of thermal analysis of

Cog 55Mng 45HPO,4-1.5H,0 in dynamic (1) and
quasi-isothermal (2) heating regimes, -o-
place of sampling for analysis.

are two broad endothermic effects in the
ranges of 150—-200 and 230—-275°C. The sub-
sequent removal of 0.21 mole of Hy,O occurs
in the range of 275-510°C, and it is de-
scribed by the slight endothermic effect at
275-295°C and a smooth mass loss curve.
When heated C0055Mn045HPO41.5H20
in the quasi-isothermal mode (partial pres-
sure of water vapor above the sample
reaches 0.7-0.8 atm.), it’s thermal resis-
tance is increased up to 170°C. Dehydration
under these conditions is also realized in
two stages and finishes almost at 385°C
(Fig. 1). On the TG curve, which describes
the first stage of dehydration, two sections
are distinguished with different patterns of
water removal. The first corresponds to the
removal of 0.70 mole of H,O at a substan-
tially constant temperature (170°C);
0.4 mole of the second section are removed
in the range of 1756—-195°C without tempera-
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ture stabilization similarly to dehydration
of the crystallohydrate on the second stage
(240-290°C). Such character of the TG
curve shows, according to classification of
the processes in isothermal conditions [9],
the complication of the process of dehydra-
tion with polycondensation reactions.
Interpretation of the results of the com-
plex study of heat treatment of the prod-
ucts obtained at each stage of the dehydra-
tion shows, that heating of
Cog 55Mng 45HPO4-1.5H,0 up to 180°C is fol-
lowed by removal of 0.76 mole of coordina-
tively bound water with formation of hydro-
genphosphates of lesser degree of hydration
of the composition C0055Mn045HPO4mH20
(0.74 <m < 1.5). The condensation proc-
esses of monophosphate anion start at
185°C and continue when  heating
C0055Mn045HPO41.5H20 up to 470-510°C
— the temperature of almost completely de-
hydrated phosphate formation (Table).
According to the chromatography quan-
titative analysis results, in composition of
the partial dehydration products obtained
at 185°C, in addition to monophosphate,
diphosphate is also fixed (2.8 wt. %
counting with P,0g). The composition of
the heat treatment products of
C0055Mn045HPO41.5H20 at 200°C is a mix-
ture of condensed phosphates with a linear
anion structure, in which, besides diphos-
phate, the number of which increases sub-
stantially in 2.5 times, triphosphate is
formed, and at 230°C — tetraphosphate (see
Table). The conversion of the monophos-
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phate anion to polyphosphate at 230°C is
20-23 %.

Formation of the condensed phosphates
occurs with destruction of the crystalline
structure of the initial crystallohydrate. In
the IR spectra the amorphization of the
solid phase, obtained by heating of
C0055Mn045HPO41.5H20 up to 185_23000,
is fixed with a change in spectral absorption
pattern throughout the absorption range. In
V(OH) area a decrease in the intensity,
broadening and smoothing of bands at 3385
and 38180 cm™! are fixed. The spectral curve
is wide with low-intensity round of many
disordered valence vibrations of OH groups.
Absorption in the vibration area of the
anion sublattice is of the nature of round
spectra of several phases. One of them, con-
sidering the presence of bands in the spec-
trum 8(H,0) 1630 cm™! and v(OH), which
characterize the molecular vibrations of
water as a unit, and 7380 em™! band from
HPO42‘ anion in the initial ecrystal-
lohydrate, is X-ray amorphous
COO 55Mn0 45HPO4 mHzo The appearance of
two strong bands (at 1080 and 555 em™1)
with outlined shoulders (930, 530 cm~1) and
420 cm™1 are characteristic vibration fre-
quency bands of PO; and POP groups of
P2074‘ anion, and this indicates that the
second component of the heat treatment
products is diphosphate.

Disordered state of the solid phase is re-
tained wupon the heat treatment of
C0055Mn045HPO41.5H20 in the range of
275-295°C, promoting the formation of the
condensed phosphates including pentaphos-
phate (Table). The degree of conversion of
the monophosphate anion to polyphosphate
reaches 86—88 %, characterizing the deep-
ening of the anion condensation process.
The greatest difficulty is anionic composi-
tion of the thermal treatment products ob-
tained at 295°C. It is the multiphase mix-
ture of oligo-phosphates with a degree of
polycondensation of n = 2-5. Their forma-
tion in the IR spectra is fixed by a set of
bands corresponding, according to [10], to
vibrations of the diphosphate and polyphos-

phate anions: sh 1145 em™ ! — v, (PO3);
1090 em | — v, (POg); 960 e
(POP); 710 em™! — v, (POP); 565, 520,

420 ecm™1 — § (PO3).

Accumulation in the heat treatment
products of the X-ray amorphous condensed
phosphates, composition and quantity of
which vary in the process of dehydration of
C0055Mn045HPO415H20, complicates their
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crystallization. The transition from the dis-
ordered amorphous state to the start of for-
mation of the crystal lattice is recorded
with the most intense diffraction reflections

d,., 0.805, 0.293, 0.258, 0.214, 0.207,

8p3 nm) at X-ray photograph of the samples
obtalned at 295°C. They include one identi-
fied Crystalline phase — B-(C0055Mn045)2P207
diphosphate, X-ray metric and IR spectro-
scopic characteristics of which correspond
to known for isostructural B-diphosphates
of cobalt (II) and manganese (II) [10, 11].
The condensed phosphates with 7 = 83—5 are
the X-ray amorphous. Their presence be-
comes indirectly apparent in the overall dif-
fusion of the X-ray diffraction patterns,
broadening, and low intensity of the dif-
fraction reflections.

Heating of C0055Mn045HPO41.5H20 up
to 470°C — temperature at which the mass
loss is mainly finished, does not introduce
substantial changes in the material composi-
tion of the dehydrated phosphates. Qualita-
tively it remains constant, but the quantita-
tive relations between the components of
the mixture change: amount of the diphos-
phate increases (up to 40.3 % P,0Og), and
the high molecular condensed phosphate —
reduces (Table).

Heat treatment of Cog g5Mng 45HPO4-1.5H,0
in the range of 470-510°C is accompanied
by not only a content increase of the mixed
diphosphate, but, considering the appear-
ance on the diffraction patterns of the new
intense reflections, known for p-diphos-
phates, by increase of the crystallinity de-
gree as well. When increasing the tempera-
ture up to 510-540°C, anionic composition
of the heat treatment product is simplified.
Value n at 510°C does not exceed 4, at
540°C — one crystalline phase is recorded
— B_(COO_55Mn0_45)2P207. Free phOSphOI‘iC
acid under the heating of
Cog g5Mng 45HPO4-1.5H,0 is not allocated. In
the composition of the products of ther-
molysis of CoHPQO,-1.5H,0 it is also absent.

Formation of the crystalline structure of
B—(C0055|\/|n045)2|3207 almost finishes at
540°C. The exothermic effect with a maxi-
mum of 530°C is the total effect of crystal-
lization of diphosphate and being began ear-
lier (about 470°C) solid phase reacting of
the intermediate products of heat treatment
of C0055Mn045HPO415H20, which results
in simplification of the anionic composition
and diphosphate formation. With further
increase in temperature up to 900°C in the
IR Spectrum of B_(Mn0_59C00_41)2P207, the

Functional materials, 25, 1, 2018
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broadening of absorption bands without
changing the nature of the spectrum as a
whole improves. The X-ray diffraction
shows the intensity increase of diffraction
reflections characterizing the ecrystalline
structure improvement and the thermal sta-
blllty of B—(C0055|\/|n045)2|3207 in the range
of 540-900°C. Formation of o-diphosphate
of this composition, similar to a—Co,P,07
as described in [5, 12], was not performed.
Low-temperature o-modification of the an-
hydrous diphosphates is recorded only dur-
ing the formation of p—(Co,;_,Mn,),P,0;
with the value x < 0.15.

Thermal analysis studies of hydrogen phos-
phates CO1_XMnXHPO4'1.5H20 (0 <x< 0.4:5)
with different content of cobalt (II) and
manganese (II), that were carried out to de-
termine the peculiarities of solid state reac-
tions accompanying their thermal treat-
ment, showed, that formation of the crys-
talline structure of the high-temperature
B-form of diphosphates B—(Co,_Mn,),P,0-
(0 < x £0.45) was determined by the compo-
sition of the initial crystallohydrates. During
the heat treatment of Co,_,Mn,HPO,1.5H,0
with 0 <x <0.15 (cobalt content — 40.4—
34.8 wt. %, manganese — does not exceed
5.2 wt. %) the low-temperature a-modifica-
tion of the diphosphate is formed at first
(at 250-270°C). Crystalline p-diphosphates
B—(Cos_yMn,)},P>,0; with x<0.15 fixed
on X-ray photograph only after polymor-
phic converting from o-form to B-form,
ongoing at 290-310°C. The formation of
B-(Co,_,Mn,),P,O,; with manganese content
of 5.2-22.1 wt. % (0.15 < x £0.45) occurs
only when bypassing the a-form.

Setting such peculiarities of formation of
the anhydrous p-diphosphates of this set be-
came possible by analyzing IR spectra ob-
tained during the heat treatment of
Cog gsMng g5sHPO,4-1.6H,0  and  saturated
solid solution — Cogg5Mng 45HPO,4-1.5H,0
(Fig. 2). The IR spectrum of
C0095Mn005HPO41.5H20 heated up to 200—
230°C, in the area of anion sublattice vibra-
tions consists of a structureless diffuse
band at 1105 ecm~! with a weak shoulder
1065 cm~1, and bands at 580 and 530 ecm™!.
With increasing the heat treatment tem-
perature up to 250-270°C a clear line with
frequency of 535 ecm™1, and two broad trip-
let bands in the intervals of 550-600 and
1060-1200 ecm™! are fixed. In terms of the
group frequencies, they correspond to ap-
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Fig. 2. IR spectrum of Coj gsMnj osHPO4-1.5H,0
(1) and products of its heat treatment, re-
corded during the heating up to 200-230 (2),
250-270 3, 290-340°C ), and
Cog 55Mng 4sHPO,1.5H,0 (5) to 190-225 (6),
240-260 (7), 270-310°C (8).

perance of deformation and valence vibra-
tions of PO groups of P2074‘ anion: 535,
555, 595 em1 — 3(PO3); 1065 em 1 —
v4(PO3); 1180, 1200 em ! — V4s(PO3). The
band at 745 and shoulder at 960 cm™1 — Vg
and v,, groups POP respectively. High fre-
quency and intensity of the band v, (POP),
according to [13], suggests that the angle
P-O-P in the formed diphosphate anion
does not exceed 150-160°. Such a spectrum
character allows to interpret it as a spec-
trum of a—(Cog gsMng g5)2P207, which corre-
sponds to known o—-Co,P,0; with anion
noncentrally symmetric structure and the
angle of P-O-P equal to 142.6° [10, 12]. At
290-340°C the spectral pattern is simpli-
fied: shoulder at 1155 cm™1 relates to the
vibration of v,, (PO3); band at 1100 cm™!
— v4(PO3); 580 cm™! — § (PO3). It is regis-
tered that 535 and 960 cm~! bands shift in
the high frequency area of the spectrum up
to 545 and 980 cm ™!, which, along with de-
creasing frequency of 745 cm™! (down to
715 em~1), and significant decrease in its
intensity, characterizes an increase in the
angle P-O-P of diphosphate anion. The ob-
tained spectral characteristics indicate a
near-centrosymmetric configuration of
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formed P,0,% anion, known for B-diphos-
phate [10, 14].

Changes recorded in the IR spectrum of a-
and B-fOI‘mS of (C0095Mn005)2P207 are ob-
served in the heat treatment products of
Co,_,Mn,HPO,41.5H,0 with a value of x,
which does not exceed 0.15. They are ex-
plained with the transition from curved to
the straightened configuration of P-O-P
bridge of P,O;4~ anion. But considering the
decrease in v, (POP) band intensity, the
angle P—O-P does not reach 180° (Fig. 2).
Described above behavior of the spectrum is
preserved under the further heat treatment
of the p-diphosphate up to 900°C, indicating
its thermal stability.

With increasing content of manganese(II)
in the composition of Co,;_,Mn,HPO, 1.5H,0
to the value of 0.15 < x <0.45, a sequence
of thermal and structural transformations,
fixed in the IR spectra, indicates the ab-
sence of polymorphic transition from the
o-form diphosphate to the p-form. At 210-
225°C and above, the IR spectroscopic pat-
tern of dehydration products of
C0055Mn045HPO415H20 clearly shows the
gradual formation of the crystalline motif
corresponding only to the p-diphosphate
variations (Fig. 2). Despite the overall dif-
fuse of the pattern, its characteristic band
is performed in the form of shoulders at
1070 and 540 ecm™!, resolution of which is
increased by heating the crystallchydrate up
to 240-260°C. In the IR spectrum, recorded
at 270-310°C, a set of absorption bands and
their intensity fully correspond to those of
B_(CO1_XMnX)2P207 with x < 0.15, indicating
the formation of the B-diphosphates with a
similar composition 0.15 < x < 0.45.

Thus, despite the differences in the proc-
ess of formation of the crystalline struec-
tures of the B-diphosphates of various com-
positions, they actually are solid solutions
of diphosphates with a general formula
B_(C01_XMnX)2P207 (0 < x < 0.45). They
crystallize in the monoclinic crystal system
(sp. gr. C2/m, Z = 2). The crystallographic
parameters of the p-diphosphates are chang-
ing according to their composition and the
values of the ion radii of Co(ll) 0.088 nm,
and Mn(ll) 0.097 nm (Fig. 3). They form, in-
cluding the parameters of f—Co,P,0, a lin-
ear concentration dependence characterizing
the formation of the single substitutional
solid solution.

Temperature intervals of formation of
partial or full dehydration products of
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Fig. 3. Concentration dependences of crystal-
lographic parameters of B—(Co,_Mn),P,0,
0 <x £0.45.

Co,,Mn HPQO,1.5H,0(0<x < 0.45) are also
determined by the cation nature, and under
other similar conditions are shifted upward
to 25-30°C if the hydrogenphosphate com-
position is changed from x = 0.45 to x = 0.

4. Conclusions

Special peculiarity of the thermal behavior
of hydrogenphosphate Co,_,Mn,HPO,-1.5H,0
(0 < x<0.45) is the solid-phase sequence
transformations accompanying the formation
of the final product of thermolysis — the solid
diphosphates anhydrous solution of composi-
tion B—(Coy_Mny)oP5,0; (0 < x < 0.45). During
the heat treatment of Co;, , MnHPO,1.5H,0
with 0 < x <0.15 the low temperature «-
modification of diphosphate is formed at
first. The crystalline B-diphosphates of com-
position B—(Co,_ Mn,),P,0; (x <0.15) are
formed only after conversion of the poly-
morphic a-form to p-form. The formation of
B_(CO1_XMnX)2P207 Wlth 0.15 < x< 0.4:5 oc-
curs bypassing the o-form.

p—(Co,_Mn,),P,0;, 0 < x < 0.45 is formed
along to two parallel ways. The first of them:
up to 70-75 % of B_(CO1_XMnX)2P207, is
formed by rearrangement of the mono-
phosphate anion; the second: 30-25 % of
B—(Cos_,Mn,),P,0O; is a result of the solid-
phase interactions of the intermediate heat
treatment products.

The temperature intervals formation and
thermal stability of the heat treatment
products of Co,_,Mn,HPO,1.5H,O (0 < x < 0.45)
are determined by the cation nature, and
under other similar conditions are shifted
upward to 25-30°C if the composition of

Functional materials, 25, 1, 2018
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the hydrogenphosphate is changed from x =
0.45 to x = 0. Free phosphoric acid in the
heat treatment product isn’t formed.
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