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INTRODUCTION

	 Phosphate	 metal	 finishing	 is	 still	 considered	 the	
highest	 standard	 for	 the	 pretreatment	 of	 steel	 profiles	
before	 applying	 organic	 coatings	 [1].	 These	 coatings	
form	a	 suitable	 anchor	 profile	 for	 different	 systems	of	
organic	coatings	and	prolong	the	overall	life	of	corrosion	
protection.	This	is	achieved	primarily	because	the	treat-
ment	 provides	 long-term	 protection	 from	 corrosion	 to	
the	organic	coating	[2-6].
	 Phosphate	coatings	are	usually	crystalline	and	are 
clearly	 divided	 by	 the	 content	 characteristic	 of	 metal 
cation	 per	 molecule:	 zinc	 phosphating,	 zinc/calcium	
phosphating,	manganese	phosphating	and	iron	phospha-
ting	(amorphous	coating,	only	indicates	crystal	structure,	
the	 dominant	 phase	 is	 formed	 by	 Fe3(PO4)2·8H2O	 –	
vivianite).	 The	 individual	 coatings	 differ	 from	 each	
other	 not	 only	 in	 crystal	 structure,	 but	 also	 specific	
coating	 weight	 (g/m2),	 grain	 morphology,	 toughness,	
cleavage,	 porosity,	 thermal	 stability	 and,	 finally,	 color	
[1,	2,	7,	8].

	 Heat	 stability,	 i.e.	 resistance	 of	 the	 crystalline	
coating	to	dehydration,	is,	in	many	respects,	a	key	pro-
perty	 of	 the	 phosphate	 coating.	 It	 is	 important	first	 of	
all	 to	 verify	 the	 value	 of	 the	 initial	 dehydration	 and	
quantitative	 assessment	 of	 the	 degree	 of	 dehydration 
(the	amount	of	evaporated	molecules	of	H2O).	Dehydra-
tion	of	 the	phosphate	 coating	during	deposition	of	 the	
primer	coating	may	negatively	affect	its	bond	(thermo-
setting	paint,	plasma	deposited	coatings)	[9].
	 Recent	 research	 confirms	 the	 possibility	 of	 using	
a	 new	 type	 of	magnesium	phosphate	 crystal	 based	 on	
bobierrite	(Mg3(PO4)2·4H2O)	and	especially	newberyite	
(MgHPO4·3H2O)	 for	 the	 corrosion	 protection	 of	 steel	
[10-12].	 Furthermore,	 it	 has	 been	 verified	 that	 the	
MgHPO4·3H2O	coating	can	successfully	precipitate	on	
magnesium	 alloys	 [13-15].	 Since	 it	 has	 been	 demons-
trated	 that	 newberyite	 coatings	 provide	 comparable	
corrosion	resistance	 to	coatings	based	on	conventional	
zinc	phosphating	(hopeite),	it	can	therefore	be	a	suitable	
alternative	[11,	12].
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 This article presents a detail comparison of the ther-
mal stability of the new magnesium phosphate (newberyite – 
MgHPO4·3H2O) coating with a conventional coating of zinc 
phosphate (hopeite – Zn3(PO4)2·4H2O). It was confirmed that 
dehydration of zinc phosphate (hopeite) occurs gradually 
(dehydration start temperature: 115 °C). The start of magne-
sium phosphate (newberyite) dehydration is indeed shifted to 
somewhat higher temperatures (about 125 °C) but the dehyd-
ration has an intense jump character. When using magnesium 
phosphate (newberyite) coating for further surface treatment 
at higher temperatures, dehydration of the coating can result 
in reduction of the adhesion between the phosphate/primer co-
atings. Under these conditions, it is recommended to use a co-
ating of conventional zinc phosphate (hopeite) or manganese 
phosphate (hurealite).

 Tento článek detailně porovnává tepelnou stabilitu 
krystalů nového povlaku hořečnatého fosfátu (newberyite – 
MgHPO4·3H2O) s běžně v praxi používaným povlakem zineč-
natého fosfátu (hopeite – Zn3(PO4)2·4H2O). Bylo potvrzeno, 
že dehydratace zinečnatého fosfátu (hopeite) má postupněj-
ší charakter (vlastní dehydratační proces začíná při teplotě 
115 °C). Počátek dehydratace hořečnatého fosfátu (newbe-
ryite) je posunut k mírně vyšším teplotám (přibližně 125 °C), 
ovšem dehydratace má významný skokový charakter. Použití 
následné povrchové úpravy aplikované za vyšších teplot na po-
vlak hořečnatého fosfátu, může, vlivem intenzivní dehydratace 
krystalů fosfátu, snížit přilnavost finální povrchové úpravy. Pro 
praktické použití je z tohoto pohledu vhodnější použití kon-
venčního povlaku zinečnatého fosfátu (hopeite) nebo manga-
natého fosfátu (hurealite).
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	 In	the	context	of	comparing	the	properties	of	both	
types	of	coatings,	it	is	necessary	to	compare	their	ther-
mal	stability.	This	study	compared	the	thermal	stability	
of	both	coatings	via	the	DTA	and	TG	methods.

EXPERIMENTAL

	 Sheets	of	non-alloy	steel	(100	×	100	×	1	mm3)	were	
used	as	the	basis	for	coating.	Steel	was	first	blasted	with	
alumina	 abrasive	 (F240).	 Subsequently,	 the	 samples	
were	 degreased	 in	 a	 solution	 of	 15	 wt.	 %	 NaOH	 at	
70 °C	for	5	minutes.	This	was	followed	by	rinsing	with	
deionized	water,	and	pickling	in	15 wt. %	hydrochloric	
acid	 at	 50 °C	 for	 2	 minutes.	 Finally,	 the	 plates	 were	
rinsed	in	deionized	water	and	phosphated	in	either	a	bath	
of	conventional	zinc	phosphate	or	a	bath	of	magnesium	
phosphate.	The	composition	of	the	individual	baths	and	
the	coating	conditions	are	summarized	in	Tab.	1.
	 After	 drying,	 a	 total	 of	 20	 samples	 of	 each	 type	
were	subjected	to	gravimetric	analysis	to	determine	the	
specific	 coating	weight	 (g/m2)	 of	 the	 coatings.	KERN	
ABJ	 analytical	 scales	 were	 used	 in	 the	 analysis	 and	
determination	 of	 the	 dimensions	 was	 made	 using	 a	
digital	meter	(KINEX	Labo	Iconic	IP	67).
	 Before	the	thermal	analysis,	the	morphology	of	the	
coatings	was	monitored	using	SEM	and	the	identity	and	
purity	coating	was	confirmed	by	XRD.	SEM	scanning	
was	carried	out	on	the	TESCAN	Vega	–	3LMU	device.	
X-ray	diffraction	 analysis	was	performed	on	 a	Bruker	
AXS	D8	(scanning	by	Cu	lamp).
	 After	 drying,	 the	 individual	 crystalline	 coatings	
were	scraped	from	the	surface	of	the	coated	steel	with	
a	fine	ceramic	brush.	The	scraping	off	of	the	crystalline	
coating	was	 carried	 out	 very	 slowly	 in	 order	 to	 avoid	
friction	heating	of	 the	 steel	 substrate	 and	 any	 thermal	

effect	 on	 the	 collected	 crystals.	 Prior	 to	 analysis,	 the	
samples	 were	 placed	 in	 a	 desiccator	 for	 10 days	 for	
absolute	drying.	Measurement	of	thermal	properties	of	
individual	phosphates	was	carried	out	on	the	Setari	Set-
Sys	 1750	device.	The	 temperature	measurement	 range	
was	set	to	approximately	20-700 °C	with	a	heating	rate	
of	about	10 °C/min.	Both	samples	were	exposed	 in	an	
environment	with	a	nitrogen	gas	inlet	of	20	ml/min.	The	
weight	of	samples	for	TG/DTA	analysis	was	comparable	
for	both	samples,	i.e.,	23.93 mg	in	the	case	of	the	sample	
of	magnesium	 phosphate	 and	 24.62 mg	 in	 the	 case	 of	
zinc	phosphate.

RESULTS AND DISCUSSION

	 Table	2.	summarizes	the	results	of	gravimetric	ana-
lysis	for	both	the	phosphate	coatings.	From	the	results,	
it	 is	evident	that	the	two	coatings	provide	very	similar	
basis	weight;	however,	the	coating	of	magnesium	phos-
phate	 (newberyite)	 statistically	 has	 a	 slightly	 lower	
weight.	These	results	correlate	well	with	the	degree	of	
surface	coverage,	even	though	zinc	phosphate	(hopeite)	
is	slightly	higher.	Weight	and	degree	of	surface	coverage	
is	related	to	the	smaller	grain	size	of	the	zinc	phosphate	
precipitate	(see	Figure	1	and	Figure	2).

Tab.	 1.	 	 Chemical	 composition	 and	 operating	 conditions	 for	
zinc	 and	magnesium	phosphate	 baths	 (reprinted	 from	 [11])	 /	
Chemické složení a pracovní podmínky lázně zinečnatého a ho-
řečnatého fosfátu (převzato z [11])

Zinc phosphate bath Magnesium phosphate bath

Bath	composition

H3PO4	(85	wt.	%):	17	ml/l H3PO4	(85	wt.	%):	23	ml/l

ZnO:	2	g/l MgCO3:	8.5	g/l

NaOH:	7g/l NaNO2:	0.4	g/l

NaOH:	7g/l

Operating	conditions

Temperature	=	65	°C Temperature	=	80	°C

pH	=	2.8 pH	=	4.3

Time	=	20	min Time	=	20	min

Tab.	2.		Determination	of	the	average	specific	coating	weight	
(g/m2)	of	the	phosphate	coatings	/	Stanovení průměrné plošné 
hmotnosti (g/m2) obou druhů fosfátových povlaků

Sample type Mg – phosphate 
(newberyite)

Zn – phosphate 
(hopeite)

average 3.21 3.69

standard	deviation 0.18 0.24

Fig. 1. SEM images of Mg – phosphate (newberyite) layer 
precipitated on conventional unalloyed steel – BSE visuali-
zation
Obr. 1. Snímek ze SEM povlaku Mg – fosfátu (newberyite) 
precipitovaného na povrchu uhlíkové oceli (BSE)
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	 Records	from	XRD	confirmed	the	presence	of	pure	
forms	 of	 newberyite	 (MgHPO4·3H2O)	 formed	 on	 the	
surface	of	the	alloy	steel	(see	Figure	3)	according	to	the	
following	reaction	[11,	12]:

Mg2+	+	H2PO4
–	→	MgHPO4	+	H+

	 XRD	 confirmed	 the	 presence	 of	 only	 hopeite	
(Zn3(PO4)2·4H2O	–	more	precisely:	α	modification)	and	
not	 phosphophyllite	 (Zn2Fe(PO4)2·4H2O),	 although	 its	
presence	cannot	be	excluded	(see	Figure	4.).	The	mixed	
phosphate	 is	 deposited	 as	 a	 minor	 phase	 (compared	
to	 hopeite)	 only	 in	 the	 layer	 near	 the	 steel	 substrate.	
Hopeite	 is	 formed	 according	 to	 the	 following	 reaction	
[2,	5]:

3Zn2+	+	2H2PO4
–	→	Zn3(PO4)2	+	4H+

	 When	comparing	the	specific	coating	weight	(g/m2), 
degree	of	 coverage	 and	 crystal	 size	of	 both	phosphate	
coatings,	both	can	be	attributed	comparable	anti-corro-
sion	properties,	which	has	been	shown	in	[11].
	 The	 results	 of	 the	 comparative	 DTA	 analysis	 of	
both	 phosphate	 coatings	 are	 shown	 in	 Figure	 5.	 The	
TG	curve	of	the	two	coatings	is	shown	in	Figure	6.	The	
initial	decline	of	the	DTA	curve	in	“area	1”	in	the	case	
of	magnesium	phosphate	(newberyite)	can	be	explained	
by	a	gradual	dehydration	of	chemically	unbound	water	
(moisture)	 in	 the	 coating,	 and	 presumably	 the	 higher	
hygroscopic	properties	of	newberyite	crystals	compared	
to	hopeite	crystals.
	 In	 “area	 2”	 there	 is	 an	 obvious	 decrease	 in	 both	
curves	indicating	the	progress	of	exothermic	dehydration	
reactions.	 Although	 the	 dehydration	 reaction	 of	 the	
coating	 of	magnesium	 phosphate	 (newberyite)	 runs	 at	
a	 slightly	 higher	 temperature	 (about	 125 °C)	 than	 in	
the	 case	 of	 zinc	 phosphate	 (hopeite,	 about	 115 °C),	 a	
considerably	 more	 vigorous	 dehydration	 is	 seen	 with	
magnesium	phosphate	coating.
	 At	 the	 larger	multi-stage	dehydration,	 the	magne-
sium	 phosphate	 coating	 shows	 a	 strong	 decline	 in	 the	
curve	in	“area	3”.	In	this	area,	the	decrease	in	the	curve	
is	 slower,	 characterizing	 the	 thermal	 stability	 of	 zinc	
phosphate	(hopeite).	It	can	be	assumed	that	dehydration	
when	the	temperature	has	not	exceeded	115 °C	will	be	
only	partial	and	will	continue	until	higher	temperatures	
are	 reached.	 The	 initial	 temperature	 of	 dehydration	
of	 the	 zinc	 phosphate	 (hopeite)	 coating	 was	 set	 at	
an	 identical	 value	 as	 in	 other	 research	 [20,	 22].	 The	
curves	of	both	phosphate	coatings	after	the	temperature	
exceeds	250 °C	are	very	similar	(“area	4”),	without	any	
indication	of	exothermic	dehydration	reaction.
	 When	 comparing	 the	 TG-curves	 (Fig.	 6)	 both	
phosphate	 coatings	 clearly	 confirm	 the	 fundamental	
conclusions	 above.	 If	 the	 temperature	 exceeds	 125	 °C	
the	weight	pattern	of	the	magnesium	phosphate	crystals	
decreases	 rapidly	 (indicating	 extensive	 dehydration	
of	 the	 coating).	 At	 200 °C	 the	 weight	 of	 magnesium	
phosphate	 is	 decreased	 by	 about	 25 %.	The	 reduction	
in	 the	weight	 of	 the	 sample	 zinc	phosphate	 crystals	 is	
significantly	slower.
	 Based	 on	 the	 data	 obtained,	 the	 conclusions	 set	
out	 in	 earlier	 works	 dealing	 with	 the	 thermal	 sta-
bility	 of	 zinc	 phosphate	 [20-22]	 can	 be	 confirmed,	

Fig. 2. SEM images of Zn – phosphate (hopeite) layer precipi-
tated on conventional unalloyed steel – BSE visualization
Obr. 2. Snímek ze SEM povlaku Zn – fosfátu (hopeite) preci-
pitovaného na povrchu uhlíkové oceli (BSE)
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Fig. 3. X-ray diffraction patterns of Mg – phosphate (newbe-
ryite) layer on conventional unalloyed steel ((α) ferite)
Obr. 3. Výsledky XRD fázové analýzy složení Mg-fosfátu 
(newberyite) precipitovaného na povrchu uhlíkové oceli ((α) 
ferite)
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Fig. 4. X-ray diffraction patterns of Zn – phosphate (hopeite) 
layer on conventional unalloyed steel ((α) ferite)
Obr. 4. Výsledky XRD fázové analýzy složení Zn-fosfátu (ho-
peite) precipitovaného na povrchu uhlíkové oceli ((α) ferite)
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i.e.	 that	 the	 dehydration	 is	 more	 gradual	 and	 tiered.	
Conversely,	magnesium	phosphate	dehydrates	abruptly,	
the	 boundary	 temperature	 for	 rapid	 dehydration	 of	
magnesium	phosphate	(newberyite)	is	about	125 °C.
	 Sharp	 dehydration	 of	 the	 magnesium	 phosphate	
coating	 after	 the	 temperature	 exceeds	 approximately	
125 °C	will	result	 in	a	significantly	greater	percentage	
of	cracks	and	discontinuities	in	the	coating	than	would	
be	 the	 case	 of	 zinc	 phosphate.	 After	 exceeding	 said	
temperatures,	 reduced	 bond	 of	 applied	 coatings	 (e.g.	
thermosetting	 paint	 or	 plasma	deposited	 coatings)	 can	
be	expected	to	a	greater	extent.
	 Of	course,	there	may	be	differences	in	the	thermal	
loading	of	zinc	phosphate	[21]	as	the	individual	coatings	
may	 contain,	 hopeite	 (major	 phase)	 and	 significant	
quantities	of	phosphophyllite	 (Zn2Fe(PO4)2·4H2O).	The	
thermal	stabilities	of	phosphophyllite	and	hopeite	are	of	
cause	different.

CONCLUSION

	 Although	 previous	 work	 suggest	 that	 coatings	 of	
magnesium	phosphate	(newberyite	–	MgHPO4·3H2O)	on	
steel	substrates	provide	comparable	corrosion	resistan-
ce	as	conventional	coatings	of	zinc	phosphate	(hopeite	
–	 Zn3(PO4)2·4H2O),	 the	 coatings	 have	 very	 different	
thermal	 stability.	 Magnesium	 phosphate	 (newberyite)	
coatings	 showed	 a	 significant	 jump	 in	 dehydration	
reaction	after	reaching	a	temperature	of	125 °C,	whereas	
the	 dehydration	 reaction	 for	 zinc	 phosphate	 remains	
slow,	 even	 after	 exceeding	 this	 temperature.	 In	 appli-
cations	at	elevated	temperatures,	a	conventional	coating	
of	 zinc	 phosphate	 (hopeite)	 is	 preferred	 since	 it	 has 
a	higher	thermal	stability	against	dehydration	compared 
to	a	magnesium	phosphate	(newberyite)	coating.	Alter-
natively,	manganese	phosphate	coatings	(hurealite)	can	
be	used	for	high	temperature	applications	since,	accor-
ding	 to	 the	 technical	 literature,	 they	 have	 the	 highest	
heat	(dehydration)	resistance.
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