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ABSTRACT

The work described in this thesis is concerned with the investigation

of the influence of different additives (H3P04, A1PO 4 H3BOB, BPO4

and CrPO4) on the strength and properties of materials in the Ca,O-A1203

y Cr03

systoenm,

Sample fabrication involved initial mixing with water and seclected
additive followed by onc of three treatmonts: (1) casting at room
tomporaturc, followed by firing in the range 300-1300°C; (2) hot-pressing
under constant pressure (207 MNm-Q) for constant time (30 minutes) over a
wido range of temperature (50-700°C); (3) hot-pressing under constant
presoure (207 MI\'&n-z) for constant time (30 minutes) ot constant temp—
erature (300°C), followed by firing in air in the range 300-1300°C.

With H3P0 4 additive, cast at room temperature, strongths were found
to be directly related to the quantity of aluminum phosphnte formed
in pitu. Undor hot-pressing conditions, alunmimn phosphate was formed
within o short time (30 nminutcs), and at o relatively low temperaturc
(200-700°C), the quantity depending on the '(TC;K ratio. A relationship
was derived between the -C-C-:E ratio and the nminirmn hot-prossing tenmperature
at which anhydrous nluninun phoophate ie formed.

Small quantities (~ 5%) of (H3PO 4t 33:503) or preformed BPO, were
found to inorease considersbly the strength (~ 300 Min ~) of CA and CA,
after firing above 1200°C., One of the components formed, 9A1203.2B203,
does not appear to be a cemontitious material, however.

The work confirms that the compound 4Ce.0.3A1203.(7:c03 is produced in
the systom Cal.Al,0,.Cx0O

273 p)
contribute to the high strength (~ 160 MNn ) obtained with some mixes

on firing above 900°C, This compound may

containing C:L'O3 additive,

The study carried out on pure materials showed that pure calcium
dialuminate (CA.Z), if hot-presocd at low temperaturcs (100-150°C),
hydrates to give 031‘.36 and a product which has a very high strength



(~ 260 rmm"z). Hot-pressing of CA, CA, and Secar "250" cement samples
at 150°C led to the highest strength values (253, 260 and 310 I»'J'Iﬁn.-z),
whereas hot-pressing at 300°C showed a marked decrease in strength (113,
A7 end 150 1T~ 2), A correlation botween generated microstructure and
strength was established,

Strength-porosity relationships were studied using three different
empirical equations. These relationships showed a strong dependence on
the starting material and the type of additive used.

Generally, hot-pressing ai low temperature (300°C), followed by
firing, led to higher strength than those achieved by casting at room
temperature followed by firing, With some mixes, strengths were found

to be four to five times higher in the former than the latter case.
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LIST OF NOTATIONS /ifD ABBREVIATTONS

Cement chomiute! shorthand notation is used throughout this work:

C = Cal
A= .A1203
H = HZO
S = 8102
F = F6203

Other abbreviations used routinely are:

C Cal

Gap Tatio = G 11,05

w/c ratio = waterscement ratio

molar ratio

w/s ratio = wator:solids ratio
H.A.C. = High-nlumina cement
H,p, = hot=-pressed

XRD = ZX~-roy diffractom

XHF

1

X-roy fluoresconco
DIA := Differontial thermol analysis
IR = Infro~red spoectroscopy

SE1 Scamning olectron microscopy.

il

A1l porcentoges are by weight unless otherwise stated.
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CHAPTER 1

INTRODUCTION

The aim of this investigation was to advance our understanding of
the nature of the reaction between different calcium aluminate phases
and various bonding agents (phosphoric acid, aluminum rhosphate,
phosphoric acid + boric acid, boron phosphate, phosphoric acid +
chromium trioxide and chromium phosphate). It was intended to establish
the conditions under which known refractory or cementitious materials
such as various polymorphic forms of aluminum phosphate might be formed.
This investigation has included work on the influence of these bonding
agents on the cold strength of calcium aluminate phases after firing
over a wide range of temperatures.

In addition, commercial material, "Secar 250" cement, mixed wi%h
the above bonding agents, and pure starting materials without any
additives were also studied under hot-pressing conditions.

The systems chosen for this study were:

(1) Ca0-A1,0,-P_0.-E_O

273 7275 "2

(2) CaO-A1203-P205-3203-H20

(3) CaO—A1203-P205-Cr03-H20

(4) Ca0-A1,0,-H,0.

The technique of hot-pressing was also selected as a fabrication
process in this investigation in order to:

(1) study the reaction between calcium aluminate phases and
different bonding agents under hot-pressing conditions;

(2) evaluate the materials with respect to strength;

(3) study the relationship between porosity and strength;

(4) obtain a better assessment of factors involved in strength

generation.



To reduce the number of interacting parameters the fabrication
conditions (viz. tempersture, pressure and time) were chosen so that

2 and 30 minutes respectively)

pressure and time were constant (207 MNm~
where the hot-pressing temperature wns the only variable (in the range

50 - 700°C). The effect of grain size on strength was reduced to a
ninimm by keeping the specific surface area of all the starting materials
nearly the same except a -A1203.

There are two main groups of parameters that affect the mechanical
properties of ceramics(1): material properties (such as microstructure,
internal strains, specimen shape and size), and environmental conditions
(such as temperature, atmosphere, strain rate, rate of stress). The key
nechanical property is strength, and the present work has been devoted
to the influence of the material properties and environmental conditions
upon the strength of the product.

Various methods of strength measurement were used for the
different types of specimens. Although, ideally, the same geometry
of loading should have been used for a2ll the types of specimen, this
was found to be impractical because of the variety of shape of the
specimens. Compression tests were carried out on small cubes of side

12.7 rm prepared under ambient conditions, fired in air at different
temperatures. The compacted specimens using the hot-pressing technique
were in the form of small cylinders or discs. The strengths of the
cylindrical samples were determined as compressive strength; strengths
of samples in disc form were determined by a diametral compression
test. In this latter test the diec was loaded in compression across
a dianeter and failure occurred from the uniform tensile stress acting

perpendicular to the loaded diameter thus giving an indirect neasure of

tensile strength,
X-ray, D.T.A., I.R. and microscopic techniques were used to identify

and study the phases produced in the reactions. The nicrostructures of

sone of these specimens were also exanined.
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CHAPTER 2

LITERATURE SURVEY

2.1 The CaO-AlEO3 System

The importance of this system led to the pioneering and classic
studies of Rankin and co-workers(2’3 ) Some of their original con-
clusions have since been modified, particularly the stoichiometry of
the compounds 05A3 and 03A5 whose correct compositions are C12A7(4) and
CA2(5) respectively. An alumina-rich compound CA6 wag reported by
Toropov et a,l.(6) in 1940 and its existence was confirmed by Gentile
et al.(7) in 1963, The remaining calcium-aluminates, C3A and CA, have
recelved the greatest attention because of their importance in cements
of various kinds. Nurse et al.(e) investigated the CaO-Al2O3 system
in a2 moisture-free atmosphere and this is represented by the phase
disgram shown in Fig. 2.1. This work, which refers to strictly
anhydrous conditions, probably represents the most nearly correct
diagram. Four stable compounds occur in this system: 300,0.1\.1203,

CaO.AlQOB, Ca0.2A1203 and CaO.6A1?O All these compounds melt in-

3!
congruently and have primary crystallisation ficlds in the binary
system, If the system is studied in air of normal humidity, and not
in a strictly moisture-free atmosphere, a further metastable compound

12Ca.0.7A1203 can also occur in addition to the four stable compounds.

It ie not binary and contains some hydroxyl groups(9)-

1.1 1 C.A
This component is present in Portland Cement, and hydrates more
rapidly than any other calcium aluminate phase, but by itself produces
little or no hydroulic strength in morta.rs(1o). It belongs to the
cubic system having a = 7.6 & , 1t melts incongruently at 1539 + 5°C,
dissociating into Ca0 and a liquid of composition (wt %) Ca0 57.2,

(8)
11,05 42.8%°.
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2.1.2 Monocalcium aluminate CA

The structure of this phase was partially investigated by Heller(H)
and the general character of the structure was reported by Dougill(12).
The cell dimensions were a = 8.69, b = 8.09, o = 15.21 + 0.02 £ , p=
900.8'(10). Pure CA forms prismatic or irregular grains which although
monoclinic are frequently pseudohexagonal. Its structure is based on
that of g-tridymite with all the Si% replaced by 417 and Ca?* in
cavities of the framework of AlO 4 tetrahedra. It melts incongruently
at 1602 * 5°C to 2(2&:'.0.111203 and liquid of approximately composition (wt %)

Ca0 36, Al 64(8). It has very desirable hydraulic properties(13) and

2%3
is the most important constituent of anhydrous high-alumina cement which

is responsible for the rapid hydration and high early strength.

1 M a e CA

This compound was first reported by Renkin and Wright(B) and wag
given the formula CA2 by Tavasci(M) in 1935. A number of workers(15’16')
agree that this compound is monoclinic and isomorphous with SrO.2A1203 and its
cell dimensions ave a = 12.862 % , b=8.86 8, c=5.43 £, p=
106°50'. Tt melts incongruently at 1762 + 5°C to give Clg and 1liquid of
approximate composition (wt %) Ca0 22, 41,0 78(8) . The high alunina
cements, depending on their (3;3,0/./11203 ratio, contain mainly CA plus
CA2(13). The CA2 phase hydrates very slowly and it was considered that
it might be hydraulically inert at ordinary temperature if completely
pure(e’g). It was reported that in alkaline solution, the rate of

(10)

reaction with water can be significantly increased . Bobrov et o,l.(‘l N
in 1975 studied the effect of temperature on the hydration of CA,. They
concluded that when pure CA, was hydrated below 20°C, CAH,, was not
formed unless a smnll amount of CA was present. Below 40°C, the
hydration led to the formation of hexagonal hydroaluminate, C2AHB, where

at or above 40°C cubic hydroaluminate, C3AH6, was formed.



2.1.4 HMonocalcium hexa~alumuinate, CA6

This phase was first reported as a new compound at the higher
alumina end of the Ca.O-A1203 system and assigned the formule C3A16 by
Lagerqvist et al.<5) The confirmation and the existence of this
compound was studied and modified to CA6 by otharinvestigatora”’w).

The compound has hexagonal symmetry and it was sugrested

that its structure is isomorphous vitl magneto-plumbite (Pbo.sFe203§.19)
The oell dimensions are a = 5.536, o = 21.825 & (19, mis compound

melts incongruently at 1830 + 15°C to corundum and a liquid of approx-

imate composition (wt %) Ca0 16, 41,0, 84(®), High alunine cements

having a high A1203 content often contain CA6(13). This phase does not
appear to hydrate in water and is relatively inert to hydration under

neutral conditions.

2:.1.5 The compound 012&7
This was formally known as pentacalcium trialuminate CSA3( 5 ).
There is still some controversy regarding the stability of this compound

Q
and details can be fownd olsewhere. S?19720)

The compound C,|2A7 is
cuble and its ocll dimension is a = 11.958(2%), me C4phy Phase which
might be expected in noxmal aluminous cementsdepending on Cao/Ale3
ration, is an undesirable constituent because it hydrates very rapidly
and osuses "flash setting"'3), Tis results in partinl hardening of

the wet conorete before it can be placed.

2.2 The C&A;an-nzo System

The stability relations and equilibria in the CaO-A1203-HZO systemn
have received much attention in recent years. Jones(m) and other

22,23, 24) haove studied this system at various temp-

1nveetigatore( 13,
eratures. The effect of temperature on this system is shown in
Fig. 2.2, in which the stable solubility curves for Y-AH.j and CBAHG are

omitted.
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(13 214,22)

A11 the investigators agree that the appearance of the

CAHm phase at 21°C, but not at 25°C. It appears from Fig. 2.2 that
CZAHG and C 4AH19 have the highest solubilities at both 21 and 25°C.
A possible lower hydrate of dicalcium aluminate, CZAHZ»’ may be formed

21,22)

above about 100°(2". 411 the investigators' >’ agreo that C,AH,

3
is fundamentally stable up to about 215°C, whereas above this temperature
CyhqHs 15 formed. Majumdar and Roy(?5) investigated this system in the
range 100 to 1000°C involving high pressure. It was concluded that only
three stable hydrated phases, Ca(OH)z, CBAH6 end C 4A3113, are formed in
this system. More details on the CaO—A1203-H20 gsystem can be found

elsewhere. (13,21, 22,23,24,25)

2.3 Aluninous Cementg

The development of aluminous cements dntes back to as early as
1865, France was the piloneer in manufacturing these cements and
recognised their interesting properties such as high early strength and
resistance to chemical action of sulphate. /Lluminous cement is obtained
by fusing or sintering a mixture of aluminous and calcaceous materials
and grinding the resultant product to a fine powder(9). Two types of
calcium aluninate cements are produced cormercially. The first type has

a typical bulk chemical composition (in wt %) Ca0 36-40, A120 40-50,

3
510, 4~9, iron oxide 1-15, Ti0, 1-3, alkali 0-1, and MgO 0-2(13). This

type of cement is usually referred to as normal aluminous cement or
"Ciment fondu". The second type of cement has a rmch higher A1203

content; typically (in wt %) A1,0, 72-82, and Ca0 15-27. Iron oxide,

3
silica and other impurities are usually kept below a level of 1-4%.

This type of cement ias usually called high-alunina cement(13 ).



2.5.1 Composition and constitution of alurinous cements

The most importont constituent of this cement is calcium nono-

aluninate C.L, since the strength of this type of cement is primarily
determined by its content of CA. It is slow setting, particulerly if
rapidly cooled fron the molten condition, but it subsequently hardens
with great rapidity. In cements with higher A1203/bao ratio, calciun
dialuninate CA2 is also formed. It was reported that the compound C12A7
night be present in commercial cenents(13). Calcium hexa~aluninate CAG
does not exist in aluminous cements, but nay be formed when concrete nade
with this cement and corundum aggregates is heated to high temperaturs.
The phase B-CZS is often detected in those cements containing less than
10% 810

But in those having higher Si0, content gehlinite CZAS pro-

2° 2
dominates(g). It is necessary to keep the silica content of aluninous
cenents low since CZAS has little or no hydraulic activity under nornal
conditions. /Another interesting phase which sometimes occurs in aluninous
cements is the "Pleochroite" "unstable 05A3" phase. Many investig-
ators(3’26’27’28’29) have exar:iined this phase and more than one forrmla
has been suggested. The exact composition of pleochroite is astill un-
oertain(so). Rankin and Wright(B), Aruja(zs) have proposed the forrmlz
5080. 341,05 Parker'27) hos suggested the formila 6Ca0.4(Al,Fe3+)203.
(Mg.Fe?*)0.810, as a ferrous-ferric iron-substituted solid solution

based on the quatemmary phase 6Ca0.4A1203.M30.8102. More recently

2
details about this phase can be found elsewhere!>’dr13126,27,28,29,30)

Mldgely(za) has proposed the forrmla 22Ca0.17A1203.5FeO.2810 . More

At the sane time, this cement contains a relatively higher proportion of

iron oxide, in ferrous and ferric states. It was reported(13’31) that
little iron substitution can occur in CA and C12A7. The solid solutions
are now known to extend from 2CaO.F920} towards a hypothetical 2Ca0.A1203
and the nechanisn of the solid solution is replacement of F93+ by A13+.

The mineralogicel composition of high-alunina cenent is variable and
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influenced by the ratio of ferrous to ferric iron(e). Ferrous iron may
be present as wastite or in a glass phase, The formation of a compound

with the formula Ca0.T1i0, (perovskite) in cements containing Ti0, was algo

(9,13)

reported More details about the composition and constitution can

be found elsewhere. (9,13,31,32)

2.3.2 dration of al ous cements

Aluminous cement is a hydraulic material, i.e. it sets and hardens
by chemical reaction with water and remains stable in the presence of
water. This subject has been investigated by numerous aui;horsg3 2,33,34,35)
It is generally agreed that the hydration of either CA or aluminous cement
in pastes at 21% gives CAH10 as a major product(”). It was reported(34)
that some gel appears to be formed in the first few hours and this seems

to be alumina gel rather than CAH1 This alumins gel on ageing

o.
gradually orystallises as gibbsite (A1203.3H20). The extent to which

CAH o °F C,‘,AH8 predominates in the hydration products depends on the

1
temperature and also on the cement(9). Vhen pure CA is hydrated the
oritical temperature above which C,AHy is formed is about 23%(9), me
hexagonal hydrate CAH1 0 is of interest in connection with conversion
because this hydrate compound is unstable both at normal and at higher

temperatures and transformed into the cubic stable hydrate compound C AHG'

)
Recently Roy and Gouda( 36) found that on hot-pressing aluminous cements,

C AH6 is formed initi=lly; a subsequent potentially destructive conversion

3
is thereby avoided, Also, the alumina hydrate boehmite (A10.0H) is formed
rather than gibbsite (A1203.3H20). They had suggested that the reaction
apparently proceeds as followss

3/ Cao.A12o}_7 + 8H0 5 3Ca0.01,05.6H,0 + 4410.08H.

Therefore, the hydration reaction in aluminous cements pastes can

be formulated as follows:
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Ca0, A1,,0

273
—. '

Nl T y

~—3 202‘0.{1.1203.8H20 + A.12030 a%.

[
Ca0, 3203 o OH20

4

|

2 4
3CE.OCA12O ¢6H20 <+ AJ_2030 aq-

3

-

30&0.1!1205.5H20 + A10,0H

Imch attention has been directed towards a more detailed study of the
conversion phenomenon since the f:zilure of some H,A.C, concrete beams
have been reported in 1974, Long-term research inio the charocteristiocs
of H.L.C, concrete vas started to assess all the factors which affect the
degrec and the rate of conversion(37’58). The compound (}1 2[).7 if prosent
is believed to hydrate to C2AH8. The dicslcium zluminate hydrate, with
ferric oxide replacing port of the olumina CZ(AF)HB’ is 2lso reported
from the forrite compound in the coment(39). The product of hydration
of 023 is a onlcium silicato hydratc, in which the number of moloculos of
wator is not known vith certain'lar(d'o). The hydrations of other com-
pounds, perticularly thosc coniaining iron, arc still not cleur(e) and

dotails con boe found GlBQVIl‘lGl‘G(g’13).

2.3.3 Refractory propertics and effect of heat treatment on
H,A,C, ond H,A,C, Caatablo

Tho uso of hydraulic aluminous coment for refractory application is
nov woll knowm. Howovor thore is o region of low strength at tomperatures
betwoen that at which the hydraulic bond is destroyed cnd that at which
the coment bocomos truly cercmic by sintering. Heindl ond Post(‘“)
presented data on tho chonge in strongth of H.i.C. with firvebrick grog
on firing, Schmeider\®?) studiocd the effact of elevated tomperatures
on the strongth using neat white HeoL.C. ond concluded that many chonges

in the mochanicnl properties of tho cement werc divectly rolated to
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corrcsponding changes in composition., Tgcung and Ca:cru‘t:herrs(43 ) inveot~
igated the degroc of hydroation cchieved ond its effec.z'b on the strength of
refractory conerecte before ond after firing. Thoy demonstratod that high
curing-tempersture for a restricted timo (75°C for 6 hours) could provide
o subptantial increasc in strength not only at room temperature, but also
after the castoble had been fired ot any tomperature up to theo point at
which ceramic bonding occurred., Wood and Rricba,ch(44) studied the ceffect
of curing~temperature on the strength of costable material using H.A.C.
and white HeA.C. Gonerally thoir strength results after firing up to
1000°C wore in sgroement with the previous obscrvation, Iﬁ.dgely( 34)
studied thc minerzlogy of et H.A.Ce ond the strongth at olevated tomp-

oraturce, as in Table 2.1.

Temp, of | Compressive
heating Strength Iinerelogy
°C psi
18 24.000 CAH‘|O’ alumins gel
110 11,000 | 03m6, Y—-AH3
200 9.950 c , amorphous AlnOz,
a Cafoﬁ)2
300 114 3500 " "
400 10,650 " "
500 9,800 f n "
700 9,500 012A7, amorphous Al203,
Ca0
800 9,000 " "
900 5400 C4, trace C 121&7
1000 5.000 CA

Tgble 2,1: Strength and Mineralogy of set H.A.C, after
heating to various temperatures (Ref. 34).

Dutta o al.(45) in their investigation, found also that tho cold
strength of castable refractories using high purity calecium alunminate
ccment docreases after firing at difforent temperatures up to 1200°C,



2.4 Phosphate bonding
The bonding properties of a number of phosphate materials have been

recognised for many years. Phosphate bonds are of particular interest

in the fiecld of refractories because of tho high fusion temperaturcs of
meny phosphates. Heating is usually involved in estoblishing the bond.
Iﬁ.ngery(46) stated that phosphate bonding is accomplished by three
mothods: (i) the resction botioen siliceous matorials and phosphoric
acid, (ii) tho reaction botwcen oxides ond phosphoric acid, ond (iii) tho
dirocct oddition or formation in situ of acid phosphotes. FPhosphoric acid
iteclf octes ag the bonding moterial, the addition of aluminum, magnesium,
iron snd boryllium oxide will increase the bonding power. These substances
arc 21l omphotoric or weallly bacic ond have moderate sized ionic rodii.

In contrrst the addition of caleium, barium ond thorium oxide, vhich are
highly bosic, or have o leorge ionic rodii, will decrcasc the cffectiveness
of phoaphoric acid aus o bonding matorial.

Bochtol and Plons(47’48) roported on the bonding of ceramice with
monozlumimm phosphate, AL(H,PO 4)3. They bonded fireclay, bouxitc and
pilico ond obtaincd o hish strongth voluc in the intormediato temperaturc
ronge of 600-1000°C, Prev.sor(49) discusscd the chemiocnl setting of
refractories by dilute phoophoric acid. Consideroblo strongth was
produced at 200 to 300°C, Roinlmrt(so) publishicd o comprchensive roview
of bindors for cercmics. Sheeto and co-worlcers(51) used phosphoric ccid
to mako cagtable refrcctorics. Thoy introduced the concept of odding
on inhibitor: Rodin 78, o compler amine, wos used to roducc the
phonomenon known as blooting which results from the recction between
phosphoto and motollic iron, Diroct calorimetric analysis (DCA) a'bud.ies(52)
on tebular alumina-phosphoric acid mixture, suggests that no acid/cluminn
roaction ocours up to ~ 127°C, Most of the ronotion occurs over the
tomperoture ronge 127-427°C, and involves the formction of alumimm

phosphatos and possibly fommntion ond melting of pyrophosphioric ccid.
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At about 510°C a change in the slope occurc that remains up to 732°C.
Continuous changes in slope occur over the temperature range 732-1327°C
arising from the formation of sluminum phosphate bonding phases and
phese tronsitions, These authors also confirmed that the addition of
C:c03 increcses the thormal gtability of phosyhate bond. Ersin and
‘.'!illiam(SB) gtudied the offcects of chemical cgents, added to phogphoric
ceid in controlling the formation of alumimua phosphatc and proventing
promoture hordoning, Pelfroynan %) published dota on hot strength of
high alumins rofractories. Veolues of more than 13,8 I-E‘Im"z were found
for fused mullite spocimons bondod vith ground calcined alumina and 5 of

85% H3P0 It is impossible to moko any genorel stotomont cbout the

4
propurtics of phosphate bondu without apecifying the typo of bond used
and the composition ond groding of the aggregate; particularly if one

15 to compave tho Tolativo proportios of differont binder systoms.(54755)
Sicko.(sé) patented o foomod coramic made from fly ash ond phosphoric
ooid, MeCaxrthy ond Lovotte(57) described o hot pressing method for
firing a solid radiocctive waste in o phosphate slana. Chva.tal(ss)
introduced alumirmm~chromium phosphatc bindex, Thesc phosphates have
good thermal stobility. Chveotal's results hove becn confirmed by
ot11om(52). Alunirun chlorophosphate hydrate was recently introduced
also o8 ¢ bonding mtorial(SQ’so). It is o dry powder, rucdily colublo
in water. It docompouos on heating diroctly to A1PO 4 vithout forming
intormodiste metaphosphate, An cxtensive roview on phosphate ceramies
won given rocently by Wos'bmm(61) ond Ca.osidy(62).

Thore is very little literaturc cbout the hot pressing of phosplicte
bonded alumina.(63), and no record of phosphatc bonded calciun aluninate
phoses under hot-prossing conditions. At the sanc tine no invootigations
have boen roported on the une of eithor o mixture of boriec acld +
phosphoric oeid or boron phosphote as o bonding ogent for different

natorials in tho (2::.0--1&1203 gycion,
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The effect of phosphates in a cement clinker on its setting prop-
erties were also reported. Koyanogi(64) reported that small quantities
of monocalcium phosphste retarded the setting of cement by preventing the
nydration of caloium aluminatc. Murse'®?) seported that P,05 in xaw
naterials may causc difficulties in firing, erratic sctting, and slow

strength development.

2:4.1 The Cza,O-A1205-1>205 gystem

Phagse rclationshipes in this system were studicd dy Stone et al.(66)
as ghown in Fig, 2.3 A partial equilibrium diagram for the systom
A1203-P205 covering thc composition range betwecen the two binary compounds
elunimm metophosphate (A1(1>03)3) ond aluminum orthophosphate ALPO A is
cshown algo in Fig. 2.4(67) « By far the most intercsting compound in

the gystem is A1PO Kolb(68) found that when purec A1P04 (erigtobalite

4.
form) was heated to about 1500°C it began to decompose liborating 1"205

cnd forming 1\1203 a8 given in Table 2.2,

Tomp. /°C | Du;cl.:.j.:ion/ B Compoai’t;ion % ‘
j I31P04 g 1‘.].203
1500 ' 1 93.7 6.3
1650 1 86.8 ‘ 13.2
1800 1 86.5 13.5
2200 Fot stated - 100
i L

Toble 2,2: Thermal stobility of AP0, in cir (Raf. 68)

Bogmen and Erahov(ss) reported on the bonding charactoristics of caleium
phosphate in the systenm Ca,O-P205. They concluded that monocaleium
phoophote formed at 600°C, had no bonding propertiesg, Di-, tri- and
totracalciun phoophotos formed at 800°, 1000° and 1200°C respectively

had bonding propertics, the tricaleiun phosphate boing the nosat cctive.
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18
2.5 Conpounds igostructursl with gilica
The ¢xistence of phases vith ctructurcs :nclogous to those of silioce
hes long been known. Bu.erger(7o) has digcussed the physico-chemical
besig of the structures of gsuch compound:s in detoil. It was suggeated””
thet gilicn type structures are only formed by 4BO 4-type conpounds wvhen
(r L rB)/2 < 0.55 and reccently Corbridge(’zz) sumerised all compounds

isogtructural with silica in Table 2,3,

Quarts i dynid to Cristobalite
(r,+rB)/2
- lov | Eigh | Iow | High | Low High
‘ ‘ :
. | : .
0.42 510, | 810, | 510, | si0, 510, 510,
0.43 /1PO, | L1PO, | 41PO, | L1PO, | LIPO, | L1FD,
. | BPO
0.29 BPO, A
0,48 GaPo, GePO, | GePO,
0.49 FePO, | FoPO,
X
0.50 MO, WPO, | PO,
0.34 -i BLoO,
0.48 L2100 4 '
0.54 GoLaO |
' j

Toble 2.3: 4BO,~type coupounds with silics structures (Ref. 72)

2.5.1 Aluniniun phosphate

The structures of the ALPO /. polymorphs porallel those of silice very
closely. It hos been classified as a half-breed derivative of Bilioo.(7o),
in vhich 2814+ ions arc replaced by an _'\,13"~ ion cnd a P5+ ion, Tronel
ond W:Lnkho.us(73) and carlier investigators observed thet the crystoalline
formes of AlPO4 hove o remarkeble structural resenblance to quarts,
tridymito and cristobelite including the high forms. They olso noted

that tho roconstructive inversions in A1PO 4 proceedod tmech foster thon do
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the corresponding silica inversions. Hut‘benlocher(74) and Stru:nz(75 )
reporied the structursl relationghip between berlinite and low-quartz,
but the first accurate lattice paraneters were published by Brill and
Do Brotteville(®), Using commercially prepared alumimm phosphate es a
starting material, Becl:(77) investigated the inversion charactoristics of
voxious AlPO 4 polymorphs. Shafer and Roy(78) presented revined values
for somo of the reconstructive inversion temperatures. Corbridgo(72)
summariscd the six differcnt forms of AlP04 analogous to those of agilica

in Fig. 2.5.

Muortz S==—=== Tridymitc $======= Crigtobalitc &=——=5 lMolt

867°C 1470°C 1713°C

pe—= o, t=== 5, B === o

573°C 7 ! 6300 2 220°C
Borlinite e———— Tridymitsc &= Cristobalitc “———= Molt
705°C 1025°C ~ $1600°C"
MPO, B s o B o E==m 8 B S/ o
4" 586°c 93° 130°6 210°C

Pige 2,5: Phase trongfomation of 8i0, and ALPO, (Reforence 72)

In both sorice of compounds the o ¢» f trancitions tcoke plece comparat-
ively rendily but the tronsitions involving major changee of structurc
arc much morc sluggish(72). A1l these compounds are chorooterised by
their hordness ond high melting point, their insolubility and resistonco
to hydration., The ALPO 4 onalogues of the high-prescurc forms of silica,
nomoly Cocnite, Keatite, Stishovite, hove not yet been cntoblisheal72),
Infrared adsorption opectrs of SiOz—AlPO A mixturcs suggest that isow-
morphous substitution con occur at high terporaturcs, only up to obout

5% in oach aeries(79).
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2.5.2 Boron phogphate

Boron phosphate is the only binary compound in the system B203-P205

vhich has long been knoxm(so). It was reported that boron phosphate

(81/82) .14 high and lov eristobalite forms(83184),

exists in quartz
shafer ot al.("®) shoved that the structure was of & lov cristobalite
form and thus disproved the structure suggested by Semlzo'®4). Moy
indicated also that o possible boron phosphate analogue to quartz vas
formecd under mild hydrothermal conditions. Corbridgn(72) reportcd only
two forms of boron phosphatec as showm in Toble 2.3. Buorger(70) described
BPO p 02 half-breed derivative of silica, vhere 25i%" 1ons wore

replaced by B°* ond P77 tons. Both P and B°" ions wore shown %o be
totrahedrally coordinated with o:qrgon(85 ). Unlikc somc half-broed
dorivatives of silica, BPO 4 does not have o high-low cristobalite type
inversion above room tomperature., Hummel et o,l.(86) reported that boron
phoaphatc does not exhibit an appreciable rote of voporisation until a

tompernture above 1450°C is roachod, vhero Rickles'®) reported that BPO,
sublimes ot 1235°C,

Anhydrous chromium orthophogphnate existo in two crystelline fornmg
a8 well as in the amorphous utate(ee). Brovm~black amorphous materiol
may be moade by heating the hydrated forms. Alternatively, purple~-grey
cmorphous matorial can be mado by flamo cpraying a chromic/phosphoric
soid mixture in gos flame at about 700°0(88),

20::‘(')3 + 2H3P04 — 20rP04 + 3H20 + 30

Further hoat treatment of omorphous varictics leads (irreversibly) to the
formation of khoki-coloured B-CrPO 4 and above about 1150°C to dark blue-

grocn a-(}rP04.
CrPO4.nH2O —~—3 Amorphous —> B-CrPOA-—-) oc~CrP04—-—-) n.p. 1850°C

The irrevorsibility of the phoase troneitions in CrPO 4 could be cssocigted

1ith o roduction of Cr coordination mumbor from 6 to 4 and be conpared
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vith the reversibility of the silica transformation vhich do not involve
any change in coordination mmbexr from 4. Chromium phosphate, CxrFO 4
hos many of the silica-type structures. It is very insoluble, hard,
chemically inert and has a high melting point ( > 1850°C). Although

(rA - B)/2 = 0.49, silica-type structures do not seem to exist for CrPOi?Z)

2.6 Hot Pressing
The term hot-pressing, or pressure sintering, refers to the densific-

ation of a powdor or paste by simultancous application of heat and
pressure, Tho development of high-performence coramic materials vith
closcly controlled microstructurcsond groatly improved propertioes (o.g.
mochanical, thormnl, electrical, optical and mogncetic) by hot prossing
roprosonts one of the most important contemporary areas of ceramic
procoosing., Hot pressing has nmumerous cdvantages over conventional
cold-prossing and sintering prooessos(ag). By hot pressing improved
microgtructure ond mochanical properties of o material are generally
obtained relative to its porous form. Such materials aro denser,
gtrongor, and oxhibit higher thermal conductivity. Thoy aro hard,
duroble cnd have a good surface finish. Owing to their low porosity
and permosbility they con resist various environmental effocta.
Sufficient pressure mugst be applied to compreso the material in the die
end to eliminate as much as possible the gases entrapped within the
powders or pastes as well og the gasec that arc gonerated during
sintoring cyclos. Mony non-oxide ceramics, ©eZ. carbides, boridog,
nitrides, can only be sintered in the pure stato by hot pressing to
achieve densitics sufficient for high~performonce applications. Such
noterials gonerally have high vapour or decomposition pressures ot
gintoring temporatures, as well as low atonic mobiliticas, moking it

difficult to achiove densification without pressure. A muber of
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modifications of uniaxial pressure sintering have been developed which

can be considercd thermochemical in nature

(90)

. These are: decomposition

hot pressing(91), reactive hot pressing(92), including phase transform-

ation(93), reaction hot pressing(94) and liquid phase hot pressing(95).

Hot pressing has been recently applied to cement paste

(36,96,97)

Very high values of compressive strength have been reported using

pressures (172.5 - 345 Mmm'z) in the range of temperatures 150-250°C

for 30 minutes.

2.7 Mechanical Properties
It has long been recognised that the theoretical strength of a

material is much greater than that found in practice.

Theoretical

estimates, based on atomic cohesion models, indicate that the theoretical

fracture strength is approximately E/HO (E is Young's modulus), yet most

materials fail at stresses between E/102 and E?HOB

(98)

The presence

of cracks, eithor those that exist prior to stressing or those that axe

induced during stressing, are believed to be the cause of these dis-

crepancies between theoretical and observed strength. The maximum

attainable strength of a solid depends in the first place on the strength

of its individual atomic bonds.

In an idenl =olid subjected to temsile

stresses, the solid will elongate elastically until the atoms are

sufficiently separated that their attractive forces no longer cow:ter-

balance

atoms.

the opplied force, and fracture occurs along an entire plone of

The theoretical strength is then expresscd by this equation

. Er %
a’th = — )
rO

Young's modulus
thermodynamic surface energy

atonic separation (i.e. interatomic distance).

(98),

ceecseee (2.1)
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Theoretical strength, of ccurse, could only be attained in matevials
vhich are theoretically dense, and by eliminating either the pre-cxisting
cracks or the phenomenon leading to crack nucleation during stressing.
BEven then, it has been reported that in polycrystalline matericls grain
boundarics froquently serve as locales of dislocations, weokening the
material(1). Inglis(99) was the first to show analytically that the
atresses at the periphery of a crack arc much greater than elsewherec in a
stressed body. Albeit his calculations showed that cracks are likoly
gources of failurc ot applied stress much less than the theorctical
fracture stress, they did not lead to an expression for crack instobility,
i.e. crack extension and failure.

(100) was the first to explain the discrepancy between the

Griffith
theoreticnl and practical stroength. He decfined a brittle materinl as
& continuous medium which contains defects (microcracks) and assumod tho%
the defect generntes o stress concentration under an applied stress.
His reasoning wos based on the premise theat the free energy of a crccled
body and the applied forces should not increase during crack extension.
For a sharp elliptical crack of length 2C (which is equivnlent to
a surface crcek of length C) in a thin infinite sheet of material wnden

a teneile stress, Griffith postulated that for planc stress conditicns

o (2EYOJ,3
£ - we

ceees (2.2)

where O;. = critical applied stress

E = Young's modulus

YE = thermodynamic surfacc energy
C = crack length.

Application of equation {2.2) tc a range of ceramic materials
predicts strengtiis which are up to an order of megnitude toc small.
This is becausec apart from thermodynamic surface energy consideration,

other mechanisns concurrent with crack extension that dissipate enexrgy,
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e.g. dislocation motion, cleavage step formation and subsidiary cracking
are not accounted for.

In contemporary fracture mechanics of ceramics, Y is not referred to
as surface energy but as the material's fracture energy, which tckes into
account all energy contributions.

The modified Griffith equation which forms the basis of fractuxe

mechanics can be written as(101):
1 BV 3
O’f = -Y-( G ) ceeees (2.3)
where cr% = fracture stress
Y = o constant related to the crack and specimen geometry
Yi = offeoctive surface energy for fracture initiation

the size of the largest inherent surface flaw.

2.7,1 Grain size-strength relationship

Several empirical formulae have been derived to definc the rel-

ationship between the strength of polycrystalline bodies and their

(102)

average grain size. Orowan was the first to suggest that the

strength of o polycrystalline material is inversely proportional to

one-half power of its mean grain diameter by this cquation:

o = Kd—% ceees (2.4)

where U= strength of brittle polycrystalline material

il

d = mean grain diameter

K

empiricsal constant.
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Petch(103) nodified Orowan's concept somewhat and proposed that the
relation between strength and grain size could be represented by the
formulas

o =0, + Ka™? ceenens (2.5)

where crb and K are constants charzcteristic of the material.
knudsen’ %) yas one of the first to show very explicitly the dependence

of strength on grain size by equation 2.6:
C,/':-' Kd-a csvv e (2-6)

This expression differs from that proposed by Orowan in that the value
of the exponent of 4 is not a fixed value of —-% but apparently differs
for different materials and perhaps also for different test methods.
Recently, the dependence of strength upon (grain size)-% has been
extensively reviewed by Rice(105). More details about this relationship
can be found elsewhere(1’106’1o7).

2 P - h relationshi

Porosity is a phase almost always present in polycrystalline
ceramice and it significontly affects the strength. Experimentally,
it has been found that the strength of porous ceramics decreasses in a
way that is nearly exponontial with porosity. Various specific
analytical relationships have been suggested for the effect of porosity.

(108)

An empirical relationship suggested by Ryskewitsch is:

o = o, oxp(-nP) ceveasees (2.7)

where n ranges from 4 to 7 and where P is the volume fraction of
porosity.

In a more extensive study, Coble and Kingery(109) studied porous
polycrystalline aluminas measuring the strength as a function of

porosity at several temperatures. Their results were fitted to an
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enpirical equation of the form:

0.6P = exp. - [/ /8000(1~P)_/ R ¢ X -)

By incorporating both groin size (d) and porosity (P) effect on strength
(o), the relationship 2.9 was suggested(11o):

-8,

o Kd

exp. (-bP) creseeses (2.9)

wvhere K, a and b are empirical constants.

Recently, Roy and Gouda(36’96’97) proposed that the relationship
between strength and porosity in hot-pressed cement pastes can be

expressed in the following form:

P = PO GJCD.(—KS) ssesevose (2-10)
where P = the porosity
P° = porosity at zero strength
S = the compressive strength
K = an empirical constant.

Many other prpposed relationships between strength and porosity can be

found elsewhere§1’105’1oe‘111)
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CHAPTER 3
EXPERTIINTAL TECHNIQUES

3.1 Preparation of Raw Materials
.1.1 Calcium monoaluminate (CA) and calcium dialuminate (CA,)

Pure calcium monoaluminate and calcium dialuminate were synthesised
by grinding together stoichiometric proportions of analar calcium
carbonate and aluminium oxide, in a rubber-lined mill charged with
sintered alumina ba115(43). The ground mixtures were heated in re-
crystallised alumina crucibles at 1500°C for 5 hours, in an automatically
controlled gas fumace. The resulting sintered masses were then
pulverised in a percussion mortar and finally ground in an alumina
planetary ball-mill to -325 mesh. The mixture was heated again at the
same temperature, for the same period, and checked by X-ray analysis.
Heating was repeated until the X-ray powder pattern of thc mixture was
in full agreement with the lattice spacings of published data (A.S.T.M.

card No. 1-0888 for CA and No. 7-82 for CA2).

1 Calcium hexa-gl CA

Calcium hexa~aluminnte was prepared from stoichiometric proportions
of analar calcined slumins (-300 B.S. mesh) and calcium carbonate.
These materials werc thoroughly mixed in a mechanical agate mortar,
pressed into pellets at ~ 80 M2 with 5% starch solution and fired
for 5 hours at 1500°C in an automatically controlled gas furnace in
air(112). The pellets were repeatedly fired, crushed, ground and
examined by X-ray diffraction until no free corundum remained, and
the pattem agreed with the published data for CAg (4.8.7.M. card No.
7-85).

Analar ot-A1203 used in this study was supplied from B.D.H. Chamical

Conpany, England.
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Secar "250" cement used in this study was supplied from Lafarge
Aluminous Cement Co. Ltd., England. A1l the prepared raw materials were
kept in plastic bags and placed in tight metal tins.

The chemical analysis, surface area, and other physical properties

of the starting materials are shown in Table 3.1.

Type of Analysis cA CA2 ]‘CA6 §Secu.r 250 ./&1203
} _cement
Chemical A12O3 64.55 | 18.20 }90.95 T1.74

analysis
(XeF) 510, - - - -

(ZWWD Ce0 34.92 | 21.32 8.60 27.88

FeZOB - - - 0.10
Fel - - - -
MgO 0.30 0.22 0.12 0.22
740, - - - -
Na20 0.22 0.20 0.18 0.42
K20 - - | - -

Total |99.99 | 99.94 |99.85 | 100.36 |

X-ray CA CAyp CA 58% CA o --11].203
diffractometry only ‘tonly |~ | 426 ca, 1

: far0, - only

' A

1 . !

!
Specific surface
area 0.57 0.619 | 0.734 0.676 1.47
B.E.T. N

2 2 -1
adsorption m gm | I ‘

Density g/cc 2,95 | 2.865! 3.69 2.85 3.94

Table 3.1: Analysis of the Starting Materials
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3.2 Bonding Agents

The phosphoric acid (H.5PO 4) used in this study ves provided by
B.D.H, Chemical Company, Ingland. It was 85% concentrated with a
specific gravity of 1.75 gm.mlz.

Good quality cristobalite~type alumimm phosphate (A10 4) a8
prepared by heating precipitated anhydrous A1PO 4 (purchased from B.D.H.)
at 1300°C for 90 hours(113),

Boric acid (33305) wes supplied by B.D,H. Chemiczl Company, England.

Boron phosphate (BPO 4) wea prepared by drying o mixture of boric
acid and phosphoric acid (1320331>2o5 = 1) ot 80°C and then heating to
1000°¢ for 12 houra'87),

Chromivm trioxide (Cr0,) was provided by B.D.H. Chemical Company,

3)
England.
Chromium phosphate, the a, p and amorphous forms, were provided by

my supervisor, Dr. Corbridge(es).

3«3 Pgbrication of Specimeons

3, 3.1 Room tempercture fabricotion
Cubes of sido 12.7 mm mnde ot room tempercture were used in this

ptudy. Vhen casting, sufficient material to fill cight cubes wos mixed
with the requisite quentity of water and bonding agent on o glass plate
using o pelette knife. The process was completed in cbout 5 minmutes.
Tho moulds wero then londed after lubrication (by Rocol, invigible film
lubricont; Rocol House, Swillington, Leeds, Englond). Gentle tapping
and o vibrating spatula (Spatuls Vibrant Meottlor LV2) wero used to
onsurc thot no air had been trapped inside the pastos Finally the
gurfece of the mould wos finished off with a polettc knife, This
prooens could be completed within 10 mimtea. Tho somples were thon set
noide at room temperature for 24 hours, and then extrocted from the

noulde for heat treatont,
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3e3.2 ot pressing fabrication
2:3+2.1 _The hot pressing equipment
The hot pressing equipment consisted of a hot pressing cell,

hydraulic press with pump, pressure gauge and furnace.

(1) BHot pressing cell: Hot pressing wms carried out in & die asscmbly
consisting of two plungers (ons 45 mm and the other 22 mm in length)
madoe from Nimonic 115 alloy and a cylindrical die (internal diamector

~ 12,7 mm) mode from Nimonic 105 alloy (Honry Viggin Co., Horeford).
The control themmocouple (Pt-Pt/1%% Eh) was held horizontally by tho
furnace and rested in a hole drillod into the die, such that the
thurmocouple bead was only 10,2 mm from the cdge of the spocimen. To
minimise die seizurc on the plungers, there was 76 pm oclearcnce between

the plungers and the diec.

(11) Pressurc_equipment: A hand hydraulic pump was uscd to supply the
prussure required to the press. Pressure vag read from the gouge and wos
maintained conctant ducing the course of a run by normal adjustmont of
the punp.

(11i) Purngce: Specimens werc hented in an internally wound 'Kanthol!
wire resistance tube furnnce. The fuimnce wes controlled by a Eurotherm
Thyristor Controller (Model PID/SCR/254/240V/0-1600°C/Pt-Pt 1%, Fh) and
o hosting rato of ~ 30°C min~ ' was used wp to tho required temperature
ond hold for the rouquired timc. The temperature could bo obtained from
the dizl of the furnace controllecr and was found by potentiomster to bo
accuratc to + 5°C. The hot preossing cpparatus is showm dicgrormatically

in Figum 301-

30302,2 Somple preparantion

A constant woight of the powder matericl, o oonstant v/s ratio with

the chosen percent from the selectod bonding cgent was mixed with tho aid
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of a trowel on a glass plate for three mimites. Then the paste was
tronsferred to the hot pressing cell. Before each run, the plungers and
inner surface of the die were coated with graphitc to act as a lubricant
(Deg colloidal grephite in alcohol, Acheson Colloids Ltd., Plymouth).
Then the cell woe transferred inside the furnace wherc the longor
plunger stood on tho lowver pedcstal, tho die being supvorted only by
frictionnl forces from the specimon. The specimoen was comprossed by

the action of tho upper ram upon the smaller plunger. The thermol
cxpangion of Nimonie alloy is larger comparcd to moat coromic materials.
Thorofore to avoid jomuing of opocimons during cooling, specimons vhich
heotod up to 600 and 700°C wore oxtracted at high tempercturce (500 ond
600°C). To oxtract tho somple, the pressure wws released and the rom
vad roised, 'The oxtractor ring was thon ploced on top of the dic ond
tho »rocsure reapplicds; the extractor ring pushing the die dowm loaving
the upecimen froo., Tho final spocimen vwes eithor o cylindor (~12.5 m:
diometor ¥ 15-18 mm high) or a disc having diametor ~ 12.5 mm and

thiclmess 6-8 mm,

3.3.3 Ibgt trootmont of tho samplog

A1 the somples vhich were fobiicated ot room temporature and some
from thoso fobricatod undor Lot pressing conditions(under 207 M2
progsure at 300°C for 30 mimutes) were subjected to heat treatmont.
Hooting wos coarricd out for diffarent times ot difforent tonperaturcs
up to 1300°C in thormostatically controlled electric muffle furnroc
undor smbient conditiono., After heating sarplos wore allowed to cool

dowm noturally in the furnace to roor tenporaturc.

3¢ 3s4  Curing of tho samples
Somc of the hot-prossed pamples were cured immediatoly after renoval

fron tho coll in 1000 rolativo mmidity end ot the sow roonm tenperciure

for 24 hours. Tho speoincns wero irmcrsed in water after this tine until
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the time of testing. Samples of 24 hours were tested directly after

removal from the moist closet and without immersing ir vater.

3.4 Methods of Strength Measurements

.4.1 Compressive stre

Specimens used for measuring compressive strength were cubes of side
12,7 mm, fabricated at room temperature, and cylinders of diameter 12.7 mnm
and hoight 15-18 mm fabricated by hot pressing. The surfaces of the
specimens werc carefully polished on fine sand paper in order to remove
irrogularitics., The dimongions of the gpecimen were determinod using a
micrometer screw gauge. To help transmit tho load to thc spocimen faces
uniform pieces of cardboard about 0.1 mm thick wore usod at both faces.
Tho compressive load was determined on an Avery-Denison testing machine
(Civil Engineoring Dopartmont, Leeds University) using o loading rate of
3 KN/min., The comprossive strength was ostimated from:

o, = P/ ceveees (3.1)

whore o, = compressive strength MN/w?, P = the load at vhich failure

ocours, N, and A = the nominal arca of the specimen, mmz.

3,4,2 Indivect tensile strength

For thoso specimens which were in the foxrm of emall dises (12.5 mm
diamoter and 6-8 mm thickmess) obtained by hot pressing, moasurement of
floxursl strength would have nscessitatod cutting out and testing very
agnoll bars. To avoid these problems the "diametral compression test"
wos odopted., In this test the solid disc is compressed along a diemeter
between two platons. The compression induces o uniform tensile stress
£101d perpendicular to the londed diameter'''4), At the lines of
opplication of the load, highly locolised siress concentrations can
ocour unloss picces of low elastic modulus material are interposed

botwoon platen and specimen. Foilure of specimen is in tension and the



indirect tensile strength of the specimen vas computed from the

folloving relation:
2P
d:m sevc e (302)
vhere O = indirect tensile strength, IT/m°
P == load at vhich feilure occurred, il

D

diameter of the specimon, mm
t

]

thickness of the specimen, mm,

The tonsile strongth values reportcd arc the aeverages of three
tost spocimens. Waore individual values doviated morc then 10% from
tho avoroge of tho thros measurcments, the average of the romaining two
valucs was roported.

To apply thc¢ comprossion, the dize specimen wos placed in a com-

(115)

presoion cage, previously uscd by Briggs y Rginy bonch modol 1026
Ingtron tensile machino., Tho slouest possible strain rote (corresponding
to o crosshecd specd of o5 mm min"1) vog used. Cordboaxd of thickness 0.1mm
woo intorposcd betwcen specimen and platen to reduce the high localised
strcoses vhich occur thore. This method was showm by Spriggs ot al.(116)
ond by Griodb et ol, (117) to give strongth values about half thoce
obtained in fowr-point bending. Spriges ot al.l!18) slgo found that
the results obtaincd from the diometral comprossion test were similar

to those obtoined from direct tension.

3.5 Z~roy Diffraction Procedurc
5.1 ITdontificotion of crystol eg

The cryoctalline phoses presont in the specimons were identified
wging on H-ray diffroction tochnique. HNickel-filterod CuKa rodiation
(A= 1.5405 & ) at 40 KV 20 ni wos used throughout in o Philips PW1310
diffroctometer. Tho spocimen was crushed with o percussion mortar and

hand ground for 10 mimutcs aftor sicving through 320 mesh. Rectongulor
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type specimen holder made of aluminum 2 mm thick was used to pack ~ 0.2g
of sample. Scanning speeds 1° 26/min. were used in routine work, using
time constant 2 seconds and chart speed 2 cm/min. The full scale
deflection was set to 400 cps, scatter and receiving slit widtho of 1°
and a focus slit width 0.1° was constant in all the work.,

Alignment of the goniometer was checked by comparing the nattern of
a standard silicon specimen with the known tabulated line positions.

There was no detectable difference between the two.

o2 titative analysis
Quantitative analysis of some crystalline phases in the nixture was

(118). In this method it is

adopted using direct comparison method
necessary to have a standard crystzlline sample, and in some cases a
series of purce roference crystalline samples are needed(119). In choosing
diffraction lines to measure, the overlapping or closely adjacont lines
from different phases should be avoided. Therefore, this method depends
on comparing the intensity of a diffracted ray of the required phase in

a mixture by the intensity of the same diffracted ray in the staondard
sample. In order to get the "correct count" the background scattering
wag subtrocted from the peak scattering, either in the mixture or in the
standard sample(120). .2 g of the powder sample was charged into the
saniple holder which has a cover glass plate at the bottom, and compacted
as strongly as possible by using fingers. The bottom cover plate was
then takar off and the original bottom surface of the compacted sample
wag then exposed to the X-ray beam instead of the upper surface. 3By
using this technique the experimental error duec to variations in surface
smoothness, sample compactness and the level of the sample to be

exposed could be effectively reduced. The nore detailed conditions for

the measurenents were given above in the relevant section, except that

scanning speed used was +° 20/nin.
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The accuracy of this method was checked with a set of samples
mechanical mixtures, containing knmown weights of different phases. There

was a good agreement between the results and the known compositions.

3.6 Scanning Electron Microscopy

Scanning electron microscopy was used in the course of this work.
The electron microscope used in the present work was a Cambridge S600
Stereoscan operated at 30 KVA and 45° for tilted angle. The fracture
surfaces after the mechanical strength test were eoxamined by this
technique. These samples were prepared by gluing the specimen onto an
aluminium holder with bostik adhesive and sputtering on a 10 nm thick
gold/palladium coating, to form a conducting film so as to prevent

charging.

3.7 Density meagurements
Bulk density wes calculated by weighing the samples and measuring

their dimensions with a micrometer. Density measuredments were checked
with a mercury densitometer (Doulton Research Ltd.). The agreement
between the two methods was to within + .01 gm/cc.
True density was determined by pyknometer method (detaile in B.S.
1902 Part 14, 1966 ), using paraffin oil instead of distilled water.
The porosities were calculated from the densities using the
following expressiont

p = o =P x 100% veerees (3.3)
P

where p = porosity
P’I’ = true density and R is the bulk density.
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3.8 Differential Thermal Analysis
The DTA technique is designed so as to detect any thermal changes

accompanying chemical or structural transformations during the heating
of a particular material, The DT4 apparatus consists of a specially
designed sample holder which has two compartments; in one is placed
the sample and in the other a thermally inert material. The sample
holder is heated up at a constant rate, and the temperature difference
between the two samples is monitored by means of opposing thermocouples.
The actual temperature of the inert material is also monitored by a
thermocouple. When a transformation in the sanmple occurs, which causes
liberation or absorption of heat, then the temperature difference between
the sample and the inert material will change. Therefore a plot of
temperature difference against inert temperature will show a peak.

Differential thermal analysis apparatus 673-4 (Stanton Rederoft Ltd.)
using a potentiometric recorder RE 571.20 was used in this study. A
Pt-Pt/15% Rh thermocouple assembly was used with a high gain, low noise,
low drift DC amplifier. Calcined alunina was used as inert material.
A sample of 100 mg (=531 n) was housed in a dimped platinum-rhodium
orucible using standard procedure for packing. The heating and cooling
rates in all the experiments were 10°C/min.

The calculation of the heat of reaction (AH) was carried out also
on sone experiments; calibration of the apparatus is given in

Appendix 1.

3.9 Chemical Analysis

The major elenents, CaO, A1203, 8102, MgO, Na20 and K20, of sone
sanples were quantitatively analysed with a Philips 12/2 automatic X-ray
fluorescence spectrometer using a fused disc method. The flux for fusion

of samples was used in the following proportions:

UNIVERSITY LIBRARY LEEDS
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I

0.56 g
2.24 g

Powder sample
Spectroflux 110 (lithiun tetraborate)

]

The sanple and flux were weighed in a platinun crucible, then fused
initially in an electric muffle furnace at 1000°C for 20 mins., then again
for 10 mins. on a gas burner. The hot nelt was agitated with a platinun
wire, then cast and pressed into a circular disc of 30 mm in diameter

and 1 mm in thickness by using a copper wire ring on a steel plate. The
disc was analysed for the above major elements using an Ag X-ray tube
under conditions of 36 KV 44 mA. The analytical crystal was "ThAP",

Using standard discs all the calibrations and corrections were auto-

matically processed by a computer prograrme which was available.

3.10 Infrared Absorption Spectroscopy

The characteristic IRS of any material can serve as a basis for
qualitative and quontitative analysis. An infrared spectrophotoneter,
model SP1100 (made by Unican, England) was used in this study in the
range fron 4000-400 e (25 - 2.5 micron). The potassiun bronide
pellet nethod was used(121). Before neasurenent, potassiun bromide and
the sanples were froed from the adsorbed water by drying at 110°C over-
night. Two ng of the sample (~ ¢ 24 ) was nixed with 1 g of potassiun
bromide in an autonatic agate mortar for 10 ninutes. 4 constant weight,
200 ng, of the nixture was pressed in pellet die under vacuun using 8 ton
pressure for about 5 ninutes, to give a transparent disc (13 rm dianeter
x 0.5 mn thickness). The pellets after fabrication were kept in plastie

bags inside a desiccator to preserve them from any moisture.
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CHAPTER 4

PHOSPHORIC ACID AND PREFAFRICATED ALUMINUM
PHOSPHATE ADDITIVES

4.1 Phosphoric Acid

Phosphoric acid (85%) was used as a bonding agent, and mixed with
different weight ratios ofa-A1203, CA6, CA2, CA and the commercial
material Secar "250" Cement. Room temperature casting followed by firing
at different temperatures up to 1300°C for 24 hours and hot préssing
technique (under 207 Mm% pressure, for 30 minutes in the range 50 -
700°C) were applied. In addition, samples prepared under hot-pressing
conditions (207 mm_z pressure, at 300°C for 30 minutes) were also fired

in air for 24 hours in the range 300-1300°C.

.1.1 Results

4.1.1.1 a-A}_eg}"'_H-}Eq'

(2) Samples cast at room temperature, followed by firing

The same procedures previously described (Sections 3.3.1 and 3.3.3)

were followed to mix and firea-Al,0; with 5 and 10 wiff H;PO, using
0.25 w/s ratio.

D.T.A., Fig. 4.1, and Tadble 4.1 show that this reaction produced
an endothermic peak at ~- 230°C and three exothermic peaks at approx-
imately 660, 747 and 1045°C.

X-ray analyses show that the process involved firgt the formation
of the type A1(32P04¥3. However, on subsequent heating the final
bonding phase was almost entirely aluminum phosphate, AJ.P04. X-ray
diffraction patterns, Fig. 4.2, show that ALPO, (tridymite form) was
detected in those samples fi:;:ed at 900°C for 24 hours. On the other
hand, AlPO 4 (eristobalite form) was found in samples fired at higher
temperatures ({.e. 1200 and 1300°C).

Cold crushing strengths of these mixes were measured, and dependence
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Samples mixed with 10% H3P04. cast at room temperaturs,
fired for 24 hours. ’
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of strength upon firing temperatures is shown in Fig. 4.3. Quantitative
analysis of the percentage of anhydrous A1PO 4 formed in situ after
firing at different temperatures, density, porosity, and cold crushing

strength are given in Table 4.2.

(b) EBot-Pressing
A combination of 10 wt% phosphoric acid and 90 wt¥% of a~41l, 0, was

273
nixed using .08 w/s ratio. Preparation of the samples was carried out

as previously described (Section 3.3.2.2). Hot-pressing of this mixture
was carried out under constant pressure (207 MNm_z) for constant time
(30 minutes) over a wide range of temperatures (50 - 700°C). 1In
addition, some samples were prepared under hot-pressing conditions

(207 M¥m~2 pressure, at 300°C for 30 minutes), followed by firing in
eir between 300-1300°C for 24 hours.

X-ray analysis showed that variscite, A1PO 4.21120, was formed as a
direct reaction between alumina and phosphoric acid under hot-pressing
conditions at about 50°C. By increasing hot-pressing temperature to
100°C a noticeable increase in the variscite peaks occurred. After hot-
pressing at 200°C, a strong pesk representing anhydrous AlP0, (cristobalite
form) at 20 = 21.75° appeared, as shown in Fig. 4.4. After hot-pressing
at 300°C, two peaks appeared at 20 = 21.62° and 21.5°, On further
increasing the hot-pressing temperature to 400, 500, 600 and 700°C
wnder the same conditions, the peak 20 = 21.5° was predominating. These
results can be shown in Fig. 4.5. The I.R. spectra are given in Fig. 4.6.

The other group of samples which were fired in air (in the range
300-1300°C, for 24 hours) after hot-pressing (207 Mim™2 pressure, at
300°C for 30 minutes) were also examined by XRD and I.R. After firing
at 300°C, two strong peaks representing AlPO 4 wore detected at 20 =
21.43° and 21.68°. After firing at 600°C, the peak which was at 20 =

21.43° increased, whereas the intensity of the other peak at 20 =21.68°
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decreased and shifted to 20 = 21.650. After firing at 900°C, the only
peak which appeared was at 20 = 21.44°, and firing at 1200°C showed a
small increase in intensity and a shift to 20 = 21.495°. At the same
time, a small peak appeared at 20 = 21.65°. Finally, firing at 1300°C
showed no change in the positions of the previous peaks, and only a
small increase in the intensity of the peak 20 = 21.650. These changes
are given in Fig. 4.7. The I.R. spectra are shown in Fig. 4.8.
Dependence of strength upon hot-pressing temperature is shown in
Fig. 4.9 and Table 4.3. Changes inthe microstructure with hot-pressing
temperatures and firing temperaturesare shown in Figs. 4.10 and 4.11.
The relationshipsbetween strengthsand firing temperatures sregiven in
Figs. 4.12 and 4.13. The mechanical properties and related physical

properties are given in Table 4.4.
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—e—o— a-Aly05
- w--s-- CAg
—a—n— CA2
--%--%—- Secar 250"
—0=0=-- CA

1 1 1
100 200 300 400 500
H.P temperature (°C)

Fig. 49 Dependence of strength of J-A1203. CA6. CA2. CA and Secar '250!

cement mixed with 10% H1P04 upon H.P. temperature.
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_ i t I !
ixture | pemmeters | /e |Dmelty [Indlrect | Formsity
! Pressure :‘l‘emp. Time strengbh ‘
. (ima-2) |(°0) | (min) .i (1¥™)
ot -A1203 +§ 207 ] 50 | 30 .08 2.78 2,72 27.72
| 1006 32P04’ 207 100 | 30 .08 | 2,787 5.35 27.60
207 200 | 30 .08 | 2.774 6.94 27.8
207 300 | 30 .08 | 2.814 12.94 26.9
207 400 | 30 .08 | 2.827 14.58 26.57
i 207 500 | 30 .08 | 2.84 17.3 26.3
| 207 600 | 30 .08 | 2.85 20.56 26.06
207 700 | 30 .08 | 2.885 25.58 25.26 3
cag + 207 200 | 30 .08 | 2.783 29.5 24.58
1o mgp0, 07 | 300 | 30 .08 j 2.67 17.8 27.69
. 207 400 30 .08 | 2.59 11.52 29.86
207 500 | 30 .08 | 2.57 12.7 30.41
! 207 | 600 30 08 ‘ 2.565 | 12.00 30.5 |
{207 700 | 30 .08 i 2.603 14.3 29.46
Ch, + 207 § 200 | 30 .08 g 2.158 14.00 24.68
108 B0, | 207 | 3001 30 .08 | 2.0886 | 5.8 27.1
207 400 | 30 .08 | 2.09 6.13 27.00
| 207 500 | 30 .08 | 2,094 6.37 26.91
‘ 207 600 | 30 .08 | 2.09 8.2 27.00
207 700 | 30 .08 | 2.054 41 | 28.30
A + 207 200 | 30 .08 | 2.0706 4.00 29.81
108 B,P0, 1 207 | 300 | 30 .08 | 2.050 2.11 30.50 |
207 ! 400! 30 .08 | 2,115 | 5.8 28,3
207 + 500 30 .08 | 2.119 ' 6.34 28.17 |
207 600 | 30 08 | 2,124 | 7.12 28.00
| 207 ! 700 30 .08 | 2.08 5.5 29.49
Secar "250" 207 | 200 | 30 .08 : 2.093 | 8.43 26.56
+ 106 HPO 507 | 300 | 30 | .08 | 2.0693 | 3.39 | 27.39
207 | 400! 30 | .08 | 2.054 | 5.1 27.9
207 | s500) 30 | .08 | 2.0976 | 7.72 26.4
207 600 | 30 ; .08 | 2.129 9.4 25.29
207 | 7001 30 | .08 | 2.0437 | 4.3 28.17
Table 4,3 Mechanical properties and related physical properties of

oc-A1203, CA6, CA2, CA and Secar "250" cement, mixed with 109

H,PO,, “hot-pressed under constent pressure (207 I“Wm-z) for

constant time (30 mins.) at different temperatures.



Fig. 4.10

SEM Micrographs of oc--A.'1203 mixed with 1066 35P0 2 hot-pressed

under 207 i 2
(a) 100°C
(v) 200°C
(¢) 300°C
(a) 700°C

pressure for %0 minutes at:
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Fig, 4,114
S.E.l1l, Microgrephs of oz-A1203 nixed with 10 H3P04, Troon

tomporature casting, fired at 1300°C for 24 hours.

Fig, 4.11B
S.E.M, licrographs of a-u203 njxed with 109 }131'0 4 hot-preosed

under 207 lmn-z pressure for 30 mimates at %00°C, fire at
1300°C for 24 hours.
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Fig. 4.12: Dependence of sirength upon firing temperatures. Samples
mixed with 10% H3P04, hot~-pressed under 207 Min~2 pressure,

at 300°C, for 30 minutes, and fired for 24 hours.
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Fig. 4.13: Dependence of strength upon firing temperatures.

Samples mixed with 10% H,PO,, hot-pressed under
207 Mo~ pressure, at 380“6 for 30 minutes, and
fired for 24 hours.
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4.1,1.2 CA- + 113130I
(a) Samples cast at room temperature, followed by firing

The same procedure previously described (Sections 3.3.1 and 3.3.3)
were followed to mix and fire CAg with 5, 10 and 20% H,;P0, using .25 w/s
ratio. D.T.A. for the mix CA. + 1006 33po4, Pig. 4.1 and Table 4.1, show
an endothermic peak at ~135°C and three exothermic peaks at about 726,
792 and 1271°C. Table 4.5 gives a summary of the XRD results after firing
at different temperatures. Dependence of cold crushing strength upon

firing temperatures is shown in Fig. 4.3.

(b) Hoy-pressine

The same procedure previously described (Section 3.3.2.2) was followed
for mixing 10% 331*0 4 ¥With 90% CAg using .08 w/s ratio. Hot-pressing was
carried out wnder constant pressure (207 MNm 2) for constant time (30
minutes) and between the range 100-700°C of temperature.

X-ray analysis of the samples showed that variscite, AlPO 4.21120, was
formed and was detected in samples hot-pressed at 100°C. By increasing
the hot-pressing temperature to 150%C, a small new peak at 20 = 26.3°
was dotected, which was stronger in a sample hot-pressed at 200°C (Fig.
4.14). On hot-pressing at 300°C, two peaks were detected at 20 = 21.63o
and 21.52°, which correspond to anhydrous AlPO 4° After hot-pressing at
400°C, the peaks were shifted to 20 = 21.47° and 21.55°. On increasing
the hot-pressing temperature to 500°C and above, one peak only waes
deteoteds 20 = 21.37° after 500°C, 20 = 21.42° after 600°C, and 20 =
21,45° after 700°C. This kind of displacement was followed by XRD
and is given in Fig. 4.15. The I.R. spectra are given in Fig. 4.16.

Samples which were fired after hot-pressing (under 207 Mm 2
pressure, at 300°C for 30 minutes) were also examined. For samples
tired at 300°C, two peaks were detected at 26 = 21.69° and 21.81°; after
21.52°, and after firing

firing at 600°C, only one peak appeared at 20
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at 900°C, the peak was at 20 = 21.6°C. After firing at 1200°C, A1PO 4
disappeared and was replaced by os-Al?_O3 as the main product. In the same
sample, B—CaB(PO 4)2 was detected, and after firing at 1300°C, a-CaB(PO 4)2
wvas found. These results are given in Figs. 4.17 and 4.18.

Dependence of strength upon hot-pressing temperature is given in
Fig. 4.9. A high strength value for those samples hot-pressed at 200°C
followed by decrease up to 400°C, vhich gives the minimum value, and
then a slight increase in the strangth by increasing hot-pressing temp-
erature was observed. Changes in microstructure induced by different
hot-pressing or firing temperatures are shown in Fig. 4.19. In samples
which were previously hot-pressed and fired, strength was slightly
decreased from 300 to 600°C, but from 600 to 1300°C strength was
increased (Figures 4.12 and 4.13). The physical and mechanical prop--

erties of these mixtures are given in Tables 4.3 and 4.4.
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Fige. 4,194

SEM Miorographs of CA mived with 10% HBPO 4 hot-preesed

2

under 207 MNm prescure for 30 mimutes at:

(a) 200°C
(v) 4o00°c.

z 19B
SEM IMicrographs of CAg mixed with 1096 331’0 4}

(a) Hot-prossed wnder 207 1M 2 pressure, for 30 minmutes
at 300°C, fired at 1300°C for 24 hours.

() Room~temperature casting, fired at 1300°C for 24 hours.
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4,1.1.3 CA, + H3P04
(2) Samples cast at room temperature, followed by firing

Caloium dialuminate (CA,) was mixed with 5, 10, 15 and 20 wt¥
phosphoric acid using 0.2% w/c ratio, as previously describod (Sections
3.3.1 and 3.3.3). D.T.A. of the mix CA, + 10% H,P0, showed an endo-
thermic peak at ~ 120°C, and three exothermic peaks at about 656, 682
and 1080°C (Pig. 4.1 and Table 4.1). The relationship between strength
and firing temperatures is given in Fig. 4.3. Table 4.6 gives =

sumary of the different phases obtained after firing at different

temperatures.

(v) Hot-pressing

A mixture of 90% CA, and 10% HBPO 4 ves made as previously described
(Section 3.3.2.2) using .08 w/c ratio. Samples were hot-pressed under
constant pressure (207 MNm"z) for constant time (30 minutes) using a
temperature range of 200~700°C. Below 200°C, it was found that it was
difficult to extract the sample from the die without cracking. X-ray
analysis of the hot-pressed samples showed that no reaction took place
after hot-pressing at 200°C, vhereas after hot-pressing at 300°C & emall
peak appeared at 20 = 26.3°. Hot-pressing at 400°C produced a peak at
20 = 21 .52° which represented anhydrous A1PO 40 By increasing the hot-
pressing temperature up to 500, 600 and 700°C, the intemsity of the above
peak was increased, with a small shift to 20 = 21.55° at 700°C. This can
be seen in XRD pattern given in Fig. 4.20. The I.R. spectra are shown in
Fig. 4.21.

X-ray analysis of the fired samples, which had been hot-pressed
under 207 I'INm-2 pressure, at 300°C for 30 minutes, showed only one peak
at 20 = 26.3° after firing at 300°C, whereas after firing at 600°C &
weak poak at 20 = 21.52° appeared. This same peak was found to be much
stronger in those samples fired at 900°C. After further heating at 1200°C
and 1300°C, the anhydrous AlPO 4 peak disappeared and peaks representing
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b |
i | Composition ! Coﬁ;ﬁ?gns i Phase Identification é Other |
| ¥o. | (wto) : (relative amount) i observati ons‘
] ! | ’ Time i | {
§ ! (°C§) 1 hours)e : !
. + + +
L1 lca 1 b | ;
! HyP0, 5 600 | 24 | A, 01RO, (s.a.)
i : : i
z , 900 | 24 Ca, AlPOA (20 = f
4 |
; 1200 ! 24 CAQ)B—CaB(PO4)2 No A11>o4
i ; ,~ 1300 ' 24 CA2>a-Ca3(PO 4)2>CA6 | No A1PO, i
| 2 ;cmz 90 300 | 24 o4, |
: {HgPO, 10 600 i 24 l CA, > A1PO t
! ! 4 , 40
! ‘ | (29_21 55°)(s.a.)
| ’ 900 | 24 CA, > ALFO |
Lo | i (26 = 21.65°)
| ! | -
! ! | 1080 | 24 % CA, > B Ca3(P04)2
i 1200 - 24 | CAy> B-CaB(PO4)2 No AlPO,
| ' .' i v .
| ! 1300 | 24 | Ch,> a-CaB(PO4)3) Chg Mo AIPO, |
i ‘ f
H ¢ . l !
i 3 ica, 85 {300 | 24 CA, > A1PO, |
| UHgP0, 15 ; (26 = 21.55°) |
600 ‘ 24 Ch, > A1PO !
3 (26 = 21.55°) |
900 ! 24 CA, > ALPO
' (20 = 21.62°)
! |
1200 24 Ch, .- L1PO, cag (se20) |
! | ( (2 = 21.78%) | g
| 1300 | 24 Chy > a~0a3(m4_)3 AlPO (8e80)
g | oc--A_u.2 3
: i (S.a-o)
4 |CL, 80 300 ; 24 Ch, > ALPO
2 ! 0
1H3P04 20 | (20 = 21.55")
| 600 | 24 Ch, > A1PO,
| j (26 = 21.55°)
| 900 24 | Ch, > AIPO,
' ', I (26 = 21.65%) |
; ! ; i
: 1200 i 24 ' ca, > ﬁ-CaB(P04)2 i AP0, (8e04)
| | a-11,0, |
i j , 2 5 |

s.a. = small amount

Table 4.6:

Summary of XRD results of CA

2 7374

+ B PO, mixtures
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a-CaB(P04)2, CA6 and a-A1203 appeared. Infra-red spectra are shown in
Fig. 4.22.

The dependence of strength upon hot-pressing temperature is given
in Fig. 4.9 and Table 4.3, which indicate that this mix behaves approx--
imately like the CA6 + 10% H5P04 nix, where the strength is decreased
from 200 - 500°C and then increases with increasing hot-pressing
temperatures up to 700°C. The changes in the microstructures with hot-
pressing temperatures and with firing temperaturesere given in Fig. 4.23.
The strength of fired samples, previously hot-pressed (Pigures 4.12 and
4.13) shows an increase with increasing firing temperature from 300 -
1300°C. Physical and mechanical properties of these mixtures are given

in Table 4.4.
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Fig, 4.234
SIM Micrographs of CA, mixed with 106% H3P0 2 hot~pressed under

207 1Mn"2 pressure for 30 mimutes at:

(a) 200°C
(v) 400°c,

Fig, 4,238
SEM Micrographs of CA, mixed with )[04 H3PO A}

(a) Hot-pressed under 207 M2 pressure for 30 minutes at
300°C, fired at 1300°C for 24 hours.

(b) Room~temperature casting, fired at 1300°C for 24 hours.
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4.1.1.4 _Ch + H3P04

(a) les cast at room temperature, followed

Calcium monozluminate was mixed with 5, 10, 15 and 20 wt% phosphoric
acid as proviously described (Sections 3.3.1 and 3.3.3) using .25 w/c ratio.
D.T.A. of the mix CA + 10% H3PO 4 shows an endothermic peak at about 120°%c
end two exothermic peaks at about 675 and 925°C as shown in PFig. 4.1, and
Table 4.1. Table 4.7 gives a summary of the qualitative analysis of the
different phases after firing at different temperatures. Dependence of

strength upon firing temperature is shown in Fig. 4.3.

(b) Hot-pressing

Caleium monoaluminate was mixed with 10% H3P0 4 using .08 w/c ratio
and hot-pressing was carried out as previously stated (Section 3.3.2.2)
under constant pressure (207 M¥n~2) for constant time (30 minutes) in the
range of temporature 200-700°C. X-ray analysis showed no sign of
reaction after hot-pressing between 200 and 600°C. After hot-pressing
at 700°C, the sample showed two peaks at 20 = 20.3° and 21.55°. The
XRD of these mixtures are given in Fig. 4.20 and I.R. spectra are given
in Fig. 4.24. For those samples which were fired after hot-pressing,
X-ray annlysis showed that after firing at 300°C, no change occurred,
vhereas after firing at 600°C, two weak peaks at 20 = 21.55° and 20.3°
were observed. These two peaks were slightly decreased in intensity
after firing at 900°C, and they completely disappeared after firing at
1200 end 1300°C. In samples fired at this latter temperature, a ~Cox(P0,),
was detected with some peaks representing calcium dialuminate (Cﬁz).
The I.R. spectra are shown in Fig. 4.25. Dependence of strength
upon hot-preseing temperature is given in Fig. 4.9 and Table 4.3; it
cen be noted that the mixture behaves almost like the previous calcium
aluminate + phosphoric acid mixtures. The cold crushing strength of

samples subjected to firing after hot-pressing showed an increase in
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Mix ; Composition Coiéﬁ?gns Phase identification Other
No. (wtot) (relative amount) observations
Tenp.| Time
(°¢c) !(hours)
1 CL 95 300 24 CA only !
HzPO, 5 600 | 24 | ca, 1p0, (s.2.) ‘
| 900 | 24 CL > AIPO, (20 = 21.5°)
+ traces of CA2
1200 24 CA > CA§, traces of No AlPO4 |
! Cas(P0,), |
| 1300 24 CA > CA,, traces of . No A1P04
’ ,
| c5(P0,),
2 1CA 90 300 | 24 CA |
HzPO, 600 | 24 | ca, £1P0, (s.a.) |
900 | 24 CA > AIPO,, Ci, (seae)
1200 | 24 CA > CA, % B —Cas(PO 4)2 No ALPO,
1300 | 24 CA . Chy > Ca3(1>0 4)2 o A1PO,
3 'CA 85 300 | 24
HsP0, 15 1 go0 | 24 | OA>Y-Ca,P,0c > 41RO,
900 | 24 CA > A1PO, > B-Ca2P205 CA, (g.8.)
1200 | 24 CA > CA, >BCa3(PO 4)2 Mo A1PO,
| 1300 | 24 CA > CA, >uCas(P0,), flo A1PO, !
4 {CL 80 300 | 24 | CA, CaHPO, (s.a.)
H,PO ~
34 600 i 24 CA > A1PO, ,Y-Ca2P207
| 900 | 24 CA > A1PO, > -Ca,P 0, CA, (s.2.)
! 1200 24 cL > A1P04 > Cflz >
0‘—Ca.2P205
| | 1300 | 24 CA >Ch, > Ca3(P0 4)2 No L1PO, |
s.a. = small amount
Table 4.7¢ Summary of XRD results of CA + HZ,PO4 mixtures.
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Fige 4.26A
SEM Micrographs of CA mixed with 10% H3P04, hot-pressed undor

207 M ° preseure for 30 mirmtes at:

(a) 200°C
(v) 400°c¢.

Tige 4,263
SI3 llcrographs of CA mixed with 100 ILPO,:

(a) Hot-pressed under 207 V2 pressure for 30 mimutes,
at 300°C, fired at 1300°C for 24 hours.

(v) Hoom temperature casting, fired at 1300°C for 24 hours.
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the strength with increasing firing temperatures (Pigs. 4.12 and 4.13),
The changes in the microstructures with hot-pressing temperatures and
after firing at 1300°C are shown in Fig. 4.26., Physical and mechaniocal

Properties are summarised in Table 4.4,

4e1.1.5 Secar "250" cement + H.PO,
A

Secar "250" cement, which can be considered as a mixture of CA and

CAyy was mixed with 10% H3PO 4 and semples were hot-pressed under constant
pressure (207 I/Il\&n~2) for constant time (30 minutos) over the range of
temperatures 200-700°C, The same procedure previously described
(Soction 3.3.2.2) wae followod, using .08 w/c ratio.

Tho D,T.A. rosults of the mixture Secar "250" - 10% H;P0, (Fig. 4.1
and Tablo 4.1) show an endothermic peal: at about 125°C and two exothermic
pooks at approximately 692 and 1047°C (Fig. 4.1 and Teble 4.1).

X~-roy enalysis showed that no reaction ocourred in the hot~pressed
somples at 200 and 300°C, wherocs at 400°C two peaks appeared at 20 =
20.3° and 21,55° (Fig. 4.27)., After further hot-pressing at 500, 600 and
700°C o small increase in the intensity of the above peaks was obsorved.
Samples which wore fired after hot-pressing were also oxamined. X-roy
analysis showed that the above two poaks (26 = 20.3° and 21,55°) were
dotocted after firing at 600 and 900°C, In addition, after firing at
highor tomperatures (i.e. 1200 and 1300°C) mainly CA, and 2 small amount

of CA as well as with truces of a-A12o3 and a—CaB(P04)2 were deoteoted.

Infro~red spectra after firing ot differont temperatures ere showm in Fig. 4.28.
Dopendence of strength upon hot-pressing temperatures is showm in

Fige 4.9, Tho rolationship between strongth and firing temperaturcs is

given in Figs. 4.12 and 4.13, The change in the microstructures eithor

with hot-pressing temperaturc or after firing at 1300°C are showm in

Fige 4429. Tho mechanical nroperties and related physical properties are

given in Tobles 4.3 and 4.4.
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Fige 4.
SIM Micrographs of Secar "250" cement, mixed with 0% H3P0 A’
hot-pressed under 207 I{th"z pregsure for %0 minutes at:

(a) 200°C

(b) 400°C

(e) 300°C, followed by firing at 1300°C for 24 hours.
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4.2 Aluminum Phosphate
The effect of aluminum phosphate (cristobalite form) as a bonding

material on some calcium aluminate phases was studied. Room tomperature
casting followed by firing at different temperatures together with hot-
pressing under constant pressure (207 MNm-z) for constant time (30 minutes)

at constant temperature (300°C) followed by firing were applied.

4,2.1 Results

(a) Samples cast at room temperature, followed by firing
Calcium mono- and dialuminate were mixed with 5 and 10 wt% aluminum

phosphate, previously prepared (Section 3.2) using .25 w/c ratio. The
procedures previously described (Sections 3.3.1 and 3.3.3) werc followed
for mixing and firing.

XRD results of the above mixtures are summarised in Table 4.8.
Strength of samples prepared at room temperature was not measured because
the samples were not hard enough, even after firing.

The DTL traces of the mixtures CA6, CA2, CLA and Secar "250" + 10%

AlPO4 are shown in Fig. 4.30 and the resulis are summarised in Table 4.9,

Exothermic Reaction AT Peak A:cea1
Mixture T 0 -
Start | Peak | Fnd C | deg.S.ng
| oc o¢ oc

CA + 10% AlPO4 985 1140 1191 0.227 1.36
CA2 + 10% A1P04 1015 1135 1169 0.227 1.21
CA6 + 10% A:LP04 1184 1225 1277 0.367 1.40
Secar "250" + ; 0.2 0.
10% A1P04 i 1015 1122 1224 45 937

Table 4.9: Summary of DTA Results
in Fig. 4.30
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'I‘y'gical differential thermal analysis curves of (A) CA,
(B) ca,, (C) Secar "250", (D) Cig, (E) a-Al203 + 10 wt%
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s [ Firing . i
Composition cas Phase identification i Other
(wt%) | Conditions (relative amount) observations
r ’
i ; Temf. Time
' 1 (oc) | (hours)
CA 95 300 24 cA > AlPO4
A1P0, 5 600 | 24 ca 11%0, (s.2.)
j 900 24 CA > CA2 ! No A1PO A ’
1200 24 | CA > CA, No A1PO 4 '
| x
1300 | 24 ; CA >CA, c&lz’(Po[l)2
(s.a.)
CA 90 300 24 CA > AlPO4
ALFO, 10 600 | 24 o a1p0, (s.a.)
900 24 CcA > CA2 No AlPO4
1200 24 } CA > CA2
1300 24 CA > Ok, Ca3(PO4)2
(s.a.)
CA2 95 300 24 CA2 > A1PO A
5
AP0, | 600 | 24 Ct, > A1PO,
900 24 ! CA2 ‘
1200 24 ; CA2 > ot—A1203 No A1PO A
1300 | 24 | Ch, > a-Al,05 > Chg a-Ca3(PO 4)2
(s.a.)
CA 90 300 24 CA2 > 41P0
2 10 ! 4
A1PO 4 600 24 CA2 > A1PO A
900 24 Ch, 41PO 4 (s.a.)
1200 24 CA2 > cx-Ale3 > CA6 No AlPO4
1300 | 24 Ch, > @-Al,0; > Cig 05.3(1’0 4)2
! (s.a.)
Table 4.8: Summary of XRD data of Ci and CA2 mixed with 5 and 10 wt¥

AlPO A cast at room temperature, before firing.
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(b) Hot-pressing

Calcium monoaluminate, calcium dialuminate and Secar "250" were
mixed with 5% A1PO , using 0.1 w/c ratio, and hot-pressed wnder 207 MNm™2
pressure at 500°C for 30 minutes. After hot-pressing, samples were
fired in air between 300 - 1300°C for 24 hours.

XRD results of tho above mixtures are summarised in Table 4.10. An
improvement in the strength was observed, for samples hot-pressed before
firing, as shown in Fig. 4.31. Mechanical properties and related
rhysical properties are given in Table 4.11.

In general the above results support the conclusion drawn by
Gitzen ot al.('?2), that aluninum phosphate does not behave like a
cementitious material when added in prefabricated form. The presence of
calcium oxide increases the decomposition rate of aluminum phosphate toa-
A1203 and P205, vwhich consequently decreases its thermal stability. The
formation of CaB(POA,)2 is due to the reaction between P205 liberated
from the decomposition of A1PO, and CaO. The slight increase in strength

4
and density, however, was probably due to sintering processes.
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Firing
Composition Phase identification Other
(wtob) Conditions (relative amount) observations
Temp. | Time
(oc) ;(hre)
CA 95 I 300 24 CA > A1PO,
AP0, 5 | 600 | 24| oA 4170, (s.8.)
i 900 24 CA > C4, No A1PO 4
1200 24 CA > CA, --Ca.3(1>04)2 Mixture o & B
1300 24 CA >CA, > a-Cag(PO,),
CA, 95 . 300 24 CA, > ALPO 4
A1P04 5 600 24 ca, > A1PO, (s.a.)
900 24 CA, A1PO, (s.a.)
1200 24 CA, > CAg > -A1,05 3 Méxturea&ﬂ
; CaB(PO 4)2 ‘3@ 04)2
! 1300 24 CA2 S CA6 S a -A1203 S
: - Ca3(P0 4)2
| Secar "250" 95! 300 | 24 | Cly3CA >AIPO,
A1PO, 5 600 24 | CA> CA, > AIPO, (s.a.)
900 24 CA > CA, No A1PO A
1200 24 | Ci, > CA > B-CaB(PO 4)2 :
1300 24 : CA,> CA a4a3(P04)2
‘ (s.a.)
|

s.a. = small amount

Table 4.10: Summary of XRD data of CA-,-20A2 and Secar "252" + 5 wt¥ A1P04,
hot-pressed under 207 MNm ~ pressure, at 300 C for
30 minutes, and fired for 24 hours.
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Dependence of strength upon firing temperatures.
Samples mixed with 5% A1P04, hot-pressed under

207 MNm_2 pressure, at 300°C for 30 minutes, and
fired for 24 hours.
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4.5 Discussion

(a) Samples cast at room temperature, followed by firing

Phosphoric acid acts as a bonding material, and as stated before
(Section 2.4) the addition of aluminum oxide will increase the strength
whereas the presence of calcium oxide will decrease its effectiveness as
a bonding materia1(46)°

Figure 4.32 confirms the above suggestion, whereas the higher the
Cgf ratio, the lower the strength at all firing temperatures. This may
be due to:
(1) In the case of a ~A1,0 3+ H3P04 mixtures, XRD quantitative analysis
shows that there is an increase in the amount of AlPO4 formed in situ
vith increasing firing temperatures, Table 4.2. By plotting the percent-
age of AlPO4 against strength and firing temperatures, Fig. 4.33, it is
obvious to notice that the increase of strength is associated with an
increase of the percentage of AlPO4 bonding material.
(2) In the case of different calcium aluminate mixtures, with phosphoric
acid (Fig. 4.32), the percentage of AlPO4 formed in situ decreases with
increasing the E%K ratio.
(3) The microstructure is more dense with the lower E%K ratio, but it is
more open with the higher E%K ratio (Figures 4.11A & B, 4.19B, 4.23B and
4.26B).
(4) The mixture a-Al 03 + H3 4 does not show any decomposition of AlPO4
vhen fired up to 1300 % for 24 hours, whereas in calcium aluminate
mixtures with phosphoric acid, AlPO4 completely decomposed after firing
at 1200°C to A1,05 and P,0;.
(5) Owing to the decomposition of AlPO4 in higher temperature range
(i.e. 1200 and 1300°C), Ca5(P0,), was formed in calcium aluminate
mixtures. Therefore, the thermal decomposition of AlPO4 is assisted

by CaO.
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Fig.4'32 Relationship between compressive strength and % ratio.

Sample mixed with 10% H5PO 4 and fired at various temperatures.
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From DTA results, Fig. 4.1 and Table 4.1, the first exothermic
reaction is due to the formation of crystalline A1PO 4 4 relationship
between the E%A' ratio and heat of reaction (_A Ho) in each mixture is
shown in Fig. 4.34. It was found that AH is increased with increasing

C
the Csh ratio.

(v) Hot Pressing

The results of this work, carried out under hot-pressing conditions,
show +that the reaction between the different starting materials and
phosphoric acid takes place at relatively low temperatures compared with
reactions in section (a) above. Hot-pressing in this work can be con-
sidered as involving a chemical reaction. Figure 4.4 shows that ¢ -
A1203 and H3P0 4 react to form A1PO 4 cristobalite form, at 200°C. It has
been found also that there is a relationship between the hot-pressing
temperature at which crystalline AlPO 4 is formed in situ and the 'C—E'.IT
ratio, under constant pressure (207 MNm'z) for constant time (30 minutes).
This relationship is given in Fig. 4.35 which shows that by increasing
the Ca0 content, the minimum hot-pressing temperature at which anhydrous
A1PO 4 was formed is raised. Table 4.12 gives the quantitative analysis
of the different mixtures for the percentage of ALlPO 4 at different hot-
pressing temperatures., It is of interest to note that the percentage of
A1PO 4 in the mixture a—A1203+H3P0 4 did not significantly increase from
hot-pressing at 200 up to 700°C (from 9.3~10.T6%),Fig.4.36L, is a rosult of the
present study it is proposed that the reaction is almost complete at a
temperature as low as 200°C, 1In addition, in the case of CA6 + HBPO 4
mixture, there is a great similarity whereas hot-pressing at 300°C
produces about 8% A1PO 4

However, in calcium di- and monoaluminate, the reaction takes place at
about 400 and 700°C respectively. The percentage of A1PO 4 formed in situ

in these two mixtures is small as expected, due to the relatively high
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Hot-pressing g % of crystalline A1PO, formed in situ |
Temp, OC | by mixing 10 wt% HzPO, withs !
@ -41,0 2 cag % oA, { cA ;
} ]
200 9.3 ! - - -
300 89 | 8 i - -
; 400 9.2 | 7 | 1.8 -
§ 500 I 8.93 ? 5.38 i traces - ;
g 600 10,5 | 5.30 ; traces -
I 700 10,25 ' 7.25 . 3.8 25 |
Table 4,12: Dependence of the percentage of A1PO 4 upon

hot-pressing temperatures.

% of crystalline A1PO, formed in situ

1

] |
| Piring | ;
: Temp. °C E by mixing 10 wtd% I15P04 with:
| L, ! ? |
: ¥ w-il05 ' Chg ca, | CA
' ? | ‘

300 ’ 9.99 ; 9.6 | not Inot
. i g ; detected | detected
} 600 l 12,00 | 9.1 ! traces | traces i
. 900 e | 18 32 | 2. j
| 1200 Po12.12 0 - L. |-
. 1300 100 0 - 1 = =
Table 4.13: Dependence of the percentage of AlPO 4 on

firing temperature.

Samples were previously

hot-pressed (under 207 MNm-2 for 30 minutes
at 3000C).
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content of Ca0 compared with the above two mixtures (i.e. ct-Al2O5 and
Cig mixtures).

Quantitative analysis of A1PO 4 in the fired samples (previously hot
pressed) (Table 4.13 and Fig. 4.36B) confirmed that the reaction yhich
had taken place for 30 mimmutes under hot~pressing conditions was nearly
complete. Table 4.13 shows that in the case of oc-A1203 + H3P0 4 mixture,
& smaell increase in the percentage of A1FO 4 was noticed between those
sanples which had been hot-pressed at 300°C for only 30 minutes, and
thome which were fired after that at 300°C in air for 24 hours (8.9-9.9%).
However, the overall difference in the percentage of A1PO 4 between samples
hot-pressed at 300°C for 30 minutes and samples fired after that at
1300°C is also relatively small (i.e. 8.9~14%).

The noticeasble phenomenon in the hot-pressed group is the shifting

in the position of the main ALPO, peck (26 = 21.77°), which may signify

& change in the volume of the cell.

In the case of CA6 nixture, slight changes of unit cell dimensions
of A1PO 4 were also observed.

Comparing room temperature casting followed by firing, with hot~
pressing followed by firing, for a-A1203 + 1004 H,FO 4 Mixes (Tables 4.2

and 4.4), a number of changes are evident:
(1) In the former mix there is a fourfold increase in the percentage

of AJ.P04 produced by firing in the range 600~ 1300°C (3.16 - 12.78%).
(2) 1If samples are hot-pressed before firing, the inerease of the
porcentage of AlFO 4 ie very small over the same range of temperatures
(12.2 =~ 14%).
(3) 1In the latter mix, the samples showed about four times higher
strength values and the microstructure is more compact than in the
former mix,

It seems unlikely from these results (Figures 4.33 and 4.36) that
the gain in strength of the hot-pressed samples is related to the amount
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of .AlPO4 formed. Decreased porosity is in fact more likely to be
responsible.

The achievement of theoretical density, i.e. zexro porosity, was not
the aim of this work, but as expected, all tlhie hoi-pressed samples were
less porous and had highor densities than the room-temporature cast
samplos (Figures 4.11B, 4.719B, 4.23B and 4.26B). The minimum porosity
in this group was about 22,5% and the higher density was 77.5% of
thoorotical., During tho firing process after hot-presaing thore was a
decreasc in the porosity ospecially at highor temperatures. The sintering
process could also take place more easily than in thosc samples which
werc cast at room temperaturc.

From X-ray analyscs, it was found that, when calcium hoxa-aluminate
mixture was hot-pressod at 200°C, two new poaks oppeared, a strong one
ot 20 = 26.3° ond o medium one at 20.7° (Fig. 4.14). These poaks may
indicate the presoncc of ono of tho polymorphic forms of aluminium
phosphate (pogsibly borlinite form) and this wos further suggested by
I.R. cnalysic (Fig. 4.16), 3By incroasing hot-pressing temperature to
300°C, tho two pooks above disappoorod, whoreas another two pooks at
20 = 21.63° and 21.52° wore dotocted (Fig. 4.15). The latter pecks may
roprosont o mixturc of tridymite and cristobalite forms of aluminium
phosphate, but mainly oristobalite. On the other hand, by incressing
hot-prossing temperatures up to 700°C, and after firing in air up to
900°C, X~-ray analysis showod that the main peak representing cristobalite
prodominatod with o small ghift of position wiiich nmay signify a change
in the volums of the coll figures (Figures 4.15 and 4.17).

These observations may lead to a suggestion that under hot-pressing
conditions, tho reconstructive change in the polymorphic foims of
aluminiun phosphate formed ip gitu can toke place at low tompexratures.

Ono of the intervoting phonomena, which was observed in calcium
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aluninate mixtures with H3170 4 (in particular calcium hexa~ and dialuminate
mixtures) is the decrease in strength velues by increasing hot-pressing
temperature from 200-600°C (Fig. 4.9). This decrease in stwensth wns
accompanied by an increese in the porosity (Tablo 4.3). Porosity in
caleium hoxa-aluminate and calcium dialuminate mixtures was found to
increase by about 19.4 and 8.6} respectively in the range of hot~pressing
botween 200-600°C., Furthermorc, samples of calcium hoxa~-aluminate ond
calcium dicluminate mixturcs hot-prossed at 200°C show a lower porosity
than thoso corresponding samples fired in air at 1300°C for 24 hours,
previously hot-pressod (under 207 I'INm-Z, at 300°C for 30 mimutes).

This noticecblo increasc in porosity can bo explained on the basis
of tho theory for movoment of porcs through a so0lid which has been
discussed by a number of authors(123’124). Porosity is apparent both
on the groin boundnries (intergramiler) and within the grain (intra-
gronular)., Porosity within the grain causing foilure gives a lower
porosity dopendonco, while porogity around the grains gives high
porosity effocts. Kingery and Francois''23) roported that excmination
of micrographs of porous sintered I‘,TO2 shows that pores arc presont almost
ontirely at tho grain corners (intergramular). This means thot, in
contrast to partioculato inclusions, pores on the grain boundaries may bc
loft bohind by the moving boundary or migrate with the boundary
grodunlly cgglomerating at erain corners. Michola'24) has discussed
this phenomenn, considering two gns-filled bubbles in o solid matrix
wvith radii r, and T, with T, < Tye Ho divided the ensuing process into
two stages. Coalescence stage, in which the two bubbles in contact

combine into one bubble of radius opproximately Ty (1'33 = 1'13 + r23)

vhich then increnses in size to a final radius 7, (r42 = r12 + r22)
with a continuous decrecase in free energy and a net increcse in volume.
Volume odjustment stage, vhich may be required to re-catablish

equilibrium, The author shown that for all proctical casea, the
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coalescence will occur first and the volume adjusiment nay then occur
over a relatively much longer time.

On the other hand, hot-pressing of calcium alwainate mixtures
(especially CA mixture) can be considered as a reaction hot-pressing,
i.e. formation of some compounds in situ. The results show that the
chemical reaction is greatly dependent on the hot-pressing temperature.
Thercfore, thce decrcase of porosity with increasing hot~pressing tomp--
orature moy bec due to liboration of some goses which cause swelling,

Prosont results show that in the prosence of phosphoric acid, some
CA2 is present in the mixture CA + I%PO 4 aftor firing at only 900°C, In
addition CA2 goos to CA.6 + some a-A1203 and CA6 goos to a—A1203. Infra-
red dota (Figuros 4.18, 4.22, 4.25 and 4,20) phowod tho transformation of
CA to CA2 and CA6 to oc-A1203 at higher temperatures. The reference
spectra for pure materials used in this study are shown in Fig. 4.37.

Commercial material which wms also used in this study, Secar "250"
cement, behaved like a mizture of CA + CA2. The.dependonoe of strength
upon the bulk donsity is given in Fig. 4.38. Gonorally the higher the
bulk donsity, tho higher is tho strongth. Tho percentage of weight loss
during firing is given in Fig. 4.39, which indicates that the higher the
Ca0, tho highor is tho weight loss. Infra-red analysis given in Figurcs
4.6, 4,16, 4¢21 and 4.24 confirms thc formation of A1P04 in the above
mixtures during hot-pressing, but it is difficult to differentiate by
I.R, botween the various forms of anhydrous ALPO A (csrocially tridymite
and cristobalito) in particular whon thoy aro formed in situ, bocause

the characteristic wavonumbors arc veory cloao(125).

(¢) Strongth-porosity relationship

The major structurnl effocts in most coramics arisc from porosity,

which in turn affects mochanical properiies. FPores obviously decrease

the oross-sootional area on which the load is applied, but also act as
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stress concentration points(126) o On the other hand, high porosity
reduces Young's Modulus (E) and the effective surface energy for
fracture initiation (Y; ) and increases the size of the larsust inherent
surface flaw (C), all of which roduce stmngbh(127). Fracturc ie soen
to originate from large, not small, pores in a body having both typos of
pores(128). Haseelman(129) has consideored some aspoct of pores as flaws,
vhorcas Evans and Davidgo(127) were major developors of this concopt for
large pores. Rocently, Rice(128) has cxtonded his concept of pores as
integral part of flaw by cdapting it to porcs of cessentially all gizos
and locotions. He concludes that uniform distributions of different
typos of pores will have similar strength-porosity trends, which will
follow tho exponontinl relation, but (n) valuos will depend on pore
location, size and shope. There has generally been no attempt to
specifically derive a theory of the porogity dependenco of compressive
strength, vheroas tho exponential relation was first empirically appliod

to compressive strength da.to.(128).

Compressive strongth-porosity relationships for fired samples
proviously hot-prossed (under 207 Mw > for 30 mimites at 300°C) have
beon elucidated using some empirical equations. Figure 4.40 shows this
rolationship plottod on the basis of oquation 2.7¢1%8) and Rigure 4.41
on the basis of equation 2.8(109). From the figures, it can bo
oboorvod that all tho matorials obtain high values of (n) in equation 2.7
and high slopc values in cquation 2.8, This, as previously discussed
by many irrvoctigators(128’13o), may be due to inhomogeneous porosity.

In addition, it can also bo noted that the differonce in the starting
matorials affects the porosity to some extent. This may be why the
data in both graphs fit more than one line, However, oz—‘A1203 ond CA6
mixtures showed o grect similarity to cach other in this relationship,
vhoreas other calcium aluminato mixtures behave approximately the came.
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Another important aspect is the effect of additives or impurities
on strength, Additives can either aid or retard densification and hence
influence the emount of porosity. They may also influence the shape and
size of pores present(128) .

Present rosults show that the addition of phosphoric acid (53P0 4‘) to
the different starting matorials loads to tho formation of aluminium
phosphatc (A1PO 4) in gitu, whereasy the amount and perhaps the distribution
arc dependont on tho -C‘%K ratio. Consoquently, it can be suggestod that
the prosenco of aluminium phosphate (ALPO 1 ) in the structure may also
Play a part in influencing the porosity. This may oxplain the ginilarity
botweon o-41,0, and CAg mixturos (relatively high ALPO 4 contont) end the
similarity botwoon tho other calcium aluwninate miwtures (rolativoly low
A1FO A content), In addition, this moy also oxplain why, for similax
porosity, the oc--Alzo3 and CA6 mixturos show highor strength than the other
caleium aluminato mixtures, Furthermore, based on different location,
slze and shape of pores, a considersble range of strength behaviour can
occur for differont bodies ovor the same porosity ra.ng'e("aa) .

On tho other hand, as stated bofoxc (Chaptor 1), the cffect of
grain sizo on strongth wes minimised by keoping tho specific surface
arva of all tho starting materials nearly the samc except for oc—A1203
(Teble 3.1). Genorally it has boon considerod that strongth increases
with decroasing grain sizo., The presont results arc consistont with the
gonorally obscrved bcohaviour in that tho smallor grain size oc-A1203
mixturce oxzhibit highor strengths than tho largor grain size coleium

aluminato nmixturcs.
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CHAPTER 2

PHOSPHORIC ACID -+ BORIC ACID MIXTURE AND
PREFABRICATED BORON PHOSPEATE ADDITIVES

5.1 Phogphoric Acid + Boric Acid Mixture

4 stoichiometric mixture of phosphoric and boric acid was used as a
bonding agent. Throughout the present work 5 and 10% of this mixture
vas reacted with a—-A1203, whereas only 5% was added to the other calcium
aluminate phases. The three different techniques of scmple preparation,

previously stated in Chapter 4, were applied.

5.1.1 Results
o1e1e1 a=81.0, + (H, PO, + 1303)

(a) Samples cast at room temperature, followed by firing

The same procedures proviously described (Sections 3.3.1 and 3.3,3)
wore followed to mix and fire a-Al,0y with 5 and 10% (H3P0 4" 33303)
using .25 w/s ratio.

DTA (Fig. 5.1 and Table 5.1) shows that 0=11,05 + 108 (H_5P04+H3]303)
mixture produced two endothermic peaks at about 120 and 145°C and two
exothormio pecks at about 740 and 1030°C., X~-roy analyses, Fig. 5.2,
showved that the binary orystalline phases A1P04 and 9131203.2‘!3203 were the
only two compounds to be detocted in the range of firing, i.e. 300-1300°C,

Dopendence of strength upon the percentege of the mixture "H3Po 4 +
H3BO3" usod and upon firing temporatures is shown in Fig. 5.3, The results
indicated that 5% "H.5P0 4+H'5B°5" gove higher strength values then mixing with
1096, especinlly above 600°C. Howcver, therc was o decresse in the strength
aftor firing both mixes above 900°C, but above 1200°C the strength
incrcased rapidly.

Boric oxide (13203) was also mixed with phosphoric acid in the same
gtoichiometric ratios, and the mixtures were used as bonding agents with
a-A1203. X-roy onolyses showed that there was no significant differonce
in using B0y instead of H;B0;. Cold crushing strength (Fig. 5.3) using



-80
-60
(D} -40

=100

-80

Exotherm —p

- 60
(cl -0
-20
-100

-80

At

-20
-100
-80
(A) _60

«+—— Endotherm

~40

-20

0 200 400 600 800 1000
Temperature (°C) —»

FIG. 5.1: DTA traces of (A) CA + 10% (ijo4+1{31303)
(B) CA2 + o "
(C) CAG + M " "
(D) a_nz()} + " "

1200

m



112

*1*G *ST4 UT 83TN8SY VIA JOo Aroummg

: - T . i !
4! $omo8_~m§ 908 | ,
19°0 2¢*0 | 2¢cL m GSL GOL Amomwm? ommmvm
Giyoco 162600 § evel | el | ozel ¥e0°0 L90°0 m bl | 8499 | €29 %ol + 70 |
V0s "2 96°0 | ebit w]o»oi. 0<ol | i
| 99°0 9%°0 | o¥s | 022 Uil | (Goem or®E)
e960°0 | zot*o | 262 | oveL | oeet g o yreo | 9Ll m 6L | oLl ol + %¥0
T '
~ . GLGL°0 0Lo0*0 gLl ' OLLL 1 Glob Aommﬁwommmv
g6L°0 | 61270 | 9Gzb |over | GeaLl  ozkto | oooto | ¥08 | L 4) w ok + %0
|
; : ! ;
| | GEL*0 | 090°0 mmo_.w 0%0L | 820k (Cocm+’ 0r'E)
, w €€0°0 Ghoso | <L tozl | 6oL | oL+ €08 w-n
| 1
e L Do 9%¢ | Do 9o ! O 9
!&E g*38p - ; i . l.wﬁ.mo.wg : o ° ° o
= g | Am% PR | el (s | - g Am% VU | Aeeq | 4TS S
BoIV 7334 UOT}OBSE OTULIYROPUY | BAIY eed _ TOTFOBAT O TURLS] OXH !
I .




113

‘smoy yz x03 seanyezedwe; JUeIeIFTP 38 DAITF
‘ur3seo eanzeledme; moox ¢(fogfH + VodtH) %01 + £OSTY-D eIMIXTW ey JO BEORI} I} 6w030BIFFTP AeA-X TG A

07 —
Sl h.— m.— ¥4 124 14 LT 67 13 £€ 13 Le
\l\. «—2,009
az-ve az-vé azve
87v6 — P (c(IJ «—2,0021
- p~ <—3,00E!
dv JJ
* At T
dv v v |‘0*aZ-.*0*"1v6 =82Z-v6

*0dIV=dV
‘ot vev




Compressive strength (MNm-2)

——0aAL, 0y¢5% (Hy PO+ Hy BOy)
—ae » ¢5%(HyPO4*B.0,)
0] | === «10%(HyPO4*H,BO,) [ 280
== 4 +10%IHyPO4*Ba0y)
u 5% (H,POs+H,BOs)
previously H.p.300°C
120 240
100 -200
80 160
60+ -120
401 80
20- 40
v Y T T 0
0 300 600 900 1200

Firing temperature (°C) —>

Fig, 5.3: Dependence of strength upon firing temperatures.

Compressive strength (MN m-2)

114

Samples previously hot-pressed



115

‘8utaTy ax0joq ‘(sejnurm O¢ I03 oooom je ‘oamssexd _ wN{ LOZ Iepum) possexd-30y Arsnotasad soydureg
= *

Awuazzv qBusxys sayesexdmopy = °3g°dmo)
£3180709 = g

(90°2) £37susp FTg = Q4

[

€ 0laz50%Tv6 = azv6
("3u0D) ¢°S 91q%4 Pa30939D 30U = °P°U .vOde =gy
o°tb} L°G¢ | 98P 2 -1 2°¢ L'¢6ad v'ez}evl-e -1 Li°¢ GL9¢LLeagiGly 2 -1 ¢ 00¢L
¢ri9lowv| Lziz| sz {68 | S69 g8'0€ | ev9z |99°e} oe¢ 066 | el 92z| sz (862 0021
0oL | 9-ar | 12z |seouag [ co°z | 9l veig ! Leotz [Svez] Sbo¢ ¢oaL | ¢ochl 610z 9| g2 006
¢°Ge 16'¢r} Lite | °peu 22 G'lo9} L-¢¢| 962 joL2] 2°¢ 6°GL | 6°¥hi G2t ‘P'® | 92 009
9691 {Lev | Li°¢C - - gLyl L've| 26°¢ - - GL*9L | G¥¥| ¥i°c - - 00¢
‘38 | (%) (%) 1 %) ‘38| (%) %) 1 (%) ‘a8 | (%) %) | (%)
dwog | a! aa| wve| av | -dwop il calamve{ av *dmop ad @ wmve| av Amﬁmwu%v
-dwey,
(cc% + Yoatm) 56 + forv-» (Goafm + Yoatm) % + £0lty-» (oafm + Yoatm) % + “oltv-» Supatg




116

oefm o

H) %0L pue G +

s1sATeuE 2AT}e3}Tuenb pue sorixedoxd TeoTslyd

€nC

0%1V- » BoaMYXTW oY} JO

‘sanoy g I0JF
soangexodwoq JUSISIITP 3% PoxI) ‘pessexd-joy LysnoTasad pus ‘Suryseo

axngerodmo] woox ¢ Am

‘gorqxedoxd TeoTwEYOS 32°G OlUEL

Awlggv y3Pusxgs saTsssxdmoy = °35°dmwod
£q18030g = g

(00°2) £378USD XNE = Q4

monN.momw«m = @2v6
P03003op 30U = *P°U OdLV = dv
H
¢°G8 A SR RA M -116°L 0°08 | 6°6%£{ 0%°¢C - ¥l 00% L
g2y o¢vlisLe| 8°9;64ecL 0°G¢  G°¢bl 9L e 76| L°L 002l
¥ LS Ly e et ve9 9°¢S m.ﬁ._:.m 12z | 29 006
¢ab gthiGLoe | pem 66V Gty i L°Ghl L2 | *peu !l 8°G 009
6 v Yevb | GLo2C -_ - oob | L°&h{zcte - - 00¢
1 | (%) @1 @ sl ) %) | &)

*dwog d| @ mwdmw I7 *dmog di, g | €276 av Amnsowcwwv
W -dus

(0% + Yodtm) sou + fotv-» | (Socfm + Yoatm) 501 + S0%Tv-» Y

(*3w0D) TG o1ask



17

the two additives / (H3P0 4+H3303)or (EBPOA-,"'BZ%)J shovs a greet sinilarity.

Strength, porosity, density end quantitative analysis of the AJ.PO and

4
9.1&.].203.228?03 content of all these nixtures after firing in the range
300 -1300°C are given in Teble 5.2. Microstructures of some of these

sanples arc chown in Fig, 5.44A & B.

(v) Hot-pressing

A combination of 5% "H3P04 + HSBO'D'" and 950% a-A1203 was mized using
0.1 w/s retio. The mixture was hot-pressed under constant pressure
(207 MNm-Q) for constant time (30 minutes) in the temperature range 200 -
700°C. The procedure which wac previously described (Section 3.3.2.2)
wez followed. In addition, samples prepared under hot~pressing conditions
(207 M™% pressure, for 30 mimutes at 300°C) were also fired in air for
24 hours in the same range of temperatures, i.e. 300 ~1300°C.

X-ray annlyses of samples prepared at different hot-pressing teup-
eratures show that the reaction took place al sbout 600°C. Aluminum
phosphate, A1PO,, and the compound 9‘133.203.228203 wvere detected after
hot-prossing &t this temperaturc. On increesing the hot-pressing
temperature to 700°C, no significant change in phase composgitions was
obaerved, but the strength vas found to increase. Mechanical properties
and related physical properiies are given iu Table 5.3. On the other
hand, X~rey analyses of previously hot-pressed samples (Fig. 5.5) showed

that A1PO, and 9A120 .2B.0. were present after firing at 600°C., By

4 377273

inoreasing the firing temperatures uwp to 1200°C, no gigificant change
in the percentage of AIPO 2 or 91\1203.2'3205 waa obgerved, Table 5.2.
However, a ohange in the position of 20 of the main peak of A1P04 was
detected; after firing at 600 and 900°C, 20 = 21,45°, whereas after
1200°C and 1300°C, 20 = 21,65°, Mechanical properties and related
physical properties are given in Table 5.4. Dependence of strength upon

fiving temperatures is given in Fig. 5.3. Microstructures of some of theso

seuples are shown in Fig. 5.4C.



Fiz. 5.4(A): SEf Micrographs of ot-Al,.‘,O3 mixed with 5

(15[3P04 + 33303), roor. Lenperature casting,
fired for 24 hours at:

(a) 900°C
(o) 4200°C
(e) 1300°C
Fig, Q,gSB}: SR 1Horographs of a-Al,0, mixed with 100,

273
(1!,51’04 + HBB()})’ oo temperature casting,

fired for 24 hours at:
(a) 1300°C

Fig, 5,4(C): S®@M Morographs of cz-Alzo3 nixed vith 5% )
(H5P0, + L;305), hot-pressed under 207 12W°°
pressure, for 70 mimuten at 300°(, fired for
24 hours at:

(o) 900°C
(£) 1200°C
(8) 1300°C,
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Hot-pressing
Wi xbuve parameters w/s | Density :‘::ile Porosity
oo T L ratio| g.cc v %
geure | Temp, ; Time
(1w=2) | (°C) | (min)

a-A1,05 + 5% 207 300 | 30 | 0.1 | 2.57 49 33.25
(H§PO4+H3303) 207 400 | 30 0.1 2.59 5.87 32,727
207 500 | 30 0.1 2.62 6.77 21,948
207 600 | 30 0.1 2,62 7.14 21,948
207 700 | 30 0.1 2.64 9.2 21,428

Chg + 50 207 300 | 30 0.1 2.39 1,86 35.23
(H3P044£3303) 207 400 | 30 0.1 2,40 2.6 244,96

207 500 | 30 0.1 2.42 3.2 3444

207 600 30 0.1 2.43 3.85 34.15

L 1207 700 | 30 | 0.1 2.46 5.82 | 33.33

CA, + 5% 207 400 | 30 0.1 1495 142 31.93
(1L;P0, +1,B05) 207 | 500 | 30 0.1 | 1.953 1.18 31.83
207 600 | 30 0.1 1.969 1,26 31.27

207 700 | 30 0.t 2,0535 | 3.2 28,32
CA + 5% 207 300 | 30 0.1 2,04 1,90 30,847
(331’04.*&5303) 207 200 | 30 0,1 | 2.06 1.80 30, 169
207 500 | 30 044 2.04 2.03 30.84

207 600 | 30 0.1 2,08 2.6 29.49

;207 700 ' 30 0.1} 2,10 347 28,81
Secex "250" + i% 207 300 30 0.1 ! 2,009 1.12 29.508
(R3P0,+H,B05) | o7 400 | 30 | 0.1 2.04 1.6 | 28.42
207 500 | 30 04 2,02 1.8 29,12

207 600 | 30 0.1 2,08 2.9 27.25

207 700 | 30 0.1 2,06 2.9 27.70

Table 5,3: Mochanical proporties and related physical propertics of

a-A1203, CA6, CAZ’ CA and Secar "250" mixcd with 5%
(33m 4+H3303), hot-pressed undor 207 M ¢ preseure, for
30 min. at difforent tcmporastures.
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Psls1s2 Calcium aluminates + §H§Po1 + HZ_B_0_3)
(e) Semples cast at room temperature, followed by firing

The same procedures previously described (Sections 3.3.1 and 5.3.3)
wore followed to mix and fire calcium mono-, di- and hexa-aluminate with
% (8570, + H3805).

The DTA results, Fig. 5.1 and Table 5.1, showed that the reaction in
the cass of CA6 produced two exothermic peaks at about 750 and 1110°C.

In the case of CA2, three exothermic poaks were detected at about 755, 820
and 1070°C, and with CA three exothermic peaks at about 658, 755 and
848°C, On the other hand all the above mixtures were produced a small
endothermic peak at about 1240°C.

X-roy analysis showed that ALPO 4 could be detocted after firing at
900°C. The compound 91&1205.228203 could be detccted only as traces above
900°C, Generally, the above two compounds could be detected easily in
tho Cag mixtures, but the quantity was less in the CA, mixtures, and
only traces could be found in the CA mixtures. After firing at 1200°C,
the above two phases could not be detected, but B—Ca.3(PO 4)2 was found.

Tho amount of the latter increased as the calcium content of the mixes
inoreased. In nddition, new peeks especially in the CA and CA2 mixtures
were detected at the characteristic 20 = 32°, 33.3° and 34° (Fig. 5.6).

On the other hand, ct--1&1203 was detected in the CA6 mix, Cig in the
CA2 mix, and CL2 in the CA mix after firing at higher temperatures.

Some samples (especially CA mixes), after firing at high temperatures
(i.e. 1200 and 1300°C) were found to have some cracks. However, slow
ratos of heating and cooling (~ 3°C/min) were used to prevent the formation
of most of these cracks.

Genorally colcium hexa~aluminate mixee shov a great similarity to
ot—Ale3 mixes and strength values increased with increasing firing
temperatures up to 900°C. Above this tempernture, the strength valucs

docroased, but increased ogain if fired above 1200°C. In addition,
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Fig. 5.7: Dependence of strength upon firing temperature.
Samples mixed with 5% (H3P04 + 33303)' roon temperature

casgting, fired for 24 hours.
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strength values of calciunm mono—- and di-aluminate showed an increase
with increasing firing tempcratures without exception (Fig. 5.7).

Microstructures of some of the above samples are shown in Figures 5.8(1),

5.9(4), 5.10(4) & (B).

(b) Hot-pressing
A " 4] 04 A
4 combination of 5% H3P0 4-1-H3303 and 95% CA6, CA2, CA and

Secar "250" cement were mixed using 0.1 w/e ratio. The mixtures werc hot-
pressed under constant pressure (207 I‘le-z) for constant tine (30 minutes)
in the rangze of temperatures 200~ 700°C using the sanme procedure
previously deseribed (Section 3.3.2.2). At the same time, samples were
prepared under hot-pressing conditions (under 207 M2 pressure, for
30 ninutes at 300°C), fired in air for 24 hours in the range 300-1300°C.
X~ray analysis showed that, in samples hot-pressed at different
temperatures, the recaction tock place in the case of CA6 mix at about
700°C o produce some AlPO A and trace of 9A1203.228203. Nowever, in the
othor three mixee (i.e. Ci, ClL, end Secar "250"), no reaction took
place up to 700°C. X-ray analysis of the fired samples previously
hot-pressad showed a grest similarity to those samples fired after
cesting at roon temperature (Fig. 5.11). Generally, strength velues of
those sanples were higher than samples fired after room teuperature
casting (¥ig. 5.12). In addition, no cracks were observed in these
sanples after firing at high temperatures. Also, these samples were
found to have a good surface finish. Microstructures of some of the
above sarmples are shown in Figures 5.8(B), 5.9(B) and 5.10(C). MNechanieal

properties and related physical properties are given in Tables 5.3 and

5.4.



Pig. 5.8(A): SEM Micrographs of CA mixed with 5% (n3 4+33303),
room temperature casting, fired for 24 hours at:

(a) 900%
(b) 1200°%
rg,mgnzsmnmmpwmomeuﬁwnh%(nm+HmQ.

hot-pressed undor 207 HNm prossure, for
30 minutes at 300 C, fired for 24 hours at:

(¢) 900°%
(a) 1200°
(o) 1300%.
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Fig. 5.9(A): SBY Micrographs of CA, mixed with 5% (H3P0 +H 303),
room temperature casting, fired for 24 hours at:

(a) 900°C
(v) 1200°C
(¢) 1300°%C
Pig, 5,9(B): SR Micrographs of Ch, mixed with 5% (H;PO,+H 5803,

hot-praessed under 207 M -2 pressure, at }OO c
for 30 minutes, fired for 24 hours at:

@) 900

(o) 1200%

(£) 1300°C.
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Fig. 5.10(B):

Fig, 5,10‘023

SEM Micrographs of Gl mixed with 5% (H PO, +H 303),
room temperaturc casting, fired for 24 hours at:

() 900°
(v) 1200°¢

SEM Micrographs of Cl. mixed with 10% (H PO ,+Hy 3),
roon temperature casting, fired for 24 hours a,t.

(¢) 900%
(a) 1200°

SE1 Micrographs of Cii, mixed with 5% (H3PO +H 303),
hot-presased under 207 Mt~ pressure, at )OOOC

for 30 minutes, followed by firing at:
(e) 900°%
(£) 1200°C
(g) 1300°C.
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900 1200
Firing temperature {°C} —>

300 600

Dependence of strength upon firing temperatures.
Samples mixed with 5% (H3P04 + HBBOB), hot-pressed
(under 207 M2 pressure, at 300°C for 30 min.),
fired at different temperatures for 24 hours.
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5.2 Boron Phosphate
The effect of boron phosphate, BPO 4 cristobalite form (previously

propared as in Section 3.2) as a bonding agent on the calcium aluminate
phases, aluminum oxide, and the commercial material Secar "250" cement
was studied. The three different methods of sample preparation

previously stated in Chapter 4 were applied.

5.2.1 Results

ast at oo tey

les

(o) L=l

Calcium monoaluminate (CA), calcium dialuminate (CA2) and calcium
hexa~aluninate (CAG) were mixed with 5 and 10% dry powder boron phosphate
using .25 w/ cratio. The same procedures previously described (Sectione
3,3,1 and 3.3.3) were followed for mixing and firing. The DTA results
of the mixtures Ci, CA,, Cig :mdoc--Alzo3 + 10% ZBTPO4 are shown in Pig. 5.13
and Table 5.5. The reaction in the mixture "CA + 10% BPO 4" produced two
exothernic peeks at about 825 uand 100400 and two endcthermic peaks at
about 1083 and 124000. On the other hand the mixture "CiA + 5% BPO 4"
produced only one exothermic pesck at about 825°C and one endothermic
penk at about 1240°C. Caleiun dialuninate nixture with 10 BPO 4 produced
threc exothermic peaks, two of them are small at about 804 and 992°C,
and the third is nediun ot about 1075°C. The mixture CA, + 5% BPO,
showed only two exothermic peaks at about 804 and 1075°C. The nixtures
CAG andaz-A1203 + 1004 BPO 4 showed a great eimilarity, and ezch one
produced only one small exothermic peak at about 105600.

X-ray analyses of the nixtures CA + 5 and 10% BPO A show that
above 825°C, calcium dialuminate is formed. By incrensing the firing
tenperatures up to 130000, increases in the intensities of the CI-.Z
peake and decreases in the CA penks were recorded, Fig. 5.14. Aluninum
phosphatc was detected as a trace after firing at 90000, but 9!&1203.2]3203

was not detected. In addition; new peaks (previously recorded,
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Fig, 5.13: D.T.A. traces of (i) CA + 10% BP0, (3) ca, + 10% BP0,
(c) cag + 10% BFO,, (1)).,A12o3 + 10% BPO
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Section 5.1.1.2(a)) at 20 = 32°, 33.3° and 34° were detected after firing
at higher temperatures (1200 and 1300°C).

X-ray analyses of the mixtures CA, + 5 and 1006 BPO 4 show that above
900°C, traces of CA6 and oc—.l.*.lzo3 can be detected. Increasing the firing
temperature up to 1300°C resulted in an increase of the Chg and o ~A1,04
content with decrease in the CA2 content. In addition small amounts of
AlPO 4 and 9A1203.2B203 were detected after firing at 900°C. The compound
p-CaB(PO 4)2 was also detected after firing at 1200°C. Analysis of the
mixture CL6 + 10% BPO 4 using X-ray technique showed that A1PO 4 is formed
first after firing at 900°C. Abovo that temperature the compound
5+2B,05 was detected. Firing at higher temperatures (i.e. 1200
and 1300°C) showed the formation of ~11,05 and o emall amount of a- and

9A120

B-CaB(PO 4)2. Microstructures of some of the above samples are shown in
Figures 5.15(4), 5.16(4) and 5.17(L). Dependence of strength of the
above mixtures upon firing temperatures is given in Figs. 5.18(4) and (B).
From theao figures itis obvious to notice that up to 900°C the strength
values are in the sequence CA.6 > CAQ ~» CA, whereas above that temperature
(900°C) the strength values are in the sequence CA > CA, > CAg. In
addition, adding 10% BPO A was slightly better from the strength point

of view than 5%.



Fig, 5.15(A): SEM Microgrophs of CA mixed with 10% BPO,, room

F 1

B):

4;
temperature casting, fired for 24 hours at:

(2 & b) 1200°%C

SEM Microgrophs of CA mixed with 10%¢ BPO 4 hot-
pressed wnder 207 Min pressure, for 30 ninutes

at 30000, fired for 24 hours at:

(¢) 900°C
(a) 1200°¢.
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Fig, 5,16(4):

Fig. 5.16(B):

SEM Micrcgr-phs of C.., nixed with 54 BPO,, roon

2 il
termperature casting, fired for 24 hours at:
(a) 900°%

(v) 1200°%

SEM Micrographs of CI‘.2 nixed with 10 BPO4, roon
tempernture casting, fired for 24 hours at:

(e) 900°%

(a) 1200%

M Microgreph of Cz‘.z nixcd with 5° HPO4. hot-
pressed undor 207 mm"" prussurc, nt 300°C for
30 ninutcs, fired fcr 24 hours nti

(e) 1200°c.
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F J17(4): SEM Microgrophs of Ciig nixed with 5% BPOA, roon

teoperature casting, fired for 24 hours at:
(a) 900°%
(v) 1200°¢

Big, 5,17(B): SEM Microgrophs of C..g mixed with 5’ 100,
hot-pressed undur 207 M2 pressuro, for
30 minutes at 300°C, fired for 24 hours ~t:
(c) 900%
() 1200°c.
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Fig, 9,18: Dependence of strength upon firing temperatures. Samples mixed

with (4) 5% BPO,, (B) 10% BPO,, room temperature casting, fired
for 24 hours.
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(b) Hot-pressin:

The hot-pressing technique was applied to the preparation of samples,
by mixing the seme starting materials previously employed in room temp-

erature casting (Ca, CA, and CAS) as well as o-Al,0, and the commercial

5
matorial Secar “250" with 5% BPO 4° In addition, & combination betweon
90% CL and 10j; BPO 4 was also studicd., The procedure which was previously

doseriboed (Scction 3.3.2.2) was followed using 0.1 w/s ratio. Samples
propared under hot-pressing conditions (under 207 Ml\Im“2 pregsurc, ot
300°C for 30 minutcs) were alsmo fired in air for 24 hours in the sanc

range of tempoiaturcs (i.o. 300-1300°C),

(1) a=A1,05 + BPO,

X-roy annlysis of this mix, hot-pressed at different temperaturcs
up to 700°C, showed that no reaction took placc up to 600°C, / ftor hot-
rrassing at that tomperature, enhydrous aluminum phosphate was
detoctcd. On inoreasing the hot-pressing tomperatures to 700°C, an

increase in the AP0 4 contont was obteined. lMochanical properties

and related physical proportics of this mix are given in Table 5.6.
X=roy cnalyses of previously hot-presscd samples, Fig. 5.19, show

that ALPO 4 could bo detocted after firing at 600°C., On increasing the

Tiring tomperature to 900°C, 9!.1203.2159203 wee detected. Howover, after

firing ot 1200°C an increase in the L\J.PO4 and o small increase in tho
91!1203.2]3203 convent vng obsorvod. Finally, after firing at 1300°¢C,

only Al]':’O4 o dotected at 20 = 21,58° and o small poak at 20 = 21,45°,

ith trnces of 9111203.2}3203.

sacplog are shown in Mg, 5.20. Dependence of strength upon firing

Hcroptiruetures of somo of the abovo

teaperotures is given in Fig. 5.21. lMechaniecel properties and rxlated

phycicel proporties arc givon in Tablo 5.7.
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dixure | paToROGR /o | Demetty | Tensile | Forosity
ey | 8 (aem) | o
= f
o -A1,05 + 207 300 | 30 | 0.1 2.54 | 4.8 34.02
| 5% BPO, 207 400 | 30 | 0.1 | 2.56 5.1 33,50
207 500 30 0.1 2.57 6.3 33.25
P 207 600 | 30 | 0.1 | 2.60 6.3 32,46
{ 207 700 | 30 | 0.1 2.611 6.8 32.18
-
| Chg + b 207 300 | 30 | 0.1 - - -
5% BPo4 f 207 400 | 30 | 0.1 2.36 1.48 36.04
207 500 | 30 | 0.1 | 2.36 2.4 36.00
207 600 | 30 | 0.1 | 2.39 3,2 35,23
! 207 700 | 30 | 0.1 | 2.40 4.8 34.9
‘ !
Ch, + - 207 300 | 30 | 0,11 1.96 - 31,588
5% BP0, 207 400 | 30 | 0.1 ] 1.92 - 32.98
207 500 | 30 ! 0.1 ! 1.95 - 31.94
207 | 600 | 30 | 0.1 | 1.99 - 30.54
i 207 1700 i 30 | 0.1 | - - -
Secar "2501 207 300 | 30 ! 0.1 [ .99 | - 30,175
+5% BP0, 207 | 400 | 30 ; 0.1 ! 1.98 1.7 30.526
207 500 | 30 ; 0.1 | 2.029 | 1.6 28,92
| 207 | 600 | 30 | 0.1 | 2.06 | 3.2 27.719
| 207 | 700! 30 | 0.1 2,08 | 5.0 27.017
Ca + 207 300 | 30 | 0.1 2.00 2,00 32,20
5% BPO
4 207 400 | 30 | 0.1 | 1.99 2,02 32.54
207 500 | 30 | 0.1 | 2.01 2.3 31.86
| 207 600 | 30 | 0.1 | 2.04 ! 3,0 30.847
207 [ 700 | 3 | 0.1 2,07 | 3.04 29.83
' CA + 207 30 i 30 ! 0.1 ] 2.00 1.8 32.20
10/ BPO,, 207 | 400 | 30 | 0.1 | 2.0 | 2.02 31.254
207 500 | 30 | 0.1 | 2.039 | 2.1 30.88
207 600 { 30 | 0.1 | 2.067 L3 29.93
) | eo7 700 | 30 [ 0.1 2,08 4.2 29.49

Table 5,6: Mechanioal properties and related physical properties of a=A1,0
CA,y CA and Secar "250" cemont, Samples mixod with 5%
(5°and 10% in tho casc of CA), hot-pressed under constont

mure (207 IMW™2) for conotant time (30 minutes) at different

gég,

prod

hot~prossing tomperaturcs.

3’
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Figs 5:20: SEM Micrographs of«a -Al2f)3 nixed with 5% BPOJ,
hot-pressed undor 207 MNo~2 pressurc, for 30 ninutes,
at 3OOOC, rnd fired for 24 hours ot:

(a) 90cc

(v) 13007,
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Fig. 5.21: Dependence of strength upon firing temperatures. 2

Samples mixed with 5% BPOs, hot-pressed (under 207 Mdm
pressure, at 300°C for 30 min.),and fired at various
temperatures for 24 hours. -
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(2) Che + B2O,
X-roy enolysis of ClLg + 5% BPO 4 nixture, hot-pressed at different

tenperatures, showed that no reaction took place up to 600°C. After
hot-pressing at 700°C, a weak peak representing AlPO 4 could be detected.
In addition, X-ray analysis of previously hot-pressed sanples showed a
great sinilarity to those sanples fired after room temperature casting.

In the range 900 - 1200°C, A1P0, and 9A1,0,.2B,05 were detected. At

higher temperatures (i.e. 1300°C) a=41,05 could be clearly detected
accomponied with a noticeable decrease in the intensities of the CA6
peaks. Microstructures of some of these semples are shown in Fig. 5.17(B).
Dependence of strength upon firing temperatures is shown in Pig, 5.21.
Mechanical properties and related physical properties are given in

Tables 5.6 and 5.7.

(3) Ch, s BEO

X-ray annlysis showed thet nc renctiun occurred on hot-pressing
this nixture at different tauperatures up to 700°C. On the other hang,
X-ray analysis of previously hot-pressed samples showed that small
amounts of ALPO, could be detected after firing at 900°C. & trace of
941,05.2B,0, could aleo be detccted after firing at 900 and 1200°C.

273
At higher temperatures (i.e. 1200 and 13000('2)9 calcium hexa-aluminate
togother with a-A1203 were clearly detected. Microstructures of some
of thesc somples are shown in Fig. 5.16(C). Dependence of strength
upon firing temperatures is given in Fig. 5.21. Strength, nporosity and

other physical propertics arc given in Tables 5.6 and 5.7.

(4) cA + BPO4

X-ray analysis of these mixtures, hot-pressed at different temp-
eratures up to 700°C, showed that no reaction took place either by using

5% or 100t BPO,. In eddition, X-ray analysis of previously hot-pressed

4
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samples showed that traces of A1PO 4 could be detected after firing at
900°C. Calciun dialuminate was detected and this increased markedly at
the higher temperatures used (Fig. 5.22). In addition, a group of peaks
previously observed (Section 5.1.1.2) at 20 := 32, 35,3 and 34° were also
detected after firing at high temperatures (i.e. 1200-1300°C), At higher
temperatures a ceramic-type bond is formed, tranasforming the material
repidly into o dense refractory body. Dependence of strength upon
firing temperatures is given in Fig. 5.,21. Microstructures of some of
thosc samples arc shown in Fig. 5.15(B). lochanical properties and

related physical properties arc given in Tables 5.6 and 5.7.

(5) Socar "250" i BPO

Tho commereial matorial Seoax "250" was found to bchave oxactly
liloe a mirturc of CA - CAZ. At highor tomperaturecs (i.o. 1200 and 1300°C)
mednly CA2 wos dotectod, but hardly any CA. Lfter firing at 1200 und
1300°C, tho matorial was transforming rapidly into a dense materiol.

Mochanical propertics and related physical propexrties arce given in

Tablos 5.6 and 5.7.
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5.3 Discussion

Only a limited amount of information on the phase relationships in
the termary systen 33203--.1\.1205-P‘..:,05 has been reported in the literature (67).
Primary interest in the system has been centred on its glasg-forming

(121,132)

properties Ternary phase relations in the syston Ca.O--]3203-P205

havo not been studied in detaill133), on the other hand, thoro has boon
no report in the literature of phase or property studies in the quaternary

system B0, ~Ca0-A1,.0,~P,0

2% 2737275

(a) Scmples cost at room temporature, followed by firing

From tho present DTA and XRD results of the mixtures oc-Alzo5

10% (53Po4453303) (Pigures 5.1, 5.2), it has been found that the binary

+ 5 or

oxyutolline phases ALPO, and 9A1203—23203(126'134’135) axo the only two
compounds formed in the range of firing up to 1300°C., Therefore, it is
believed that tho strongth propoxrties of the wbove mixtures will depend
nainly on these two components. The role of aluminum phosphate as o
comentitious material has beon previously discussed (Section 4.3), wherc
it was egtoblished that ir room temperature casting followed by firing,
the strength increcsed with the percentage of AIPO 4 formed in situ. This
can explain the increese in the strength up to 900°C (Fig. 5.3), but not
the sudden decrease between 900 and 1200°C. On the other hand, the
compound 9[;1203.238203 wops detccted after firing ot 900°C and sbove,

tho amount increasing with temperature up to 1200°C (Fig. 5.2 and Tablc 5.2).
Thorofore, 1t may bo suggosted that the decrecse in the strongth may he
duc to tho formation of the compound 9;‘&1203.213205 . Above 1200°C, the
gtrength increassd rapidly and this may be due cither to the increasc
of the AJ.I?'O4 content or to the decroasc of the amount of 915:!.203.228203
and tho formation of tho ceramic-type bond. On tho other hand, all of

theoe foectors moy bo importont.
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Comparing the two mixtu -A1,0 o (BP0, - -
xen a-41,0, + 108 (pro4 »53303) and o .41203 +
5% (H3PO 4+11313o3) (Fig. 5.3 and Table 5.2), it can be noted that:
(1) With low temperaturc fired samples (300 ~600°C), the 0%
mixture has a higher strength valuo than the 5% mixturc. This may be

oxplained on tho basis of the higher porcentago of A1PO, which hag been

formod in gitu in the former than in the lattor. !

(2) Botwoon 900 ~1200°C, the strength values of tho 109 mixturo
arc lower than those of the 5%. This may be due to thoe highor amount of
9132!.203.228203 vhich hos been formod in gitu in the 106 mixturc,

From thc above evidence, it appoart that the compound 91&:1203.213203
docs not function as o cemontitious material whon formed in situ. This
rocult io cupported by the work cerriod ocut recently by Baranova ot a1£136)
in their invoatigntion of the influonce of boric anhydride upon tho
physiconochanical proportics of corundum ouramics. Thoy found that
rwohanical floxure strungth ic docreased noticeably when tho borie
anhydride content io increcsed fronm ~ 1-2,%é The authors also suggestod
the reduction in otrongth nay be duc to cxycté.l growth and the partial
dipgolution of corundun crystals in the liquid phasc, which in turn
weekons tho contact points botween the various phases and grains, It
weo 2loo notod that whon caleiun hoxa~pluninate is nixed with (H3P0 Lt
HjBOB), it bohavou approxdnstely like oc-zs.‘1203 mixturos, Therefore, the
nbovo oxplanation noy sexrve in tho case of the CA6 nixtures.

Tho DTA reoults (Fig. 5.1 and Teble 5.1) shov that CAg, CA, and Ci,
vhen mixed with 108 (H3PO 4+1131303), all produce an endothemmic peak at about
1240°C, This was reported by Rickles(87) as the sublimation temperature
of BPO 7 at atmospheric prossure. 4 small amount of boron phosphate may
thus be formed fron tho above mixtures, but it is evidently too annll
to bo detacted by XED (Fig. 5.6). A DTA pook at 1240°C wes not however
dotoctod when oc-111203 wos used inpstead of o ccleiun cluminate phagedn.

This was probably duc to BPO 4/;;1P0 4 801id solution fomation,
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and is in accordance with the work of Hern'®7) yho concluded

that a complete series s0lid soluiion of *this type can be atteined above
1200°C. On tho other hand it wes ilso reported®’) tnnt A1PO 4~981,0,-2D,0,
wes o binary systom with portial solid solution at both onds,

Calcium monocluminate, calcium dialuminatc and Secar n250" mixtures
showod an inorecsc in strength with incrccging firing temperaturcs
without excoption. This moy be due to:

(1) Tho formntion of A1PO 4 4 ity at 300-900°C,

(2) Tho prosence of only smoll cmounts or the ontiro absonco of

9A1203.2}3203.

(3) A high dogreo of donpificotion taken placo betweon 900-1300°C,
(Porbiclos wore doformed 3T, Pig, 5.01, 5.94 and 5.154).

In oddition, the phass ocomposition and cspeeially the CA/CA, ratlo
was found to affoct the strongth of tho fircd sawplos. [ny decruace in
this rotio would incroaso the strength as chown in Tig. 5.23. This io
cononcurcto witiy contouporary published mrlc(?3 8) o On the other hand
tho unkmown poaks (20 = 32°, 33,3° and 34°) vhich were dotoctod in tho
CA pixturco aftor firing at higher tonporaturcs reprosont uncharactorizod

comoound,

(b) Hot-promsing

The dependence of strength upon firing temperatures of the mixte
oc-A_1203 + 5% (H3P0 44-113303) ( previously hot-pressed under 207 Mt~ 2
pressure, at 300°C for 30 minutos) showod a groat similarity to the
roon tomporaturv casting mixturc oxcept betwsen 900 and 1200°C, In
this mixturc, the stroncth valuce arc (as oxpectod) approximatoly twice
thoss of tho room temperaturc cacting. At the come time, therce is no
docrcase in tho otrongth betwuon 300°C and 1200°C, This moy be duo to:

(1) Thu formntion of 91&1,‘,03.213203 at relatively lov tomporatury,

(600°C) (Fig. 5.5 and Tablc 5.2). (No noticuablo incivage in tho
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9A1 3.2}3 03 content after firing between 600 ~1200°C vas obscrved

(2~2.4% , Table 5.2)).

(2) Changes of porosity.

The above observations may explain why the strongth values in the
previousgly hot-pressed semplcs did not show the sudden docrease botwoon
900 -1200°¢C,

The mixturo o- }\.1203 + 5% BP0 4 showod a great gimilarity to the abovo
wirture over all the range of firing tomperaturus. On the other hand,
ond as expoctod, CA, mixtures with (H5PO 4+H3303) or BPO4 gshowsd o groat
pimilority to the corresponding oc—l‘..1203 mixturcgs., This is duc to the
much higher 1\:[.203 contornt and produets similar to thoso fronm oc-A.'!.203
mixtures arc perhops nore likely.

Firod products of calcium wmonooluminate, caleiun dialwiinatce and
Scear "250" comwnt nixturos with (H3 4H5B0 ) or BPo4 ghowmd o grent
gpindilarity with coach other. They all chowod on inereasc in strongth
with inecrvaping firing tonporaturce without oxception, Thoe factors
suggested previously (Section 5.3(a)) are believed to affect the strongth
here as well., The depondonce of strongth on CCA ratio using (H3P04 +
113303) or BPO A bording agents arc shown in Figures 5,24 and 5.25. A
greatv similoxrity botween both figwros con be noticed. '™hig suggmests
that for each starting material, mixcd wita (H j29] 4+H3303 ) ox BPO,,
ncarly tho sumo reaction products and dogres of densification took placc.
It is believaed that the most importont poxt of tho strongth ve firing
tomporature curve igs between 900 -~1200°C. In this port, most of tho
roactions, and dengification prococs, took placc. The rolationphip of
otrongth difforence betwecn samplos fived ot 902 and 1200°C and CS-A
rotio ic chown in Fig. 5.26., An increcoc in thic difforcence vith
inorvaging == G +A rotio ie evidont.e It is bolieved that tho degroo of

dengification i ploying tho important part in thic zonw of firing
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temperaturc and consequently senerating the high strength values.
Howevar, volumetric shrinkage is ome of the importent phenonena which

occur during sintering proccsses, The relationships betwoen tho

pereentage of volumctric shrinkage and '('}'Q'K rotio ig showm in Fig. 5.27,
whorcas the relationship botweon the percontoge of volumetric shrinknge
and the comprespive strengtl is showvm in Fig. 5.28. From those guaphs,
it vne found that the highor the -(-,-C_;A- ratio, the Ligher the strongth
difforonce betwoen 900 and 1200°C and tho higher the volumoetric shrinkage
in the some ronge of firing., In addition, it is of interest to notice
thot thore is no great strongth difforence betweon samplos mixod with
(H3P0 44-53303) and thope mixod with BPO 4

The obove obmervationu indicatc thet the rusulte moy Lu divided into
two main groupo:

(1) T first group includes a-}\l203 ond CA, wixturcs with oithor
"H5P04+H3303" or BPO4. In this group it is suggested that ihe strength
developed is dependent firstly on the phases produced fiom the reaction,
and gocondly on tho donpification and sintering processes which take
place st high temperatures.

(2) Mo oocond group includes CA, CA, and Secar "250" cement
nixturos with "H3PO4+H3IBO3" ox BPO4. In thic group, it io suggoastod
tha' tho strongth ic dvpondent firpily on the donpification and sintoring
proccssos which talo placo ot higher temperaturoc and gocondly on tho
phaoeo produced in the reactionas.

Thio moy oxplain why momberc of the firgt group havo higher
otrength values than the socond group, in the low range of firing tomp~
oraturc, (L.0. 300 -900°C ),wherens membors of the second group (especially
CA) dovolop tho higher strongth whon fired in tho high temporaturo

renge (Lece > 900 =1300°C),
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(¢) Strength-porosity relationship

Compressive gtrength~porosity relationships for fired samples
previously hot-pressed (under 207 M~ 2 pressure, at 300°C for 30 minutes)
have been investigated using two different empirical equations. Figure
5.29 shows this rolotionship plotted on the basis of equation 2.7¢108),
and Fig. 5.30 on the basis of equation 2.8(109).

From these figures, the following observations can be made:

(1) Calcium monoeluminate, CA, calcium dialuminate, CA2, and Secaxr "250"
coment mixtwres follow the exponential relation in equation 2.7, Fiz, 5.29,
wvith an scceptablo n valus (n =~ 9). Tho values of n es discussocd beforc
(Saction 4.3(c)) will depond on pore location, sizc and shapo. Thorefore,
it can bc suggested that these three mixturcs behave spproximately tho
seme with regard to those factors which affect n valucs (more location,
size and shape).

(2) Tho line mepresenting calcium hexa-aluminate, CAg, and o=A1,04
mixtures, Fig. 5.29, has o steeper slope (n == ~ 34) vhich indicates that
for o given decrease of porosity o great incvease of strength is obtained.
In oddition, these two mixturcs are also approximately similor to each
other but they look quitc difforent to the threc mixtures above (ca, CA2
cnd Socar "250").

(3) Figure 5.30 chows a good fitting of the dats from calcium hoxo-
luminate, CA6, and. or--Ale3 mixtures with a high slope value, LHoroover,
calcium monoaluminato, colciwa dialuminate and Secar "250" cement ghow

an accoptable fit as well,

¥ +H » BPO additives can be
(4) The eifect of either (H3P0A }2_5305) ox 4 99
conoidered o aid the donsification, especially of CA, CA2 and Secox

1250" cemont. Thorefore, it has a greet influence in decreasing tho

porosity of those mixturce, particularly after firing at hizher tomp-

craturesn,
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basis of equation (2.7).
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-

(5) It is ovident from both graphs that the data will fit in two lineo
vith different n or slopc values. Therefore, it ie apparent that the
differconce in stoarting naterial is affecting this relatiouship,

egpecially in the presence of additives.

(6) Generally, both equations, with appropriate n and sulope values,
shov a nearly similar fit to the data. Therofore, this work supports
the viow of Bvans and Tappin''2?) that the use of single erpirical

reloationship to ropresent this dependence could be migleading.
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CHAPTER 6

PHOSPHORIC ACID + CHRONMIUIM TRIOXIDE MIXTURE AND
PREFABRICATED CHROMIUM PHOSTHATE ADDITIVES

6.1 Phosphoric fcid + Chromium Trioxide Mixture
A stoichiometric mixture of phosphoric acid (H3P0 4) and chromium

trioxide (Cr03) was used as a bonding agent. Throughout the present work,
5 and 10% of this mixture was reacted with oc-A1203, Chg, CL,, CA and
Secar "250" cement. The three different techniques of sample preparation

were used (Chapter 4).

6,1.1 Results

6.1,1.1 a=A1,0, H,PO, + CrOB)

(a) Samples cast at_room temperature, followed by firing

The seme procedures previously described (Sections 3.3.1 and 3.3.3)
were followed to mix and fire a-Al,0y with 5 and 10% (H3P04 + Cr03). X-ray
analysis, Fig. 6.1, showed that aluminium phosphate, A1PO 4 wes the only
new crystalline compound to be formed and detected after firing.

Dependence of strength upon firing temperatures is shown in Figures 6.2
and 6.3. The results showed that 10% (H3P0 4t CrOB) gave higher strength
values than mixing with 5%. However, in both mixtures, there was an
increase in the strength values with increasing firing temperatures.
Microstructures of somc of these samples after firing at 1300°C are shown

in Fig. 6.44 & B.

(b) Hot-pressing

A combination of 5% "HBPO 4 + Cr03" and 95% a-A1203 was mixed using
~ 0.1 w/s ratio, under constant pressure (207 MNm_z), for constant time
(30 mins.) and in the range of temperature 150~ 700°C. The procedure
previously described (Section 3.3.2.2) was followed. In addition, samples

propared under hot-pressing conditions (207 MNm™~2 pressure, for 30 minutes
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FIG. 6.2: Dependence of strength upon firing temperatures. Samples

mixed with 5% (H3P04 + Cr0

fired for 24 hours.

3), room temperature cast,
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FIG. 6.3: Dependence of strength upon firing temperature. Samples
mixed with 10% (H3P04 + @03), room ‘temperature cast,

fired for 24 hours.



FIG, 6.4A: SRBY Micrographs of a»-l‘.1203 mixed with 5“ (rx3 4 })

cast at room temperature, fired for 24 hours at:

(a) 1300°C.

¥IG, 6.4p: SEM Micrographs of a-A1,0; mixed with 108 (H, 4 3),
cast at room temperature, fired for 24 hours at:

(v) 1300°%.

FIG, 6.4C: SH1 Micrographs ofa -il.0 5 mixzed with 5% (F;P0,+H,B0,),
hot-pressed, under 207 YR’ pressure at 300°C for 30 ting,
fired for 24 hours at:
(¢) 900°%

(a) 1200%

(e) 1300°.
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ot 500°C) were subjected to heat treztment in air in the range 300 - 130000
for 24 hours.

X-ray enalyses of samples hot-pressed at different temperatures
show that traces of AlLPO4 could be detected only after hot-pressing
at 700°C. However, X-ray analyses of fired samples, previously hot-
pressed (under 207 M~ 2 pressure, for 30 minutes, at 300°C), showed
that aluminium phosphate, A1PO 4’ is the only new phase which could be
detected. After firing at 900°C, the peak representing A1PO A was at
20 = 21,35° (tridymite form), whereas after firing at 1200 and 1300°C
the 20 value is 21.63° (mixture of tridymite + cristobalite forms but
mainly the latter). Dependence of strength upon firing temperatures is
shown in Fig. 6.5, where a continuous increase in strength with increasing
firing temperatures was observed. Mechanical properties of samples hot
pressed at different temperatures are given in Table 6.1, whercas
mechanical properties and related physical properties of previously hot-
pressed samples after firing are given in Table 6.2. Microstructure

of some of these samplos are shown in Fig. 6.4C.

6,1.1,2 Calcium aluminates + ‘HMB)
(a) Samples cast at room temperature, followed by firing

The same procedures previously described (Sections 3.3.1 and 3.3.3)
vere followed to mix and fire calcium mono-, di- and hexa-aluminate with
5 and 10% (HEPO4+CrO5) ueing 0.25 w/c ratio. X-ray analyses show that anhydrous
aluminium phosphate could be detected as traces in CA6 and CA2 mixtures
after firing at 900°C. In addition, calcium monoaluminate mixtures
showed the formation of caleium chromate, CaCr04, after firing at 800°c
which was detected by the peaks at 3.62, 2.68 and 1.85 £. After firing
at 900°C, a new compound appeared with the main poeak at ~ 3,77 2. By
increasing firing temperature up to 1500°C, an increase in the

intensity of the above peak and the appearance of another group of
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FIG. 6.5: Dependence of estrength upon firing temperatures. Samples
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pressure, at 300°C for 30 minutes) before firing for 24 hours.
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Hot-pressing Parameters Indirect
Mixture Pressure | Temp. | Time rZ{is.o Tens.’_tizle Strongth
(mw=2) | (o) | (min) (™)
a-A12o3 + 5% 207 150 | 30 0.1 3.560
(H5P04+Cr03) 207 300 | 30 0.1 7.184
207 400 | 30 0.1 6.870
207 500 | 30 0.1 9.394
207 600 30 0.1 9.545
207 700 | 30 0.1 11.148
Chg + 5% 207 150 | 30 0.1 5.24
(H3PO4+Cr03) 207 300 | 30 0.1 3.14
207 400 | 30 0.1 2.24
207 500 | 30 0.1 2.43
207 600 { 30 0.1 -
207 700 | 30 0.1 2.87
CA, + 5% 207 150 | 30 0.1 2.37
(H3P04+Cr03) 207 300 | 30 0.1 -
207 400 | 30 0.1 3,25
207 500 | 30 0.1 -
207 600 | 30 0.1 -
207 700 | 30 0.1 2.236
CA + 5% 207 150 | 30 0.1 1.86
(H3P°4+cr°3) 207 300 30 0.1 -
207 400 | 30 0.1 1.93
207 500 | 30 0.1 1.688
207 600 | 30 0.1 2.046
207 700 ! 30 0.1 2.14
Secar "250" 207 150 | 30 0.1 5.87
grg%s(H3P°4+ 207 300 | 30 0.1 -
3 207 400 | 30 0.1 3.78
207 500 { 30 0.1 2.45
207 600 | 30 0.1 2.75
207 700 | 30 | 0.1 2.99

TABLE 6,1: Mechanical properties of «=-A1,05, CAg, CA,, CA and Secar "250"
cement mixed with 5% (H3P0 4+Cr03), hot-pressed under constant

pressure (207 MNm-z) for constant time (30 mins.) at different
temperatures.
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peaks were observed (Fig. 6.6).

An attempt was made to separate this compound in a pure state.

A mixture of CA + 5% Cr0; was fired at 1300°C for 24 hours. The
product was then ground in an agate mortar, mixed with excess distilled
water and stirred continuously overnight. The solution was then filtered
and the filtrate was evaporated on a water bath. Finally, the product
was fired in air at 1300°C for 24 hours.

The X-ray pattern of this product is shown in Fig. 6.7. The product
was chemically analysed for Ca2+, A13+, Cr3+ and Cr6+ as follows(14o):
0.2 gm of finely ground sample was weighed, and about 2 ml of
H3N0 4 (1:1) was added. The solution was then diluted to about 100 ml
and heated (~ 80°C) and ammonium hydroxide was added drop by drop, so
that all the A13+ and Cr3+ were precipitated. The solution was then
filtered and tho filtrate was kept for the determination of Ca®® and
cx®*. The precipitate was then dried (110°C), ignited and weighed as

two mixed oxides of Al and Cr(III).

Calcium was detormined by an Atomic Absorption Spectrophotometer
(Model EEL 240, Corning-EEL, Essex, England). A calibratien curve for
Ca2+ was prepared using standard Ca.Cl2 solutions, and the calcium content
was determined from this.

The amount of hexavalent chromium was determined by adding a 10%
solution of barium acetate drop by drop to the filtrate while it was hot.
After cooling, the solution was filtered through a sintered glass orucible
of porosity grade 4 and the precipitate of BaCrO 4 washed with hot watex.
Pinally Cr6+ was determined by weighing the sintered glass crucible after
drying to a constant weight.

Trivalent chromium was determined on a2 separate 0.2 gm samplc and

the procedure described above was repeated until =1l the Al3+ and Cr3+

were precipitated. The solution was then filtered and sodium peroxide
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FIG, 6.6: X-ray diffractometer traces of the mixture Ca + 10% (H;PO4 + &05).
Room temperature cast, and fired at: (A) 800°C, (B) 900°C,
(c) 1000°C, (D) 1200°C, (E) 1300°C, for 24 hours, and (F) 1500°C
for 2 hours.
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was added carefully to the precipitate until it was dissolved,
converting the Cr(III) to sodium chromate. The solution was then diluted
to about 40 ml and nitric acid (1:9) was added until the solution was
neutrgl to litmus paper. The solution was then transferred to a 100 ml
beaker and a solution of 10% barium acetate was added to the solution
whilst it was hot until all the Cr(VI) wes precipitated as Ba,CrO4.
After cooling, and allowing the precipitate to settle, the solution was
filtered through a sintered glass crucible and washed with hot water.
After drying, the sintered glass crucible was weighed and the weight of
Cr calculated. By subtracting the weight of Cr5 + from the combined
wolght of the mixed oxides of Al and Cr(III) determined above, the A
was found by difference.

The results showed that this compound contains 48.2% A1203, %5.8%
3 No Cz:203 was detected.
Dependence of strength on firing temperatures is shown in Figures

Ca0 and 15.7% CrO

6.2 and 6.3. In all the mixtures, there was an increase in the strength
with increasing firing temperatures. However, it is of interest to note
that the strengths after firing between 300 - 900°C were in the sequence
CA6 > CA2 > CA, whereas after firing in the range 900- 1300°C they were

in the sequence CA > CL2 > CA6.

(b) Hot-pressing
Combinations of 5% (33po 4t Cr03) with 95% Cig, Ch,, CA and Secar

"250" cement were mixed using ~ 0.1 w/c ratio, under constant pressure
(207 Min~2) for constant time (30 minutes) and in the range of temperature
150-700°C. The procedure previously described (Section 3.3.2.2) was
followed. In addition, samples prepared under hot-pressing conditions
(207 Mm ™2 pressure, for 30 mins. at 300°C) were subjected to heat
treatment in air in the temperature range 300-1300°C.

X-ray analyses of samples hot-pressed at different temperatures
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show that no reaction in any of the above mixtures took place up to 700°C.
X-ray analyses of fired samples previously hot-pressed show no
significant difference to those fired samples cast at room temperature.
The new peaks previously detected in CA mixtures, room temperature cast
and fired at 900°C, were also detected in CA and Secar "250" mixtures
after firing at 900°C (Fig. 6.8). Mechanical properties and related
physical properties are given in Tables 6.1 and 6.2. Dependence of
strength upon firing temperatures is shown in Fig. 6.5. Between 300 -
900°C, the strength was in the sequence CA6 > Secaxr "250" > CA2 > CA,
whereas above 900 - 1300°C, the sequence was Secar "250" > CA > CA2 > CA6.
Microstructures of some of those samples are shown in Figures 6.9, 6.10

and 6.11.
Calcium monoaluminate and Secar "250" cement both contain the

compound analyzed in (a) above, and the X-ray pattern is shown in

Fig. 6.7. The above two starting materials were mixed with 2.5 and 5%
Cro3 only. Three different methods of sample preparation were also
used (Chapter 4).

X-ray analyses of both mixtures (CA or Secar "250" + Cr03), either
those cast at room temperature or those previously hot-pressed (under
207 I‘le.z pressure at 300°C for 30 minutes), revealed that the compound
with the characteristic X-ray pattern shown in Fig. 6.7 was formed after
firing at 900°C. On the other hand, no reaction took place by hot-
pressing between 150—70000. Dependence of strength on firing tempcrature,
and upon the percentage of Cr05 added of previously hot-pressed samples
is shown in Fig. 6.12. Genmerally, by increasing the percentage of CrOB,

improvements in the strength values were obtained.
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FIG, 6.9: SEM Micrographs of CA mixed with 5% (HBPO +Cr03),

4
hot-pressed under 207 i®m > pressure at 300°C for

30 minutes, fired for 24 hours at:

(a) 900°
(b) 1200°

(e¢) 1300°.






FIG. 6,10: SEM Micrographs of CA, mixed with 5% (33P04+c 3),
hot-pressed under 207 Mm% preasure for 30 minutes

at 300°C, fired for 24 hours at:
(a) 900°C
(v) 1200%

(e) 1300%.






FIG, 6.11: SEM Micrographs of CA, mixed with 5% (H3P04+Cr03),
hot-pressed under 207 M¥m 2 pressure for 30 minutes

at 300°C, fired for 24 hours at:
(a) 900°%
(b) 1200°

(¢) 1300%.
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6.2 Chromium Phosphate

Amorphous, o and ( chromium phosphate, CrPO,, were used as bonding

4
agents. The two different techniques of sample preparation (room temp-
erature casting, and hot-pressing (under 207 MNm™2 pressure at 300°C for

30 minutes) followed by firing, 300-1300°C) were applied.

6.2,1 Results

(a) Samples cast at room temperature, followed by firing

Calcium monoaluminate, calcium dialuminate and caleium hexa-aluminate
were mixed with 10% of either o, § or amorphous chromium phosphate. The
procedures previously described (Section 3.3.1 and 3.3.3) were followed
for mixing and firing using 0.25 w/c ratio. X-ray analyses show that
traces of aluminium phosphate were present in the CA6 mixture, but not in
the other two mixtures (CA2 and CA). On the other hand, CA mixtures
showed the appearance of the compound with the X-ray pattern in Fig. 6.7,

after firing at ~ 800°C, whereas below that temperature calcium chromate,

CaCrO,, was detected, as shown in Fig. 6.13.

49
The compressive strength values of the above three mixtures were

found to be not so promising. However, by using amorphous chromium

phosphate, a slight improvement was noticed.

(b) Hot-pressing
Only amorphous chromium phosphate was used as a bonding agent by

cpplying hot-pressing technique. Calcium monoaluminate, calcium di-
aluminate and Secar "250" cement were selected to bond with 5% amorphous
chromium phosphate. Tho same procedure, previously described (Section
3.3.2.2) was used for sample preparation with ~ 0.1 w/c ratio.

X-ray analyses indicate that there were no significant differences
between these samples and those cast at room temperature. The hot-pressed
samples did, however, show some improvement in strength. Dependence of
strength upon firing temperatures is shown in Fig. 6.14. Mechanical prop-

erties and related physical properties are given in Table 6.3.
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FIG. 6.14: Dependence of strength upon firing temperatures. Samples_,
mixed with 5% amorphous CrP0,, hot-pressed (under 207 Mim
pressure, at 300°C, for 30 minutes) before firing at
different temperatures for 24 hours.
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6.3 Discussion
3 . (46) : . .
At an eaxly date, Kingery reported that the addition of chromic
acid wag believed to increase the activity of phosphoric acid. However,

the most extensive study using o mixturc of Cz'O3 and P205 was carried out

by O'Hara et a,l.(5 2). In their investigation they studied the effect of
varying the phosphoric to chromic acid ratio on the strength propertics
of the product. Howevor, it has been reported that the formation of

sluminophosphatc and sluminum chromium phosphnte binders depends nainly

on the P 05/Cr? 5 olax ratio(141’142).

The Oo,O-CrQO, (213.0—.4L-.2 3 system was first investigoted by Ford and

09(143). Thoy suggested the formotion of o quaternary phnse with the

formla 1000,0.8A1203 2()1‘203 Cz'O3 Thege authcrs also esitoblished the

uppor limit of its otability at -bout 1500°C and tho dissociation

products a~coleium chronitc and cclcium ronoaluninate, which formed a

lirdted golid solution. Later, in 1964, Nighino and l’loto‘u(144) ~lso

obgervod ¢ tornry compound in the systen C..,O—Cr O 203 cbove 1000°C

and proposed tho forrmle 800,0.51&1205.20:!:03. Howover, the most rccont

work on the above oysten wos corried out by Klyocharov and Go.onko(145 ).

Mhege cuthors have confirmed the existence of a ternaxy conpound in tho
syoton Co.O-Al203~CrO3. According to their data, the composition of thinp
corpound corresponds to the forrmlo 40:3,0.'54{&!.205 (11‘03

Fron the presont study,it hos boon noticoed that, in the nixturc

CL + Cr0., o new compound wog foruoed on firing at 900°C, X~y analysis

3’
ghowed that the d-npacing datc frou this coupound agrood to o great
oxtent wvith the recently publishcl dato.(145 ) (Table 6.4). In nddition,

cherdcal analysis of this conpound (Section 6.1.1.2(a)) indicoved that

the forrmla is 4(3:3.0.5{‘.1?03.(13303 T4 is of interont to notc thot whon
calciun dialurninatc, CA?, wao ixcd with Cr05, no tracca of tho above

conpound wore detectud.
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Prosent Work 1 Klyucharov and Goenl«:o(145 )
20 a3 /1, 20 a-3 } /I, |
: —
23,61 | 3.769 100 2%.60 3,77 % 100 §
27.24 | 3.273 19 ) 226 o321 i 13 '
: 30,53 | 2.928 5 i |
! 31,04 | 2.86 4 | :
|33.55 | 2.673 | 45 35,56 | 2.61 | 3
36,31 | 24474 15 36,36 | 2.47 | S
38435 2,347 | 10 i
38,95 | 2,312 10 38,99 2,31 1 13
41.42 | 2,18 35 442 2,18 35
44461 ! 2.0315 6 44.63 2,03 3
46,09 1.968 3 46,05 1.971 4
47.61 | 1.91 9
48,22 | 1.887 5 48.25 1,886 6
50.3 1.814 5 5044 1,610
51.42 | 1,686 ¢ 54445 1,685 7
56,30 | 1.634 13 56437 1,632 12
' 58,32 | 1.582 5 58,32 1,582 | 6 |
59.3 1,56 11
60.25 1,536 4
62,00 | 1.497 7 62,00 1,497 7
67.3%6 1.39 6 67431 14391 7
65435 1.355 7 69.17 1.358 7
70,95 | 1.328 6 70484 1,330 5
76415 | 1425 4 75.85 1.254 6
l

Toble 6,4:  4=roy aiffrection data for the compound 15,()9.0.3»1&1203.()1'03
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It appears, therefore, that the E%A-. ratio may play a part in the
formation of the 40&0.31&1203.(::::03 compound, which is favoured by
increasing Ca0 content, On the other hand, the formntion of this compound
can also bo explained on the basis of the structure of both CA and CAZ'
Colciun monoaluminate wns reported to have B-tridymite type structure('d),
in which the presencce of 6-coordinated Co.2+ (by oxygen) ccumes consider-
cble distortion of the structure, This distortion probably opens the
oxygen framework ond loogsens A13+ in ite 4~coordinnted positions, thus
onobling some oSt (ionic redius 0.52 %) to replace n3t (ionic rodius
0,50 3). In order to balance the charges it is probable that ono or®*
roplaces two Al3 +, loaving unocoupicd sites, In the calcium dialuminate
structuro, 6" 1s reportod to be 9-coordinnted (by oxygen). This may
lecad to lems digtortion of the structure ond consecquent greatexr

rotention of the A15Y.

(a) Somplos cost ot room temporaturc, followed by firing

It appeared from the XRD analyses that aluminum phosphate was the
only new compound in these mixtures., However, it is obvious that its
formation in gitu was favoured by inorecsing A12°5 content, On the
other hand, no aluminum chromium phosphate binders were detocted. In
oaddition, it is well known that (}r5 * (ionic radius 0.69 3) and Al3 +
(ionic rodius 0,50 1) arc similer in their chemical propertics ond
thoir 6-fold coordination by oxygon. Furthermore, it was also reported
thot the caloulated velucs of the lattice parameters o, o of ('}:':203-111203
golid solutions showed o linocar rolationship to the concentration of
Cry04 (Vegard's law)(146). Moxeovor, because the ionic radius of or’?
is much larger (~ 27 porcont) thon thet of Y *  the solid solutions
have less ctomic density and also the crystal lattice is more distorted

owing to disturbance of the atomic arrang'ement(147).
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The lattice parameters for the mixture cx—AJ.203 + 10% (H3PO4 1 Cr03)
were studied. The interplanar distance dhkl for the reflection 110 and

012 was sclected for calculation of a and ¢, using the equation

) =£(£2._t..h.1s_t.l‘.2) 4..1.2.
2 3 2 o2

The results show that tho a and ¢ axes increased by about 0.42 and 0.77%
from tho valucs with pure a-A1203. This increase is dus to the colid
oolution.

At the same time CAg and CA, also formed solid solutions with Cr203.

On the other hand, calcium monoaluminate, CA, wos the only compound
to rooct with C:r:O3 to form calcium chromate at about 800°C, and the
tornary compound 4Ca0, 31&12,03.01'03 on firing ot about 900°C,

Dopondonce of strength upon firing temporature of these mixturcs is
shown in Figs. 6.2 and 6.3, It is belicved that aluminun phosphato
content and porosity arc tho main factors which affect the strength.
Fron tho figurcs it appears that up to 900°C, tho strength wms in sequence
a-A1205 > CAg > C4, > CAs This con bo cxplainod on the basis of the
A1PO 4 content which is decreased by increasing Ca0 content, However,
above 900°C the strength was in the sequonce oz--Alzo3 > CA S CA6 > CA2.
The large improvement in strength values of calcium monoaluminate may be
duo to the formation of the compound 4(2{3,0.31\1203.01-03 on firing at 900°C,
This compound is belicved to contribute to the strongth. In addition,
10% (33P04 + 01'03) wag found to be botter than 6. This may be due to
the obsorved inorcasc of the ALFPO 4 and 4(::;0.31&1203.(&03 contents, formed
in situ by increcsing the percentage fron 5 to 10%.

Profobricated chromiun phosphate, «, P and amorphous forms, were
found to have limited succoso as bonding asgents. However, tho amorphous
phase was nore effective than the crystalline forms in promoting an

incroase of strength.
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(b) Hot-presging

Apart from producing more dense and less porous materials,
Figures 6.4(c), 6.9, 6.10, 6.11, XHD analysis showed no significent
differences in composition betwceen samples cast at room temperaturc
and those which were fired after hot-prescing (under 207 M2 pressurc
at 300°C for 30 minutes). Howover, thce dependencc of strengths upon
S rotio i shown in Fig. 6.15. Tho same behaviour which has boon

C+A
obsorved in (a) above is cvident. The data in Fig, 6.15 indicates

that, up to 900°C, thc strongth wags in thu scquenco oz-Ale3 > CAg >

CA2 > CL, whoroao above 900°C the soquence was ot-A12O3 >CL> CAg > CAZ‘
This agoin may indicate that the compound 4(7c),0.',’sA:l.203.Cro3 may toke
part in thce improvomont of the otrength properties of CA above 900°C.
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Samples mixed with 5% \n.3P04+Cr03), hot-pressed
(under 207 Mitm ™2 pressure, at 300°C for

30 minutes) before firing.



156

(¢) Strongth-porogity rclationghip

Compressive strength-porosity relationships for fired samples, mixed
with 5 (I,P0, + 0x0,), previously hot-pressed (wnder 207 Mit™ presoure,
at 300°C for 30 minutes), havc been investigatod on the basis of tho
ompirical oquations 2.7(108) and 2.8(109). These relationships are shown
in Figures 6.16 and 6.17.

From the figures, it can be observed that the dota fite throo
differont linus, with differont n and nlope values. Thoerofore (as
discugoed in Scetions 4.3(c) and 5.3(c)), it is bolioved that porc
locction, pizo and shapc arc the main factors which affuet n end slope
velues., Thome reoults aloo show the depondence of thin relationchip on
tho otorting material, At the pame time, it has bocn found that tho
data fronm both CA cnd Socoxr "250%" mixturcs fit in onc line on both
graphs, Theac arce tho only misrburos containing the 4Ca0.3111203.0r05
compound., Thorefore, it rny be suggestod that the pore size, chape and
location in both of thoem arc ncarly similar, Generally the line which
represonts those niyturcs has o cteepor slope in both graphs than the
othur two lines rupresenting a-A1203 and CA6.- Thic indicatos that for
a givon doecrcase of porosity a great incrcasc in strongth is obtaincd.
At the sarc timo, no clear conclunion con be drawr: fron those reesults
cbout tho offoct of the additive on thoe ptrongth-porosity »elationslip,
viorens it is noticcd that CA and Sccor "250" cerwont arc clearly roduccd

in porosity by the formation of tho cormpound 4‘.'.‘.:).0.3!;1203.(}:1':03 in gitu.
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CHAPTER 7
HOT=~ S, OF "'

Pure calcium monoaluminate (CA), calcium dialuminate (C1,), calciun
hexa-aluminate (CA.6), corundum (a-A1203) and the commercial material
Secar "250" coment were studied under hot-pressing conditions. All the
experimonts wore carried out under comstont pressure (207 MNm-2), constant
time (30 minutes) and in tho rango of tomperatures 50-700°C using 0.1 w/c
rotio, Somo of the samples hot-pressed ot 150°C were curcd for 1, 5 ond
28 days, ond some of thon wore heated in tho rango 300-1300°C for 24
hourc aftor curing for 28 dzyn, In addition, samples were also hot-prossod
ot 300°C and dircetly hootod (without curing) in the samc range of
terperaturce,

Physical and ncchanical propertios woere noasurcd and, in addition,
XD and I.R. analysis, DTA gtudy, and norphological observation by SEM

werc carried out,

Te1 Rﬂggtg

1.1 t= g ot foront ratures

Calcium monoaluminate (CA), calcium dialuminate (CA2) and Secar "250"
cement were selected for study at different hot-pressing temperatures.

As shown in Fig. 7.1, as woll as in Table 7.1, stroengths of all samplos
inexecsod, whon hot-pressing temporatures were raised from 50-150°C,
but at 300°C strongths decreased markedly, although thoro was a oub-
soquont small riso botweon 500-~700°C,

The DTA pattormns for CA, CA2 and Secar "250" cement hot-pressed at
differont tomperatures are shown in Fig. 7.2 end the results summariged
in Table T.2. A smoll ondothermic peak at about 290°C is found in CA hot-
presocd at 50°C. Thic is presunnbly due to dohydrotion of CzA.o,q.(Ma)
On incrensing tho hot-prossing tomperaturc to 75°C, two ondothermic
poaks were found at about 290 and 315°C, which presumably ropresent

CZA.a.q. and CBAHG roupootively(14'8). By increasing hot-prossing
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Fig.7-1 Dependence of strength of pure CA, CA2 and Secar '250' cement
upon H.P. temperature.




201

(*3u0) Tl etqes

1562y z¢ - 202 { 10 | of | ooL | Loz
L9'se | v - vo°2 Lo i of . 009 w L0z |
lg'se | 6z 1 = b0z 1 10 | of : 00§ Loz | m
2¢ 82 gt'¢ | - g2z ! 10 | of | oov Loz |
| e ieoty $0° Ly S0z i 1°0 m o€ | oo¢ Loz M
| 1(X4" 6°gc 2°092 6v-z i1'o , of 0S1L Loz !
el | vz 9° 064 Gz | 1°0 m of | oot 102 w v onnmm
{ . X ; ” : : :
i 18782 8°8 - o'z 10 o m ooL | Loz | M
ez A - g | 1o og i o009 o Loz !
88z | 0°8 - oL'e w o I o W 005 | Loz | |
Sv-Le m veooL - O B ooy 1+ loe M
gv*e 1 9%2L . 60°¢LL 02’z 1 40 !0t oo Loz | w
6L | oo'se vr¢Ge | s'2 § 10 of | o5t . Loz i
Lz*9L m G2z | e ov'z 1 1o | o¢ i oor | Loz m
22¢ 6l m 8°GL w 9-oti 8€°2 ¢ 10 w of | 6L | Loz v eIy |
| ! L .
! t aarssaxd | . P ; P o |
00 (T T s | apper | o | o | ecotis
43180309 m m..szﬁ nﬁwgvmfﬂ &3ysueq * o/n “ sxejewered Surssexd-30y | TeHOIe

1

i




202

oy axmssoxd

Nl.

*seanjexedmwe) JUAIOIITP 3B s9jnuUTW O

U LOZ deopun possexd-30y Juawed

w0G2y TEedag

pue Nﬁu ‘vp Jo seTjxedoxd teoTsAyd pejerex pue seyjaedoxd TeoTueyosy :1°L O148]

1z Ve qm 02l N - 9L°2 10 o¢ | ooL w Loz m _
i2've | 66 | - 91°2 10 1 W 009 | Loz | .
08°22 'Lt - 02°2 L°0 o¢ j 006 ! Loz |
16°€2 69 1 - 8L°2 10 of | oov | Loz |
G-z e | eost 12°2 1°0 of | oog m Loz ,
25°01L rree ! 1] 66°e L0 0¢ : ost ;  loz
86°21 Gz m b2 vz 1°0 of | oot m Loz W0GZu T9005
| . ! . :
® | aTT8UA, _. wZ..mM”M _ oy oras m“.nﬁm M .&wlwa ,— wﬂmmw_wﬂwm « y
£378030g | o mys fysusq| o/m PR Terxe3 el w
H }

(*3u00) T O



AT

203
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— | HP150°C
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{C)
Fig. 7.2: DTA traces of (A) CA, (B) Cap, (C) secar "250", hot-pressed

under 207 MN‘m-2 pressure for 30 minutes at different temperatures.
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temperature to 100 and 150°C, a remarksble decrease in the DTA peak
at 290°C, and a noticesble incresse in the peak at 315°C, was observed,
Finally, by hoi~pressing at 300°C, a very small trace of a peak at 375°C
vas detected. The same products were observed either from CA2 or Secar
"250" cement hot-pressed between 100. 300°C ag in Fig. T7.2B & C,

The XRD analyeis of the samples are shown in Figures 7.3, 7.4 and
7Te5. Tricalcium aluminate hexahydrate (c3AH6) vao ldentified by peaks
at 5.13, 2.81 and 2,30 { , and gibbsite (AHB) was identified by a peak
at 4.85 K ¢ these were the main hydrated products obtained by hot-
pressing up to 150°C. By hot-pressing at 300°C, only traces of C3AH6
were found from CA samples and it completely disappeared in CA‘Z and

Sacar "250" cement samples.

Infra-red analyses of theme samples are shown in Figures 7.6, 7.7
and 7.8, In addition to the usual absorption pesks due to CA, CA‘Z and
Secar "250" cement, an absorption pealk appears at about 530 cm""i vhich
in due to the presence of 031;116(149) o Thig peak appeared in samples hot~
pressed up to 150°C, vhereas it was weaker or completely absent in
samples hot-pressed at 300°C,

Morphological observatiions of the miocrostructure of these samples
are showm in Figures 7.9, 7.10 and 7.17. Oamples hot-pressed at 150°C

are generally more dense, and less porous, than samples hot-pressed at

300°C.

[o1.2 Hot-pressing, followed by curing

Calciwn monoaluminate and secar "250" cement were hot-pressed vmder
207 Mn™? prossure at 150°C for 30 mimrtes, then cured for 1, 5 and 28
deys.

The results obtained were in good agreement with results published

recently(56). The XBD results ere summarised in Table 7.3.
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Fi [J [J
SH1 Micrographs of CA, hot-nroascd under 207 M 2 progsure,
for 30 minmutes, at:

(a) 75°C

(b) 100°¢

(e¢) 150°C

(a) 300°C

(¢) 700°C
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Fig, 7.10
SEI Micrographe of CA,, hot-presm:d undo: cu] 1tk ° prosoure,
for 30 mimutesn, -t

(a) 150°C

(») 300°C
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BFig, 7.11
SHT Ihcropraphs of Secar "250" coment hot~pymacnod under
207 Tt 2 presswre, for 30 minutes, ab:

(a) 150°C

(v) 300°C
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Material i Curing Phase Identification
Tine
(days)
cA | 1 CA, CgAH (5.13, 2.81 and 2,30 £ ),

| 2ty (4.85 £), CyuH (105 £ ),
CyhH_ 52 (7.6 R Yand 11.3.

5 CAy CyAH (5.3, 2,81 and 5.30 £),
| A (4.85 £), cpamy (10.7 R)
28 Gk, CyiHlg (5.13, 2.81, 5,30 £ end

others), AH, (4.85 and 4.37 £ ),
; | oyaEy (10,7 ) 11,32

¢

Secar "250" | 1 CA, (3112, C.AH, (2.81, 2,30 and 2.0/ E )
cement .,
1y (4,85 X ), cpny (10.5 X )
5 | CA, Cly, CgHg (5.43, 2.81, 2.30 and

2,04 £), 2, (4.85 and 4.37 § ),
C, AR (10,56 R), 11.32

28

o ettt o o b e ey e+ .

A, c;?, C5AH, (5473, 2481, 2,30 and
2,04 £), 1B, (4,65 and 4.37 £ ).

e —— e ——— . —a s ——

Table : Summary of XRD results of CA and Secar "250" cement,
hot-prossed under 207 Mis > at 150°C for 30 mimites,
cured for 1, 5 and 28 days.
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L1e1.3  Hot-pressing, curing, followed by firing

Somc calcium monoaluminate and secar "250" samples, hot~pressed

? prossure, at 150°C, for 30 minutes) and cured for 28 days

(wmder 207 IMtn
were subjected to hoat treatment in the range 300~ 1300°C for 24 hours.
Ls phowi: in Fig. 7.72 and Table 7.4, strength decreased to a minimum
velue at about 500°C, but increased again as the firing temperature
approached 1%00°C., XID results, Table 7.5, showed that the hydrated
products vhich had been formed during the hydration process were de—
hydrated. Microstructure of CA after firing at 1300°C is shown in

Figo 70 1 BB.
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T N
! Material | FATINE TeWD. | pnoo rgentification
, ! :
: i '
| ca ; 300 CA, C,A,Hy (3.59 and 3.24 £ )
i ! 600 | o&, Co A (4.89, 2.68 % 2.458) |
i ' and traces of CyisHs (3.59, 3.24 & )
‘ 900 | CA, traces of Cy,A, (4.89, 2.45 £ )
; . 1200 | CA, traces of Cyohy (4,89, 4.45 £),
j traces of CA2

1300 ! CA, and traces of CA,.
Secar "250" 300 C4, Chy, C,hsHy (3.59 & 3.24 £ )
cenent ' 600 CA, CA, and traces of C (4.89
» G4, 1287 (4.89,

| 2.45 £ )
i i 900 Chy Chpy and traces of Cy k. (4.89,

| 2,68 & 2.45 £ )

; 1200 ci, Ca,
: ]
; | 1300 ci, Ca,
| ! ?
Table 7.5: Summary of XRD results of CA and Secar "250" cement,

hot-pressed (under 207 MNm™? pressure, at 150°C,
for 30 minutes), cured for 28 days before firing at
different temperatures for 24 hours.
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»——= Secor ‘250"
o= CA

- -— ~
o wn (=]
A L 1

Indirect tensile strength MN m-?

W
i

Fig. 7.12:

300 600 900 1200
Firing temperature {°C) —»

Dependence of strength upon firing temperature. Samples
cured for 28 days before firing for 24 hours.

25

~
o
L

#——=x Secor'250°
*>—=e CA
= CA2
&——b CAg
o——o a.Al, 0y

o
1

')
1

Indirect tensile strength MNm™2

wn
L

0

Fig. 7.14:

L 1 T
300 600 300 1200
Firing temperatyre (°C) —>
Dependence of strength upon firing temperatures. Samples
fired directly without curing.
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Fior, 7.134

SE1 Micrographs of CA, hot-pressed under 207 il 2 prossurc,

for %0 mimutes at 300°C, fired at 300°C, 24 nours.

Fg, 7.138

SEM Micrographs of Ch, hot-pressod under 207 Mia 2 prossure,
for 30 minutes at 150°C, curod 28 days, firod et 1%00°C,

24 hours.
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L.1.4 Hot-pressing followed by firing

Pure CA, CA2, CA6, oz—A1203 and the commercial material secar "250"
2

cement werc hot-pressed at 300°C under 207 Mim © fox 30 minutes. These
Ramples vere subjected to heating in the range 300-13%00°C immediately
after removing from the cell. The relationship between strength and
firing temperaturc is given in Figure 7.14 and Table 7.6 with the other
rhysical properties. Generally there was a decrease in strength to a
minimum value at 900°C, but above 900°C it increased again. No strength
valuen for Clg and ct-Ale3 fired below 900°C were obtained because the
ramples vere very weak. XRD results are summariged in Table 7.7.

Hicrostructure of CA, after firing at 1300°C, ie shown in Figure 7.13A.
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Material | Firing Temp. Phases Identified !
A ,
CA 300 C4, traces of C,A.T, i
! 600 CA, traces of C12A7 (4.89 £ )
|
. 900 CA, traces of Cy,A, :
| 1200 C4, traces of CA, (3.52 ) |
!L ! 1300 CA, traces of CA, (3.52 § )
|
! Secar "250" 300 CA, CA2, traces of 01 2A.7
| cement (4.89, & 4.45 8 )
600 CA, CA2, traces of C.le7
‘ (4.89 & 2.45 £ )
900 Ci, CAy, traces of Cy A,
(4.89, 2.68 & 2.45 & )
1200 oA, ch,
: 1300 cA, CA,

ol

In the cases of CA

CA6 and «.-Al 03, no significant change
in the compoeition was noticed during the firing process.

Table 7,7:

Summary of XRD results for CA and Secar "250" cement,
hot-pressed (under 207 M ™2 pressure, for 30 minutes,nt

300°C) followd byfiring at different temperatures

for 24 hours.
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7.2 Discussion

The application of hot-pressing techniques in the cement field was
recantly reported6'96:97)  In the present study the effect of hot-
pressing temperature, over a wide range (i.e. 50 -700°C), on strength
properties of some calcium aluminate phases and the commercial secar
"250" cement were investigated. In addition, the dependence of strength
upon firing temperatures in the range 300 -1500°C for 24 hours (after
and without curing) was also studied.

The resulte of this work show that high strength values can be
obtained by hot-pressing CA, CA2 and secar "250" cement at low temper-
atures (i.e. 50-150°C).

From DTA results (Fig. 7.2 and Table 7.2), C,A.aq and C5AB, were
doetectod by two endothormmic peaks at about 290 and 315°C, respectively.
Peak arcas for both of the hydrated compounds were calculated following
the method described by Mackenzie and Rii:chj.e(15 O). It was found that
the value of peak area estimated from the experimental DTA curves for
031136 inoreased as the hot-pressing temperanture increased up to 150°C
in all three matorials. On the other hand, the peak areas for CZA.aq
decroased. The ratio betwoen peek area of CsAHG/peak area of C,l.aq
was plotted against hot-pressing temperature as shown in Fig. 7.15.
Genorally, this ratio was found to be increased when the hot-pressing
temperature increased and riore 031m6 was formed. On the other hand,
calcium dialuminate, CA2, wae found to have higher CBAHG/C2A°B‘q values,
followed by secar "250" and finally calciun monoaluminate. This may
oxplain why, when CA2 is hydrated, it produced mainly 031\116 and a small
anount of CzA.a.q, vhereas the anount of the latter is relatively higher
in coloiun monoaluninate after hydration.

The XRD results (Figures 7.3, 7.4, 7.5) indicated that C5AH and

AH, worc the main hydrated products between 50 -150°C. Lfter hot-pressing

3
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4

150 » A
v
;.f; 100 ¢ /o) [} A
1
S
g o CA
®
LJ
& 50 } 4 Ca,
-
L ® Secar "250"

0 04 08 *° 16 2

peak arvea of C;AH; .44, (deg.s.mg~1)
peak area czA aq.

FIG. 7.15: Relationship between peak area of Cahlly ;.40 ana
peak area of CoA eq.

hot pressing temperatures.



227

at relatively high temperatures (300°C), ¢ 41&333 and traces of boehmite
/10,0H wore dotected. This night explain the marked fall in the
strength valuee by hot-pressing at 300°C , Figuro 7.1. The fall in
strongth is nlso established by the difference of microstructures shown
in Pigures 7.9, 7.10, 7.11. These results agree with the conclusions of
nther invostigntore(u’m) thot 05AH6 is the stable hydrate compound of
the C-4-B system up to about 21 5°C.

A scarcity of date on hydration of pure CA2 is found in the
1itorature'”), on the other hand no data is reported on the strength
volues of this material undor hot-pressing conditions. Results of the
prosent work have shown that pure CA2 can give a high strength value by
hot-preseing at low temperctures (i.e. ~ 150°C), as shown in Fig. 7.1.
This can be explained by the formation of the hexa-hydrated compound
05m6 (Figure 7.4) and the consequent relatively dense microstructure
(Pigure 7.10).

On the othor hand, strength values showed a continuous decrease in
tho range 300- 500°C without exception. The small increase in the
strength values at 600 and 700°C could possibly be explained in terms
of inoreased densification at relatively high hot-pressing temperatures.

The strength of calcium monoaluminate, CA, and Secar "250" cement
samplos hot-pressod at 150°C, under constant pressure (207 MNm"z) for
constant time (30 minutes) and cured for 1, 5 and 28 days were found to
agroe with data published eloewhere“ 6). Generally, Table 7.3 shows
thet the amount of 03m6 wae increased by incrensing the curing time.

Comparison between the data in Figures 7.12 and 7.14 and Tables 7.4
and 7.6, shows that firing after curing for 28 days is slightly better
than firing without curing. The strength in the former is slightly
better than in the latter. XRD analyses (Tables 7.5 and 7.7) show that

the amount of 012147 was higher in those samples fired after curing, than
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Fig. 7.48: Strength-log porosity relationship; data plotted

on the basis of equation (2.10).
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those which were fired directly(34). Strength values of CA2, CA6 and
a—A1203 after firing were, as expected, very low and increased slightly
only at higher temperatures (i.e. 1200 and 1300°C) owing to eintering

taking place.

The porosity-strength relationship developed by Roy(36'96’97)
(equation 2,10) was found to fit the present results as shown in Fig. 7.16.
The constant X is of the order of 2.73 x 10"5 when strength is expressed
in pei, which is in reasonable agreement with the value (3.7 x 10-5)
reported by Roy. In addition, the empirical equation suggested by
Ryskewitsch(108) (equation 2.7), was found also acceptable for fitting
the same data, where n = 7.8, as shown in Fig. 7.17. The general trcnd

is the lower the porosity, the higher is the strength.
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CHAPTER 8

GENERAL CONCLUSIONS AND ITONS
FOR FUTURE WORK

8.1 General Conclusions
The results discussed in the preceding sections (4.3, 5.3, 6.3 and

7.3) can now be summarised and a mumber of features established.

8,1.1 c acid and prefabricated al ium pho teo
additives

(a) Samples ogstat room temperature, followed by firing

(1) The compressive strengths are directly related to the quantity of
aluminium phosphate formed in situ (up to ~ 12% A1PO 4 when 10% HBPO 4 is

used).

(2) An increasing calcium oxide content is accompanied by a decrease in

C
the strength by an amount which is dependent on the vy ratio.

(3) Increasing the calcium oxide content increases the degree of de-

composition of aluminium phosphate formed in situ and decreases its

thermal stability.

(v) le jcated under hot-press ditions, followed

by firing
(1) Under hot~pressing conditions, the reaction between the starting

material and phosphoric acid to produce aluminium phosphate is almost
complete in a ghort time (~ 30 minutes), and at relatively low temperature

(200 - 700°C), depending on the -5% ratio.

(2) Samples fired after hot-pressing at low temperature (300°¢) show

2

compressive strength values approximately five times (717 MNm ° for

CJC--Ale3 mixture) those obtained from room temperature casting followed
2

by firing (138 Mi¥m “ for a-A1203 mixture).
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(3) When hot-pressing technique is used, the strength is not solely a
function of aluminium phosphate content, but porosity also is a major

contributing factor.

(4) Wnen hot-pressing technique is used, slight changes of the unit cell

dimensions of the A1PO 4 formed in situ are found.

(5) The aluminium phosphate (cristobalite form) does not behave like a
cementitious material when added in prefabricated form. Negligible
strength increases are obtained from samples cast at room temperature,

and only a small improvement in strength if hot-pressing technique is used.

1 id + boric acid mix and prefabricated
phoephate additives
(a) Samplescastat room temperature, followed by firing
(1) Small quantities (~ 5%) of phosphoric acid + boric acid mixture
or prefabricated boron phosphate (cristobalite form) considerably
increase the compressive strength of calcium mono-, and dialuminate
after firing at higher temperatures. These compressive strengths are

greater than when phosphoric acid alone is used (150 M¥m™2 of CA + (H3PO

2

4

+H3303), whereas the value is about 40 MMm “ when phosphoric acid only

is used, after firing at the same temperature).

(2) The large increase in compressive strength arises from increased
densification and from the formation of AlPO 4 and uncharacterised
compound.

(3) The binary compound 9A1203.2]3203 is found in many samples, but it
does not appear to be a cementitious material.

(4) Boron phosphate is not detectable by XRD in any samples after

firing above 900°C.
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(v) les fabricated under hot-press conditions, followed
fir

(1) Samples fired after hot-pressing (at 300°C) generally show higher

2

strength values (307 MN¥m ° for CA mixture) than the corresponding samples

cast at room temperature followed by firing (150 MM 2 for CA mixture).
(2) When hot-pressing technique is used, the compound 9A1203.213205 is
formed at about 300°C lower temperatures than in the case without hot-
pressing.

(3) A sudden decrense in strength values at 900 - 1200°C in the mixture

oz-zuzo3 + 5% (331>o 4t 33303) is observed in the absence of hot-pressing.

This is avoided by hot-pressing at 300°C before firing.

1 ic + chromium trioxide mixture and prefabricated
shronjun phosphate additives

(a) Samples captat room temperature, followed by firing

(1) Bigh strength values in calcium monoaluminate mixtures (70 MNm"z)
can be obtained by using the mixture of (H3P0 At Cr03). If phosphoric

acid only is used, the strength is much lower (40 I’INm-z).

(2) The temary compound, 4Ca0.341,04.Cr05, i obtained when (H5P04 +

Cr03) or Cr0,; only are mixed with calcium monoaluminate, and it is

3
believed that this contributes to ultimate strength.

(3) Preformed chromium phosphate, CrPO 4 (amorphous, « end B forms) when
used as a bonding agent is considerably less successful than if phosphoric
acid + ochromium trioxide mixture is used. Amorphous material was, however,

more effective than the crystalline forms.

(b) o8 fabr: ed under hot-press conditions, followed

by _firing
A noticeable improvement in strength values can be obtained in

samples fired after hot-pressing at relatively low temperature (BOOOC).
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8,1.,4 B ssing of materials (no additives)

(1) Although pure calcium dialuminate does not under normal conditions
hydrate to give hydrated compounds(8’9’1o’17), the present study shows
that if hot-prossed at low temperatures (100-150°C), it does hydrnte and
give CBAHG and & product with very high compressive strength (190-260
Min2),
(2) Hot-pressing of calcium monoaluminate, calcium dialuminate and
Secar "250" cement shows a continuous increase in strength on increansing
the hot-pressing temperatures up to 150%. By hot-pressing at 300°C,
a marked decrease in strength was observed.
(3) Strength values of hot-pressed calcium monoaluminate and Secar "250"
cements, after firing at high temperatures, are slightly greater if the
samples are cured for 28 days before firing than if curing is omitted.

The strength-porosity relationship was studied during the coursc of
this work using three different empirical equations:

o = o, exp.(p)(1%8),

Pap oxp. (—ks)(36:96,9T)
o (109)

and 0.6P = exp'-zf'iﬁiiﬂ1:§7-i7 .
It was found that these empirical equations fit most of the data in o
linear inverse relationship with different slope values. However, it rmst
be pointed out that these observations support Evans and Tappin's(139)
view that the use of a single enmpirical equation to represent this
relationship could be misleading. On the other hand, it is believed
that this relatiomship is affected to some extent by both the starting
naterial and the additive which is used. This nay be why the data
in each group fits more than one straight line with different slope

values, In addition, pore size, pore shape and pore size distribution are
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in fact believed to play a great part in this relationship. Generally,
the lower the porosity the higher is the strength.

Finally, it is apparent from the work in this thesis that, using
any of the additives, hot-pressing at low temperature (300°C) for a short
time (30 minutes) followed by firing at higher temperatures produces
higher strength thon room temperature casting followed by firing. In
some mixtures in the CaO--A1203 system the strength can be increased by

about four to five times, if certain additive combinations are used.

8.2 stions for Future Work

(1) In view of the importance of the strength-porosity relationship
which has been demonstrated, this topic should be further investigated.
In particular, more information is needed on pore size, pore shape and

pore size distribution.

(2) 8ince it is probable that an increase in hot-pressing time and/or
pressure will lead to greater demsification, and therefore higher strength,
this is an obvious avenue for further investigation. Inereasing the
temperature during hot-pressing might also be looked into since the

chemical reactions may not be the same at elevated temperatures.

(3) Certain fired mixes (oc-A1203 + HyP0,, CL + (H3P0 4+113303) or + BP0 4)
showed a rapid build up of strength as the firing temperatures were
increased in the range 1000-130000. Consideradbly greater strengths
might be obtained if temperatures above 1300°C (but below the melting

point of the mixecs) are applied.

(4) More work could be carried out on the effect of other compounds,

¢.g. FePO, and MnPo4 (isostructural with A1PO 4 2nd Sioz), when formed

4
in situ, on the strength properties of the products. The effect of

these compounds cdded in prefabricated form might also be studied.
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(5) Extended investigations in the system CaO-A1203-P205—13203 should be
undertaken. This includcs a more detailed study of the role of the com-
pound 9A1205.23203 in the mixturecx-A1203 + (H3P04+33303), especially
after firing betwecn 900-1200°C.

(6) Pure calcium dialuminate, CA,, when hot-pressed at low temperatures
for a short time, hydrates to give C3AHG, and a product with very high
strength. Therefore, it is of interest that the study of hot-pressing

conditions and also w/o ratio should be extended for this material.



APPENDIX 1: Calculation of Heat of Reaction (O EH)

The fact that the area between the DTA curve and the extrapolated
baseline of the peak is proportional to the heat evolved (absorbed) in the
(151, 152,153)
procese investigated has been well eatablished elsewhere. The relation-
ship between the peak area of a DTA curve and the value of the heat of

reaction can be written in the goeneral form:

AEM = K.A
where AB is the heat of reaction per unit of weight
M is the weight of the sample
K is the coefficient of conformity

A 18 the peak area of ITA curve.

Using DTA apparatus 673-4 (Stanton Redcroft), previously described
(Bection 3.8), the coefficient conformity K was calculated for different
temperatures up to 930°C. The degree of packing and weight of sample
(100 mg) were kopt constant using 10°C/min heating rates. The experiments
woere oarried out on the eight standard compounds previously studied by
Mnckenzie ot al., which have known heats of transition. Table A1-1 gives
the results of Mackenzie et al.(1 59 and Table A1-2 gives the results of
the present study.

The relationship between heat of reaction and peak arez is given in
Fig. 41-1, All the points except those of KNOS, Agzso 4 and Sx’CO3 lie

relctively close to the straight line.
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Compound l P(-:»;a.ko('{:emp.j Peak Areca -(‘.;&) AH ; 3Kx
’ deg.sec.ug cal.mg 10 “cal/deg. sec.
KN05 127.7 .86 .013 15.1
K10, | 299.5 3,21 .024 7.47
 beg,S0, | 430 1.78 | .006 3,37
8102 573 .23 . 002 8.69
K2804 583 1.12 ,011 9.82
K20r04 665 1.27 013 10.2%
BO.CO3 810 2.86 .018 6.29
SrCO3 i 925 ' 3.75 .032 8.53
, i
DABLE £1-1: Peak temporature, peak area, AH and K (constant) of

standard compounds (Reference 15C).

l Compound }Peak Temp. AOT Peak Area (4) OH x
°c c | deg.sec.mg"1 cza,l.mg"1 10'30a.1/deg.sec.

KO, 5 129 2,13 f 1.00 013 13,00
xc10, {300 3,23 2.907 .024 8.25
tg,80, : 432 1.81 1.34 .006 4.48
840, é 573 0.38 .228 .00198 8.684
K,80, 587 1.29 1.16 011 9.48
K,Cr0, 670 1.26 1.32 013 9.84
BaCO, 815 1.95 2.34 .018 7.7

lf?co} 929 | 2.55 3.25 1 .032 9.85

DABLE £1-2: Penk temperature, AT, peak area, AH and K (constant) of

standard compounds used in the present work.




AH, Cal.mg"!

Sr CO,,
-03 4
KCIO,
‘024
*Ba CO,
K,Cro,
KNG, °
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Peak area,deg S.mg"!
FIG. Relationship between heat of transition ( AH) and peak

area for standard compounds.
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APPENDIX 2
Hot-Pregsed Cement Fondu Prepared with Additives
A2.1 Iptroduction

Hot-pressed cements were recently developed by Roy et av.l.(3 6,96,97,154)

and very high strength values were reported. The present work is an

attempt to investigate the role of some additives on the properties of the
prepared cements. Some of the samples after hot-pressing were fired in

air in the range of temperature 300- 1200°C for 24 hours, and some of

them were cured for 1, 5 and 28 days. All the properties were compared

with those for neat cement pastes (without additives), prepared under
eimilar conditions. On the other hand,no report has appeared to date in

the literature on the effect of HBPO 4 C:r:O3 ond 113303 on the properties

of cement fondu especially under hot-pressing conditions.

A2.2 Moteriels ond Samplo Preparotion

The cement studied was cement fondu (supplied from Lafarge Aluminous
Cement Co. Ltd., England). The chemical analysis and some physical
properties arec given in Table 42-1, The selected additives were
phosphoric acid, chromium trioxide, (phosphoric acid + boric acid) and
(vhoephoric acid + chromiur trioxide), and the percentage of the additives
was fixzod at 5 wt¥% throughout this work. All the samples were prepared
wnder constant pressure (207 Mim™2) for constant time (30 minutes) at
canstant temperature (150°C) before being subjected to heat treatment or
curing.

Sample preparation either in disc or in cylindrical forms was
carried out following the same procedure previously descrided (Section

3.3.2.2), using w/c ratio ~ 0.1.
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.[ . B
3 |
| 41,0 i 36.95
x Sio2 3.905
Cal 38.70
7(3203 12.00
FeO 4.33
M 1‘06
'J.‘:lO2 1.77
| Na.20 0.30
K,0 t 0.45
I Colour Dark
i Density g/co 3.12
! Bpecific Surface
| Area (BET N, Abeorpgionq
' n“gm ' 0.62
i Phases present (XRD) CA, C12A7
; and C,AF

Table A2-1: Chemical analysis and physical propertics of cement fondu,

A2.5 Regults and Disoussion

Typicel DTA ourves for the cements mixed with the different
additives as well as for neat cement paste are shown in Fig., A2-1,
Neat cement paste shows three ondothermic peaks at about 115, 148 and
300°C and an exothermic peak at about 886°C. The first endothormic peak
is believed to represent clunina gel(M ), whercas the second peak is
probably due to decomposition of CA.a,q.(MB) The endothermic peak at
about 30000 is presumabdbly due to 03M6(148), and the exothermic peak at
about 886°C may be attributed to the crystallisation of CA.
Raxna.ohandran( 148) reported that an exothermic peak at about 930°C is
produced by this crystallisation. Samples mixed with phosphoric acid
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show two endothermic peaks at about 192 and 297°C and an exothermic
peak at about 720°C. Wo explanation can be given to the first endothermic
peak, whereas the second one may represent CBAH6‘ The exothermic peak
at about 720°C is believed to represent the reaction between the cement
(especially CA) and the phosphoric acid (it may produce some form of
onhydrous sluminium phosphcte). Cements mixed with "33?0 4t 33303"
show throe cndothermic peaks at about 172, 192 and 295°C and two
exothermic peake at about 710 and 81 5°C. No explanation can be given
of the first and second endothermic peaks, whereas the third one is most
likely arising fronm C3AH6. In addition, the two exothermic peaks are
believed to represent the reaction between phosphoric acid and cement
at about 710°C and boric acid and cement at about 815°C. (The first
reaction moy produce anhydrous aluminium phosphate, whereas the second
renction may produce the aluminium-borate compound, "9A1203.213203".)
Finally, the reaction betwsen cenent and "H5P0 4t Cr03" nixture shows
throe andothernic pesks at about 127, 298 and 1000°C and an exothermic
broad poak at about 864°C. The first and the second endothernic peaks
nay represent CA.aq. and 03ﬂﬂ6 respectively, whereas the exothernie
peak at about 864°C probably represents the orystallisation of the
compound 4CaO.3A1203.Cr03, since its presence was confirmed by XRD.
No explanation can be given to the endothermic peak at about 1000°C.
X-ray diffractometer analysis of the original, unhydrated cement
powder shows that it is mainly composed of CA, C1 2A7, H 4AF and pleochroite
oo shown in Fig. A2-2. As expectcd, after hot-pressing at 150°C (under
207 1Nm 2 pressure, for 30 mimutes), a decrease in the original phases
present was observed, and new penks representing CBAHG and AH3 were
detectod. After firing the hot-pressed samples at 30000 in air for
24 hours, this resulted in the disappearance of the hydrated compounds

(C3AH6 and AHB)' Small trace peaks were detected at 3.59 and 3.32 £
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which possibly represent C 4A3H3. At the same time, CA, C1 2A7 and C 4AF
could also be detected in the samples examined. After firing at 600°C,
a small peak at 2.67 & appeared which may represent C,F, but CA, Cqoh,

41;1" were also detected. In addition, traces of Cal ocould also be

dotected.

and C

Lfter firing at 900°C, an increase in the intensities of the CA
poaks was observed. This is supported by Midgeley's(34) observation
that at this temperature some C12A7 reacts with 1&1203 to produce CA.
Finally, after firing at 1200°C a noticeable increase in the CA peaks
wns observed. In addition, the group of peaks detected at 2.67, 2.708
and 2.79 ? may represent CZF' 411 the above changes are shown in
Fig. A2-2, X-ray analysis of fondu cement mixed with phosphoric acid
aftor hot-pressing at 150°C (under 207 M~ 2 pressure for 30 minutes)
shows that no reaction took place and no hydrated compounde were formed.
Firing at 300°C produced no changes in the X-ray pattern. After
inoreasing the firing temperature to 600, 900 and 1200°C, no
difference in the X-raoy patterns of these samples and those of neat
cenent fondu wos evident (Fig. A2-3). X-ray analysis of cement fondu
nmixed with 5% "H3PO 4t H.jBO}", hot-pressed at 150°C (under 207 l‘INm"2
pressure for 30 minutes), shows that no hydrated compounds were detected.
Lfter firing at 300, 600, 900 and 1200°C, the X-rey patterns were
necrly similar to that of cenent fondu + phosphoric acid mixture, as
shown in Figure A2-4. The X-roy analytical results of fondu cement
nixed with (}I:O3 or 'ﬂ3P0 4t Cr03" show a great sinilarity over the

range of firing, i.e. 300, 600, 900 and 1200°C, as shown in Figures A2-5

2

and A2-6. After hot-pressing at 150°¢ (under 207 MN¥m - pressurefor

30 pinutes), no hydrated compounds wore detected. The only interesting
phenonanon is the formation of the compound 40:10.31&12()3.Cr03 after
firing both mixes at 900°C. This was confirned by the appearance of the
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peaks at 3.769, 3.278, 2.67 and 2.474 . Increasing firing temp-
eratures up to 1200°¢C produced an increase in the intensity of these
peaks. The mechanical properties and related physical properties of

all the above mixtures are given in Table A2-2. A ocontinuous decrease
in stremgth values of neat cement fondu was found up to 900°C. This is
in agrecment with Midgley's work(34) vhich can be explained on the basis
of the decomposition of the cementing hydrates % various anhydrous
phases, X-ray evidence (Fig., A2-2) shows that all the cementing
hydrated compounds have disappeared after firing, forming anhydrous
calcium aluminates. Cooperf'sg, in his investigation, suggested that
the binding forces responsible for the strength above 400°C are due to
degradation products of the hydrates such as Ca(OH),, C, ohqs A1,05 and
possidbly C 4A353. According to Taylor(156), at 600°C the loss of water
from c:;(on)2 and C 4A3H3 should be complete. Therefore, the bonding
above 600°C must be largely ceramic rather than hydraulic. After firing
at 1200°C, the increase in the strength can be explained by the
sintering process and the formation of a ceramic bond. Cement fondu
mixed with phosphoric acid showe lower strength values after hot-pressing
at 150°C than neat cement. This is most likely due to the absence of
the hydrated compounds as shown in Fig, A2-3. After firing at 300 and
600°C, inorenses in strength were achieved. This may be due to the fommation
of somoe amorphous forms of aluninium phosphate. No explanation for the
deorease in strength after firing at 900°C can be established from these
rosults. This decrease was followed by an increase again after firing

at 1200°C; this is nost likely due to the sintering process.
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Cement fondu mixed with "H3P0 4 + H3303" showed the lowest strength

values over the range of firing up to 900°C, vhereas after firing at

1200°C, a high degree of densification took place accompanied by a large

decrease in volume. This shrinkage resulted in a high strength value.

The two cement mixtures with C:r:O3 or "HBPO 4 + Cr03" showed relatively

high strength values after hot-pressing at 150°C (under 207 MNm’z pressure

for 30 minutes). This was followed by a continuous decrease in strength

after firing up to 900°C9 especially in the cement mixed with Cr03.

In the case of cement mixed with "H3P04 + Cr03", the strength loss was

less. 3Both mixtures showed an increase in strength after firing to 1200°C,
The X-ray analyses of the hot-pressed neat cement fondu, after

curing for 1, 5 and 28 days, are shown in Fig. A2-7. The results were

found to agree with the work published by Roy and Gouda(BG), vhereas by

increasing curing time, increases in the percentage of the hydrated

compounds (03M6 and AHB) were detected. X-ray analysis of hot-pressed

cement mixed with phosphoric acid shows that no hydrated compounds can be

detected after one day's curing. The presence of 03m6 and A.H3 was
detoected after 5 days'! curing. After 28 days' curing, no increase in
the intensities of the peaks representing C3AH6 or AH3 was observed,
Fig, 42-8(1), The X-ray analysis of hot-pressed cements mixed with

"E3P0 4 + HBBOB" showed that a relatively small amount of C5AH6 and AH3

could be detected after curing for 5 days, as shown in Fig, 42-9(1).
On increasing curing time to 28 days, no increase in the hydrated compounds

content was observed. X-ray analyses of hot-pressed cements mixed with

Cx0, or "H,PO, + Cr0," after curing are shown in Figs. A2-8(2) and A2-9(2).

3 34 3
Cements mixed with "H}'PO 4 + Cr03" showed the appearance of CSAH6 and AH3
after 5 days! curing. A small increase in the amount of the above two
hydrated compounds was observed after curing for 28 days. When C:r:O3 was

used as an additive, only traces of C3AH6 and A.H5 could be detected after
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5 days! curing. After 22 days an increase especially in the AH3 content
wvas obgorved,

Mechanical properties and rolated physical properties of the above
mixtures and neat coment fondu are given in Table A2-3, Tho reoults
showed that strength incrcased in all the mixtures as the curing timc
wes inercased. However, all the additives uscd in this study rctorded the
oorly hydraulic activity of thoe comont by proventing the hydration of
cclecium monoaluminato in the eorly periods. Generally the rosulte showed
that the degree of retardation was higher when CrO3 or "H3PO 4 + H,BO "
were used, and relatively lower when phosphoric acid or "H3PO 4 + Cros"
woro addod. Mishima(157) reported that theire was no obvious rolationship
botwecen the quantities of crystalling hydrate products and the strongth.
This was bocausc tho structurc of the wholc body including the
emorphous phooos wan considored to contribute to the strength. This
moy oxplain tho relatively high sirongth voluc obtained when coment
fondu ic mixod with "H;P0, + CrOg" and hot-prossod ab 150°C (under
207 M ™~2 progsurc for 30 minutos).

The rolce that (27.'203 and P O5 play in thoe cearly strongth of Portland
ccmont clinker has been disoussed by variouc investigotors. Sckurci
ot 01,198 s 1maon{199) muggested thot the carly hydreulic activity
of Portland cument clinker is romarkably promoted by the addition of
pmall amounts of Cr20 « The influence of P20 was reported by
Waroo (691 160) nt oton cna Gutt(161),  sxatou et a1, (162) soportod that

tho propor amount of Cr 3 or P05 (0.5%) promotus remarkable increanc

in otrongth of Portlaend ocecment, espocio.lly in the early ags. Mony roports
have supposud that the offect of minor components on the corly hydration
ond tho oorly strongth of clinkor motorials, is conmectod with the

fornotion of crystal imperfoction or doi‘oota(158).
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The compressive strength of all the above mixtures as well as neat
cement fondu were plotted against the porosity, in Figures A2-10 and
A2-11, using two different empirical equations.

Figure A2-10 shows that except for three points representing cement
mixed with "H}PO 4 + HBBOB"’ the scatter of the results is considerable
but an acceptable constant wae obtained (n = 10.75). On the other hand,
Pig., A2-11 showed a reasonable fitting to the data and the value of the
oonstant (K) was 2.42 x 1072 (if strength is expressed in psi). This is
in acceptable agreement with the value (3.7 x 107°) reported by Roy

ot a.l.(56’97) for neat cement. Gemerally, in both curves there is an
wnmistakable trend of increasing strength with decreasing porosity.

It is believed that a more extemsive study of the effects of PZOS and
C.'r.'O3 on the properties of cement fondu could be profitadbly undertaken.
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F1G.(A2-11): Strength-log porosity relationship. Data plotted on the basis
of equation (2.10).
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