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1. Introduction: CSA cements

EMPAG)
Calcium sulfoaluminate cement (CSA)

~ 75-85% CSA clinker

= made from mixtures of calcite, clay and anhydrite
(rotary kiln, = 1250°C)

= main phase: ye'elimite = 4Ca0-3Al,0;5-SO;

= minor phases: belite, ferrite, calcium aluminates, perovskite,
gehlenite, calcium sulfosilicate, ...

~ 15-25% calcium sulfate (gypsum, anhydrite)

Main hydration products:

= ettringite, = monosulfate,
3Ca0-Al,05-3CasS0,-32H,0 3Ca0-Al,05-CaS0O,-12H,0
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1. Introduction: Hydration of ye‘elimite

EMPA)
(1) C,Ass + 18H —— C;5A-CsH,, +2AH, (monosulfate)
(2) C/Az8s +2CsH, +24H — C3;A-3CsHjy, + 2AH;  (ettringite)

(3) C4As +6CH + 8CsH, + 74H —— 3 C;A-3CsHa,
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Winnefeld F, Barlag S.: J. Therm. Anal. Calorim. 101 (2010), 949.



2. Hydrates in the system C,A;s - Cs - H,0

EMPAQ

Hydration of ye'elimite at 20°C

= variable amounts of anhydrite

= water/cement ratio of 1.00 (100 g solid and 100 g water)
= assumption of 100% hydration

= exclusion of CO,

= single (parent file)

= process file for variable anhydrite additions

= comparison to experimental data

=> open GEMS project “Yeelimite”

GEMS workshop, Diibendorf, May 7-8, 2014

2. Hydrates in the system C,A;s - Cs - H,0

EMPAQ
open single file ,Ye_anh":

hydration of a mixture of 90 g C,A;s + 10 g Cs + 100 g water + 1 g O,

I Input: System Deﬁmmnl] Results: Equilibrium State |

Phase/species ‘L lT‘On/‘HC‘ ‘Add to BC(UG IGB corr., ‘
J 0

#-ag gen 28 & +
#- gas_gen 5
% S04_OH_AFm
# OH 504 AFm
- 504 CO3 AFt
= C03 S04 AFt
= Bl {0H) 3mic
o Gikbh=ite
# Graphite
o HAdyEllLE
= Bluminate
B Ch
- CA2
= C2RHTS

22

o
i+ + 4+

€—— S0,/CO;-AFt ss deactivated

| €«————— gibbsite deactivated
(does not form at ambient

temperature and ,normal”
hydration times)
| ?\\\\\\\~

| «e——— weuse the ss instead
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2. Hydrates in the system C,A;s - Cs - H,0

w ten XY CEY VAN =@
I Compos I DComp | Phase | IComp | Surfaces |

Config | |21/04/2014, 13
Hydration of ye'elimite + anhydrite
GEMS 2014
Masses €] 8 1 1 0.201 21.1376

1| |Brocs | 0| o o

Volums > b

ac [ccwp [ Txa |
¢] + [|AlL(oH)3 MIN Aluminum-hydroxide.. |g 1]
1 [+ |mize3 MIN Aluminum-oxide 1M g | 0
2 I+ |aqua g 1 mole H20 ) 100 |
3 [+ |ci2a7 MIN Mayenite 1M g [}
e :CE MIN Tricalcium Slumina g 0
5 |z lcan3s MIN Yeelimite 1M _ g 50 |
6 |+ |ea MIN Calcium aluminate ..|g 0
“?—“ + 'CA2 MIN Célc:lum;d:ialuminat_. g i}
8_ ® 'C}{’i GA !‘Iethane;ln_. ) g 0l
s [+ [co2 GR Cafbon—rcl'ioxicieilmi lg 1]
? + (.‘a (OH) 2 MIN Calcium&{ydr{)x-i-de_:,. g D-‘
T * iéaco! MIN Calcium—c-érbunaté__. g i]
112 |+ lcao MIN Calcium-oxide 1M |g 0|
13 |+ |casod MIN Calcium-sulfate 1M |g 10 I
14 [+ |casecd_05H20 MIN hemihydrate 1M _ g 0|
—15— + uGypsum ) ﬂIN Ca—sulfate;m.{z.o—ln_ g i}
? + -H2 GR H.}(d.r-ogen_lﬂ_ : :q 1]
T:i_ + |H28 Ga }{ydrcrngén;surlrfideil... g ol
12 |+ lnzsod AQ sulfuric-acid 1M g 0
19 |+ lo2 GE Oxygen 1M ) g £ I
20 [+ |so3 MIN Sulfur-trioxide 1M_|g 0

GEMS workshop, Diibendorf, May 7-8, 2014

EMPAQ

hydration of a mixture of 90 g C,A;s
+10g Cs + 100 g water + 1 g O,

=> calculate phase assemblage

2. Hydrates in the system C,A;s — Cs - H,O

EMPAQ

Result: hydration of a mixture of 90 g C,A;s + 10 g Cs + 100 g water + 1 g O,

Input: System Definition  Results: Equilibrium State |

GEMS workshop, Diibendorf, May 7-8, 2014

Phase/species ’L ]T]Ammmt {mol) 'MgSIfActivity |Ccncentration

#-a ag gen 23 a 2.148119%1 1.75e-08

g _gas gen 3 g 0.03116551 2.3608e-10

5 S04 OH AFm 2 5 0.10538851 3.174e-08 . .

c4BH13 J 0.0012490654 0.00134535 0.011418506 solid solution
monosulphate M 0.10814084 0.587658 0.58858149 SO,/OH-AFm

B OH 504 AFm 2 5 2.8306647e-007 3.174=-09
C4RH13 M 3.2321635e-005 0.00134535 0.011418456
monosulphate J 2.7983428e-007 0.9B87658 0.%885815

i Bl[(}ﬁ,\.?nuc 1. s 0.59081856 -3.845e-10 microcrysta”ine

T 5 Mayenite T =0 =TIF. O

- ] Eluminate 1 0 -37.14 AH3

# 5 CAR 1 =0 -8.171

-5 CR2 1 5 0 =7.78

- | C2BHTS 1 5 0 -0.7203

B5 C34H6 1 s 0 -0.8406

# 5  C4BH1S 1 =0 -2.413

o - | CEHI1O 1 5 0 =0 2867

|| s ettringite 1 s 0.037596495 -5.861e-09 | ettringite

T lime = s 0 -11.45

Ho= Bortlandite 1 s 0 -1.518

#-5  Anhydrite 1. 50 -3.756

L Gypsum 1 5 0 -3.482

- ] hemihydrate 1 s 0 -4.528

- Sulphur 1. s 0 -120.5

=> we will now look at the process file




2. Hydrates in the system C,A;s - Cs - H,0

EMPAQ

open process file,Ye_anh_pr“:
hydration of a mixture of
100 g (C,4A;s + Cs; various C,A;s/Cs ratios) + 100 g water + 1 g O,

Input

Controls Sampling | Results | Config |j11,'w2m4. 15:51
adiiticn of ARBYErite to ye'slimits creates numbers 0 ... 50 in steps of 0.5
GEMS 2014 . _i¥e .
"= 224101 single systems = % Cs in the system)
it |iv [ip [irc [imv [iTau [ipx3 NG ipH [ipe |
4] 1000 0; l_ 20; 0_ Gf 0 4] Lol ]
1 1100 0| 1 20| [¢] o 0 50 o] o
2 . l U 0 0| 1] 0 0 0.5 0 0
cTr 1100 U= l_ 20; 0 0 0 50 0 ]
5 hydration of 100 g solid with 100 g water and 1 g oxygen added
xa_[{Aqua}] =: 100;
xa_[{o2)}] =: 1:
S amount of calcium sulfate is taken from iNu
xa_[{CaS04)] =: cNu;
5
5 caleculation of the amount of ye'elimite
xa_[{C4A3s)] =: 100-cNu:
GEMS workshop, Diibendorf, May 7-8, 2014 9

2. Hydrates in the system C,A;s - Cs - H,0

EMPAQ

Sampling

Controls I Sampling Results l Config Jz:jwmm. 15:51

Nert | 9998 101||wext | of[x [ ofs | 100flap | 100
pSThey|Yeelimite:G:¥e anh:0:0:1:20:0: [erm | 1200[cwv | 0

cTau Ofcpxi | oflexi | 1| ehu 50/
cpH 0|l cpe 0| cER l 0l e 293.15{

$ x-axis: amount of anhydrite added
xp[Jd] =: cHu;
§ y-axis: phase volumes

ypl[Jl[0] =: phvol[{ettringite}]; . .
yp[J1[1] =: phVol([{S04 CH_AFm}]+phVol[{cH _So4 arm}l; \N@ need both SOIld SOIUtlonS
ypld1[2] =: phvol[{al(CH) Imic}];

yp[d] [3] =: phVvol[{Gypsum}]:

yp[d]1[4] =: phvoli{ag gen}];

=> calculate systems using the process file and display results graph
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2. Hydrates in the system C,A;s - Cs - H,0

EMPAQ
Result
Addition of anhydrite to ye'elimite
1204
100

£

S
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2. Hydrates in the system C,A;s - Cs - H,0

EMPAQ
_ molar ratio

ReSUIt- M= 1, 2, :,3 ‘} anhydrite/ye‘elimite

. 120~ : : ' '

O ] ] | |

o | | | |

c 1 1

= I I = max. bound water

'; 100+ water : | ,| ,| ' = max. vol. of hydrates

L= ' : = lowest total volume

cm 80 - _ => max. chemical shrinkage
"E 604

° E

g 40-

3

S

3 20 =

e Formation of some

o ettringite due to

10 20 3 40 50 incorporation of OH-
anhydrite/(anhydrite+ye'elimite) / mass-% in monosulfate

(solid solution)
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2. Hydrates in the system C,A;s - Cs - H,0

EMPAQ
Experiment: XRD after 18 h of hydration at water/solid = 2
18000 ~ ° ye'elimite / gypsum 1:4 E = ettringite
| E —— ye'elimite / gypsum 1:3 G = gypsum
16000 - — ye'elimite / gypsum 1:2 M = monosulfate
] — ye'elimite / gypsum 1:1 Y = ye'elimite
14000 4 — ye'elimite * = aluminium hydroxide
1 E
12000
] E
G G
- 10000 - E c E E
E
£ ' : 1:4 |
§ 8000 surplus of
1 1:3
© 6000 gypsum
1 1:2
4000 -
] 1:1
2000 M elimi
E E L EY \jh ye'elimite
o+———T—7 71— — L
5 10 15 20 25 30 35
20/°
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Winnefeld F, Barlag S.: J. Therm. Anal. Calorim. 101 (2010), 949.

3. Hydrates in the system C,A;s — Cc - H,0

EMPAQ

Hydration of ye'elimite at 20°C

= variable amounts of calcite
= water/cement ratio of 1.00 (100 g solid and 100 g water)
= assumption of 100% hydration

= exclusion of CO,

= single (parent file)

= process file for variable calcite additions

= comparison to experimental data

"

=> open single file “Ye_cal” in GEMS project “Yeelimite”

GEMS workshop, Diibendorf, May 7-8, 2014 14




3. Hydrates in the system C,A;s — Cc - H,0

Result

Input: System Definition Results: Equilibrium State I

Ehase/species ‘L JTlnmount {mol) logSI/RActivity |Concentration

3-a ag_gen 289 a 1.9548533 G.82%e-10

#e g gas_gen 5 g 0.0311%9785 -1.343e-09

% s S04 DH AFm 2 =0 -0.6997

| CH 5C4 AFm 2 5: 0 -0.6%97

B8 504 CO3 AFt 2 s 0.045581584 3.211e-08
tricarboalu J 0.0008226%485 0.000580702 0.016455%56
ettringite M 0.045158889 3.581119 0.58354004

- C03 S04 AFL 4 s 4.1696143e-007 3.211e-08
tricarboalu M 6.8631524e-009% 0.000580702 0.016460018
ettringite J 4.1008824=-007 0.0881119 0,.58353508

-5 Al {CH)2mic 2 s 0.589586332 5.526e-10

B8 Graphite 1 5 0 =He. T

+# 5 Mayenite 1 s 0 -123.1

i Aluminate 1 5 0 -38.18

g5 CcE 2 g 0 T

3 CRrZ 1 s 0 -B.126

B8 C2BHTS 1 s 0 -1.483

#- s  C3BHEé 1 s 0 -1.88

g5 C4RH1Z 2 5 b -4.256

B 8 C4RH19 1 s 0 -3.768

g5 CAHI10 1 = i -0.6328

#-s  C4AsH12 1 s 0 -0.7009

gos CApen SHiId ! s 0 =1 248

% 5 C4BCH11 1 s 0,097444331 -5.071e-09 |

EMPAQ

solid solution
SO,/CO;-AFt

microcrystalline

AH;

monocarbonate

=> we will now look at the process file
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3. Hydrates in the system C,A;s — Cc - H,0

open process file,Ye_cal_pr*:

hydration of a mixture of 100 g (C,A;s + Cc; various C,A;s/Cc ratios)

+ 100 g water + 1 g O,
similar structure than previous file

Input

S hydration of 100 g solid with 100 g water and 1 g oxygen added
xa_ [{Rgua}] =: 100;

xa [{02}]1 =: 1;

5 amount of calcium carbonate is taken from iNu
¥a_[{CaC03}] =: cNu;
S

S calculation of the amount of ye'elimite

xa [{C4A3s5}] =: 100-cNu;

Output

5 x-axis: amount of calcite added

xp[J] =: cNu;

5 y-axis: phase volumes

yplJ1[0] =: phvol[{calcite}];

yp[J1[1] =: phVvol[{SC04 CO3 AFt}]+phVol[{CO3 504 AFt}];
yp[J]1[2] =: phVol[{SC4 OH AFm}]+phVol[{CH 504 AFm}];
vp[J1[3] =: phVvol[{C4RcH11}]1;

vp[J]1[4] =: phVvol[{ALl(0H)3mic}];

yp[J1[5] =: phVvol[{ag gen}]:

=> calculate systems using the process file and display results graph

GEMS workshop, Diibendorf, May 7-8, 2014
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3. Hydrates in the system C,A;s — Cc - H,0

Result

Addition of calcite to ye'elimite

GEMS workshop, Diibendorf, May 7-8, 2014

EMPAQ

3. Hydrates in the system C,A;s — Cc - H,0

open single file ,Ye_cal”:
hydration of a mixture of 90 g C,A;s + 10 g Cc + 100 g water + 1 g O,

Input: System Definition | Results: Equilibrium State I

Phase/species

|L |T|0n/|UC

~ag_gen
- gas_gen
504 OH AFm
- OH_S04 AFm
504 CO3 AFt
C03 504 AFt
21 (OH) 3mic

29 a

wn

+

Gibbsite

| deactivated

- Graphite
- Mayenite
~Aluminate

+ 4+ + + + + H

(metastability
constraint)

wbmts--m--m--m - -el-m e m e e e
(£ e (2R C g T C e S Cl e 31 ET [EiE o Colg o g 2 )

- CAAHTS
- CAH10

+

deactivated

C4psH12

CZACO.SHIZ
CancH11

(use of ss
instead)

wdw-ml=
28 (EaRRca) REa)

—ettringite

- Aragonite

- Calcite
lime

- Portlandite
- Anhydrite

- GypSum

- hemihydrate
- Sulphur

e e [ e [ e [ e
[ C - € € )

N N e I B B =G I G s I ER R S
mottottotow tfufe nfuk wfufe o on o w e wfule e n o na
[[=fyt=pyispyiepyieyieipieiyie] [lo]y laiyie] T« spyis] [lo}y lspyte e pte Jts Jutejte] (s} s Jyis Jyis Ryisyis Ryis Ryis]

o+ H
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Compos DComp | Phase | IComp | ‘Surfaces I Config. [ 121/04/2014, 12;
Hydration of ye'elimite + calcite
GEMS 2014
Masses 0] 1] 1] 1] 0.201] 21.196%]
Volums L 1] [erocs | d o o
AC |CCvp xa
0 |* |AL{OH)3 MIN Aluminum-hydroxide.. |g a
h * Bl203 MIN Aluninum—uxideﬁmﬁ g i}
2 |+ |Bgua AQ 1 mole H20 g 100
3 |* |Ci2a7 MIN Mayenite 1M g ¢]
4 |* [C3n MIN Tricalcium alumina..|g a
5 + C4R3s MIN Yeelimiteﬁ_mv g 80
6 |* |cA MIN Calcium aluminate_..|g 0
L i CA2 MIN Calcium dialuminat..|g 4]
B |* |cH4 GA Methane 1M g 0
9 |~ |coz GA Carbon-dioxide 1M |g a
10 |* |ca(oH)2 MIN Calcium-hydroxide .. |g a
il |+ caco3 MIN Cn.{r;ium—l:ﬂ:bunste___ g 10
12.|* [CaD MIN Calcium-oxide 1M |g 0
13 (* casod MIN Enlcium—sulfatelev g <]
14 |* |casod_0sHZO MIN hemihydrate 1M g 0
15 |* |Gypsum MIN Ca-sulfate-2H20-1M |g 1]
16 |* |m2 GA Hydrogen 1M g 0
17 |* |H28 GA Hydrogen-sulfide 1. |g a
18 [* |H2504 BQ Sulfuric-acid IM_ g a
19 |+ o2 GA Oxygen 1M g 1
20 |* 503 MIN Sulfur-trioxide IM |g a

=> calculate phase assemblage

=
oo



3. Hydrates in the system C,A;s — Cc - H,0

without addition of
calcium sulfate !

EMPAQ
Result 1 2 3 4 molar ratio
; ; ! ; calcite/ye‘elimite
.1204 [\ ' — /
% I I I
= - : : :
S 1004  wafer | | !
b | | |
. | ———— : - oo v
S 80+ i D ; | , = max. vol. of hydrates
=] s ' ! = lowest total volume
o 60 = AH, ; => max. chemical shrinkage
s T
o
= 401 Formation of ettringite
S
©
(72)
1)
L
S

. calcite

20 30 40 50
calcite/(calcite+ye'elimite) / mass-%

__ 3C,As + 2Cc + 72H -
GEMS workshop, Diibendorf, May 7-8, 2014 _— C3A3CS32H + 2C3ACC11H + 6AH3 - 19

we will compare later
with experimental data

4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ

Hydration of ye'elimite at 20°C

= variable amounts of anhydrite and calcite

= water/cement ratio of 1.00 (100 g solid and 100 g water)
= assumption of 100% hydration

= exclusion of CO,

= 2 process files for variable calcite or anhydrite additions
= comparison to experimental data

=> open single file “Ye_anh_cal_1" in GEMS project

“Yeelimite”: constant calcite, varying anhydrite
(Ye_anh_cal_2: vice versa, not further discussed in this presentation)

GEMS workshop, Diibendorf, May 7-8, 2014 20




4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ
open process file,Ye_anh_cal_1":

hydration of a mixture of 100 g (84 g C,A;s + 16 g Cc = 1:1 per mol;

varying C,A;s/Cs ratios) + 100 g water + 1 g O,

(process file Ye_anh_cal_2 does the same vice versa)

Input

5 hydration of 100 g solid with 100 g water and 1 g oxygen added
xa_[{Agua}]l =: 100;

xa_[{02}] =: 1;

3
$ amount of calcium carbonate in g to be changed below . .
xa_[{Cac03}] =: 14} € change here if amount of calcite
3 .
5 amount of calcium sulfate is taken from iNu should be Var|ed
xa_[{Cas04}] =: cNu;
3
5 calculation of the amount of ye'elimite
xa_[{C4RA3s}] =: 100-xa_[{CaCO03}]-cNu;

Output

5 x-axis: amount of anhvdrite added

xp[J] =: cNu;

$ v-axis: phase volumes

yp[J][0] =: phVvol[{calcite}]:

yp[J111] phvol[{SO4 CO3 AFt}]+phvol[{CO3 S04 AFt}l;
ypl[J112] phvol[{SO4_OH AFm}]+phVol[{OH S04 AFm}I;
yp[J11[3] phvol[{C4AcHI1}];

yp[dl[4] phvol[ {21 (0H) 3mic}];

ypl[Jl[3] phvol [{Gypsum}];

yp[Jl[é] phvol[{ag_gen}];

=> calculate systems using the process file and display results graph
GEMS workshop, Diibendorf, May 7-8, 2014 21

4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ
Result

Addition of anhydrite and calcite to ye'elimite

GEMS workshop, Diibendorf, May 7-8, 2014 22



4. Hydrates in the system C,A;s - Cs - Cc - H,0

M=1 2 3

RN

N

o
1

EMPAQ

molar ratio
anhydrite/ye'elimite

100 -+

(0]
o
]

molar ratio
C,A;s / calcite = 1:1
(86:14 by mass)

Formation of ettringite
without addition of

phase volume / cm3l1 00g dry binder
‘5

60 1 calcium sulfate !
40 - = max. bound water
= max. volume of hydrates
=> already at M < 2
20
0 = max. chemical shrinkage
0 10 20 30 40 50
anhydrite/(anhydrite+ye'elimite) / M.-%
GEMS workshop, Diibendorf, May 7-8, 2014 23
4. Hydrates in the system C,A;s - Cs - Cc - H,0
EMPAQ

Phase diagram

calcite does not take part in reactions

2.5 -
o | excess
E calcite+gypsum
T 20 .
% ettringite + AH, + calcite
© . &
£ 15 - .,
7} \\\ //e
E S "/,) ettringite + monocarbonate
3 . O, + AH, + calcite .
E 1.0 4 0.9,6 — excess calcite
.9 \‘\ OOQ . o .
® R = calcite participates
5 051 ettringite + monosulfate . %, only in the reactions,
g + monocarbonate + AH, when ratio
0.0 | Cs/C4A;3s < 2

molar ratio calcite/ye'elimite

00 01 02 03 04 05 06 07 08 09 1.0 = no hemicarbonate

(only stable in
presence of
portlandite => OPC)

GEMS workshop, Diibendorf, May 7-8, 2014
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4. Hydrates in the system C,A;s - Cs - Cc - H,0

EMPAQ
Experiment: XRD after 90 d of hydration (commercial CSA cement)

E = ettringite; AH; = aluminium hydroxide; Y = ye'elimite; A = anhydrite;

Cc = calcite; G = gehlenite,; MS = monosulfate; HC = hemicarbonate . oy
Binder composition

] E
240000 — E L ¢ namis Anhydrite  Calcite
JL | I 1V S
_ Low -
200000 — s - Ey A G neM2.1
— High
160000 . g HC £ AH ¢ Cc G mcMo o . . .
< 7 4 ! < - Participation of cqlate W|thc.)ut.
£ ] HC f o EY LS | w anhydrite (formathn of ettringite)
S 120000 A or when low&medium amounts
- E .
] Ms L% oA s men, of anhydrite are added
80000 — E HC G = Formation of hemicarbonate
- E aH Ey heMo .
— . ~ instead of monocarbonate
_ HE E an, Eyv 4 I GI metastabilit
40000 ] 3 A J'U.__,J\ heM1.1 |.u(vv ugn y)
— E E Ce
i AMS AH v A G : .
0 rrrrrrrririd LI_IAI‘KI | L AI‘-"T—,‘I_AI IAI I‘kl_ll h§M2,1 ngh hlgh
5 10 15 20 25 30
20

Martin L.H.J, Winnefeld F., Mdller C.J., Lothenbach B.: 15t International Conference on Sulphoaluminate Cement: Materials and
Engineering Technology, Wuhan, China, October 23-24, 2013, 229.
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5. Commercial CSA clinker + anhydrite + limestone

EMPAQ

Hydration of a commercial CSA clinker at 20°C

= variable amounts of anhydrite and calcite

= water/cement ratio of 1.00 (100 g solid and 100 g water)
= assumption of 100% hydration

= exclusion of CO,

= 2 process files for variable calcite or anhydrite additions

= reactive part of the CSA clinker as predefined composition
in GEMS

GEMS workshop, Diibendorf, May 7-8, 2014 26




5. Commercial CSA clinker + anhydrite + limestone

EMPAG)

Composition of the
CSA clinker CSA clinker CSA clinker

Si0, 541 | CASS 68.1

ALO; 42261 | CA 32

Fe,O; 155 | ca, 0.7
needs to be recalculated Cr0 0032 | Cpa, 1.4
(reactive part only) in mol per MnO 0023 | GAS 19.4
100 g referred to the elements TiO; 2.100 | G,8 17 inert:

, P,0; 0113 | CT 3.9 o

rough assumption: . Ca0 s | M s 244%
inert phases contain no minor MgO 101 [_MA Il
elements K0 053

Na,0 0.03

S0, 852

LOL 198

Total 99.75

Density {g:"cma] 275

Blaine (cm’/g) 5080

CaOy,, (wt%) 0.06

[1] Martin LH.J,, Winnefeld F., Muller C.J,, Lothenbach B.: 15t International Conference on Sulphoaluminate Cement: Materials

and Engineering Technology, Wuhan, China, October 23-24, 2013, 229.
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5. Commercial CSA clinker + anhydrite + limestone
Calculation of the composition of the reactive part
Predefined composition

CSA nonreactive reactive normalized | Elements

XRD / M.-% XRF / M.-% M.-% M.-% M.-% g/100g mol/100g
C4A3s 68.10 Si02 5.41 425 1.16 1.58263034 Si 0.73977669 | 0.02634016
CA 3.20 AI203 42,61 8.00 34.61 47.2587898 Al 25.0117477 | 0.92699485
CA2 0.70 Fe203 1.55 0.19 1.36 1.85591639 Fe 1.29808923 | 0.02324367

C2AS * 19.40 CaO 35.87 9.54 26.33 35.9497673 Ca 25.6929668 | 0.64107408

CT * ** 3.90 Na20 0.03 0.03 0.04096665 Na 0.03039141 | 0.00132195

MA * 1.10 K20 0.53 0.53 0.72374413 K 0.60081458 | 0.01536677

M 0.60 MgO 1.01 0.31 0.70 0.95365699 Mg 0.5750894 | 0.02366136

C12A7 1.40 SO3 8.52 8.52 11.6345283 S 465967044 | 0.14531499

c2s 1.70 Tio2 21 2.10 0.00 0 Ti 0 0
H20 0.00 0 H 0 0
o] 41.3914538 | 2.58706287
75.6% is reactive, 24.4% is inert.
o ” /4
=> open now GEMS project “CSA
GEMS workshop, Diibendorf, May 7-8, 2014 28



5. Commercial CSA clinker + anhydrite + limestone

GEMS workshop, Diibendorf, May 7-8, 2014
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5. Commercial CSA clinker + anhydrite + limestone

EMPAQ

ﬂ GEM-Selektor 3 (GEMS3) - Geothemical Equilibrium Modelling by Gibbs Energy Minimization

| Modules | Record Record List Database Files Window Help

;ila = Create{New)..
' = L New(Clone}...

9 Display

FEE TR I e

¥§ Compos :: Predefined composition objects (PCO)

6 fal
IComp =l
«" Remake.. I FCO Settings ||2z,rwzm,ag;56
Calculate Fa
h ﬁ BRluminum hydroxide Al (0H)3 1 mol
bl Save GEMS PCO database
x Save As.
ReacDC % Delete 0.0780038| 0 ol 0 0] 2
L Plot data
RTparm &= Print. symIC| PCO symIC|CIc|CI
%) ﬂ;“‘ 0 |a1 0 |[a1 <M i
s b e i |H =M 3|
Phase 12 |CA2 > ! rH 3]
. [13]cus .. ) L LA |
P A i —
Compos | 15 |CalOH)2 =

GEMS workshop, Diibendorf, May 7-8, 2014

30



5. Commercial CSA clinker + anhydrite + limestone

.

"_' Compos: Please, set a new record key

[ csa:mmi:csA_dinker_tM_:

[ csa

[ pami

| csA_clinker_LM_

Ok

Reset | From List |

Name of predefined composition object (PCO)
Code of PCO type { AQ RO GA FL HC PM MIN }

Comment to PCO description

Help Cancel

GEMS workshop, Diibendorf, May 7-8, 2014

5. Commercial CSA clinker + anhydrite + limestone

[ GEM-selektor Compos Setup: CSAMINGSA cinker 1M L@ ]

Step 1 - Predefined Composition Object (PCO) configuration

Compos record contains data for a Predefined Composition Object (PCO), which
describes a salt, the air, a mineral, a rock, a natural water, etc., treated as a single
named entity in the chemical system recipe.

PCO can be configured according to the source data: as IC or DC amounts/
concentrations; as user-defined formula (UDF) units; or as a large UDF entered into a
text field.

PCO Input data configuration
M Use amounts of Independent Components (IComp) In this PCO definition (defaul

™ Use formulae of Dependent Components (from DComp/ReacDC records) in this |

ﬂ Set number of user-defined formula units for this PCO definition (0 by
= default)

-Optional: Input user-defined formula (UDF) text
[ Use a user-defined formula text input field for this PCO definition?
[M moles =] Select units of measurement for this UDF quantity (default: M)
ID—‘ Enter here the UDF guantity or amount in selected units (default:

< Back INexb-I Canc.ell

Learn more

EMPAQ

31

EMPAQ

[ & GEM-Selektor Compos Setup: CSAMINCSA dinker M LB

Step 2 - Additional settings and next actions
~Optional

] 31 Set here the number of links to SDref bibliography records (default 0)

[ Use a vector of data uncertainties in this PCO definition

What will happen after you dlick "Finish”

(1) For a PCO definition using IComp amounts, a list of available IComp records
will be shown, asking you to mark the desired ones.

(2) In a PCO definition using DC formulae, a list of available ReacDC/DComp
records will be shown, asking you to mark the desired ones.

(3) Page 1 of the 'Compos’ window appears. Fill out BCname field and (optionally)
BCnote lines. Then enter data and formulae wherever needed, check units of
amount/concentration.

(4) Click on "Calculate’ toolbar button to compute the PCO vector. Check or enter
the normalization values in Masvol[0] and MasVol[6] fields and calculate again, if
needed. Setting both fields to zero disables the normalization of PCO to the total
mass or total amount of moles, respectively.

Learn more Cancel

< Back Finish

GEMS workshop, Diibendorf, May 7-8, 2014

32



5. Commercial CSA clinker + anhydrite + limestone

-

& Please, mark IComp keys for PCO definition

Pleasse, mark one or more record keys. Filter: *:*:*:

&1 uminum

Zz Electric charge

Clear All

Help

Cancel

EMPAQ

select elements

33
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5. Commercial CSA clinker + anhydrite + limestone

EMPAQ

g l—_|.1 my | [ R 3
§| s ‘Cf"'m 1 - L H é K ] ‘ | v, = | a i|<BA.Mm.CSA7dleMk.
i O e M T e NEE
l s
1 |AKDH)3 L | ro settings_| 22/0472014, 05:56 - |
2 |Aazo3 1
pcomf@ |3 |AI25i205(0H)4 I CSA clinker reactive part 100 g |
4 |Aqua . GEMS 2014 \
5 _|Cl2A7 ! =
Reacoc W6 |C25 ! | o 0 a a 0 ) ol]
7 _|C3A 1
= TN [
I
,] symic|clc|cr |
| 0 0f (0 [Al wM | 0.926994685|
| 1 0| |1 0.64107408|
( 2 0| |2 0.02324367|
it 3 o|[3 [ 0.01536677)
I T : I preroaT
! 4 0| |4 _ 0.023661362|
203 ! 5 ol [s [ 0.001321954
T o o [ T
18 Wa0 1 el b 2 Lt sl sellndseicnl
19| hso4 i 7 o| |7 0.14531499
20|&soa 0520 |1 8 offe fsto.m || o.02634016¢
ajdpios i
22|03 ! Compos X |
23 |Fel03 I
24 E 1 CSA MIN CSA_clinker_1M_ record to be inserted
75 F H 1 into project database. Action?
FeS [
Zolres) - Doit || poitforan| cancel |
SRP—— 5l ’ =
PCO [2,0] : Output of bulk numbers of moles of IC in this Predefined Composition Object b ° J

load the project afterwards, your predefined composition will be inserted

34
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5. Commercial CSA clinker + anhydrite + limestone

Open process file CSA_Cs Cc_1
Input: |

EMPAQ

+ H @ $ _.?( " { @ Iﬁ{ b!d g |CSA:G:CSAJarem:D:l]:l:ZO:G:GAJ:S;CCJ:S:

Controls Sampling | Results | Gonfig |22(D-4i2-l-]14. 11:10

c3A clinker + anhydrite + calcite

GEMS 2014%
im |iv ip iTe [imv [iTau ipXi iNu ipH ipe
0 1000 0 1 20| 0 0 0 o o 0|
1 1100 o| 1| 20/ 0 0| 0| 50/ 0| 0|
1 0 0 0| 0 0 o 0.5 0 0
cTm 1100 0| 1] 20| 0 0| 0| 50| o 0|

S hydration of 100 g solid with 100 g water and 1 g oxygen added

xa_[{Agua}] =: 100;

xa_ [{02)] =: 1:

k=

$ amount of calcium carbonate in g
xa_[{caco3}] =: 10;

E

5 amount of calcium sulfate is taken from iNu
xa_ [{CasS04}] =: cNu;

s

5 caleulation of the amount of CSA . . .
za_[{CSA}] =: (100-xa_[{caco3j]-cgh*0.756:] consideration of inert part

calculates with fixed CaCO; (here: 10 g) and varying CaSO,

(process file CSA_Cs_Cc_2 does it vice versa)
GEMS workshop, Diibendorf, May 7-8, 2014
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5. Commercial CSA clinker + anhydrite + limestone

Open process file CSA_Cs Cc_1
Output:

Controls Sampling Results 1 ‘Config | 22,"0-‘({‘2(]14, 11: i.l!

EMPAQ

[were | oose] 101f[wext | [ E: [ alla | wo0flap [ 100
[sStikey]csn-orcon _pasene:0:0:1:2070: N R i )

5 x-axis: amount of anhydrite added

xplJ] =: chu: . . .

s voaxis: phage masses consideration of inert part
[Gzisiio) =: (100-xa [icacos)]—chui+o.244: ]

ypl[Jl [1] =: phM[{ettringite-Al}]+phM[{ettringite-Fe]]1+phM[{S04 _CO3 AFt}]
+phM[ {CO3_S04_AFL}]:

yp[J] [2] =: phM[{monosulphate-Al}]+phM[{monosulphate-Fe}]

+phM[ {504 OH AFm}]+phM[{OH S04 AFm}]:

yplJ]1[3] =: phM[{C4AcH1l1l}]:
yp[J]1[4] =: phM[{Al(OH)3mic}];
yo[J] [5] =: phM[{CSHQ}]:

ypiJl [6] =: phM[{C2ASH8}].

yp[71[7] =: phM[{C3F50.84H4.32) +phM[{C3F51.34H3.32]}1;
yp[J]1 [8] =: phM[[OH-hydrotalecite]].
yplJl [B] =: O

yplJdI[10] =: O:

ypiJ] [11] =& ©:

yp[J]1[12] =: phM[{Calcite}]:
yp[J]1[13] =: phM[{Gypsum}]:
ypi{J][14] =: phM[{aq gen}l:

GEMS workshop, Diibendorf, May 7-8, 2014
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5. Commercial CSA clinker + anhydrite + limestone

- - EMPAQ
Result: blend of CSA/calcite 90/10 + variable
amounts of anhydrite
CSA clinker + anhydrite + calcite kiejl T:‘::M 1
;: ?::gtalcite
oo Jemst
R ® | SN
GEMS workshop, Diibendorf, May 7-8, 2014 37
5. Commercial CSA clinker + anhydrite + limestone
EMPAQ

Phase diagram (commercial CSA¥)

ettringite / g per 100g

unhydrated binder
0L 100

A: ettringite +
monosulfate
+ monocarbonate +
AH,

B: ettringite +
monocarbonate
+ AH; + calcite

C: ettringite + 2
monocarbonate
+ AH; + calcite +
gypsum 90 10
100

0O 10 20 30 40 50 60 70 80 90 100

GEMS wol CSA / mass-% * CSA: 68% C4A35




Heat flow (J/g*h)

5. Commercial CSA clinker + anhydrite + limestone

Conduction calorimetry

5 & 20°C, w/c = 0.80,
cement/ffiller = 1:1

Limestone powder
Quartz powder

EMPAG)

Compressive & flexural strength

20°C, w/c = 0.80

cement/filler/sand =~ 1:1:2

L = Limestone powder
Q = Quartz powder
35

R 20°C 5°C © 20 °C
20 20°C —e-BL-h —o-BLh | £ 30 T
+— BQ-h o BQ-h ~ 110
—BLl —BLl | £ 25
— BQ-l BQ-I =3 1lg
16 ® 90 —e—BL1.1
17 5°C ‘65 —-o-Bat1 | 8
S 15 =BL23 {7
g 10 +—BQ23 | ¢ n
S | 2
5 ° .-
© 9 T -
13 2"
-5 1, é
-10 11 5
'15 T TTT T T 0 %
0.1 1 10 100 £
Time (hours) Time (days)
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[1] Pelletier-Chaignat, Winnefeld, Lothenbach, Mdiller: Constr. Build. Mater. 26 (2012), 619.
6. Appendix: occurrence of CAH,,
EMPA)
CAH;, may occur as hydration product in CSA clinkers or CSA cements very low
in calcium sulfate
" Y -ye'elimite E-ettringite
Toa C-calcium aluminate M-monaosulfate
Ge-gehlenite M*-C,AH,
14000 4 Pe - perowskite Cd-CAH,,
12000 T EM cd
.,-‘L_J“'\-_Jl'_ AR S e
10000 1 —"l‘—._l_-'l".l-"N-!.:l"\_.-- ---\."-.I'.- i -I-—-"'-. i
T 80001 f
E 1’- » \ JL...;J\.UI Lgh
& 60004 [ |
i '1 ﬂ
|
4000 1 i A -"..“«,JJJI JLo |
2000 4 ‘FJ[' 30 min
o - - unhydrated
5 10 15 20 25 30 35 40 45
2-theta [*]
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[1] Winnefeld F, Barlag S.: ZKG International 62 (2009), 42.



6. Appendix: occurrence of CAH,,

pore solution of CSA cements
may be oversaturated with
respect to CAH,,

The presence of CAH,, is linked
to the solubility of AH;.

AH; with high solubility:

=> CAH,, may form (as
predicted by GEMS)

effective saturation index / -

—

o

1
—

1
N

_ - ettringite <¢- monosulfate
-A- gypsum -@- Al(OH)3 am.
-B CAH10 - stratlingite
-/ tobermorite -@- portlandite
| oversaturation
-0 - -& &
-& .
N-~ii¢ﬁ \1_\,__:__ -
£g o -
<o <>\\
\ ,A""——A__-_-A
undersaturation lﬁ.\—\’/ o --"® ---e
4 ~ —K, /./ \\\
/ e ---dA--_-_,
1

1 10 100 1000

time/h
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[1] Winnefeld, Lothenbach: Cem. Concr. Res. 40 (2010), 1239.

6. Appendix: occurrence of CAH,,

project ,Yeelimite”, single file ,,ye_anh”

Input: System Definition | Results: Equilibrium State ]

+-ettringite
+ - Aragonite
#-Calcite

- lime

+ Portlandite
#-Anhydrite

+ - Gypsum

+ - hemihydrate

A

Phase/species IL |T|Onf|UC |Add to BClUG |GD COLY. |UK |LoweriKC Upper EC |EC type 1_
#--ag_gen 29 & # g i) J 0
-gas gen 5 g + g ] d 0
+#- 504 OH_AFm 2 2% g D g o
¥ D}[__SO'!_AFm 2 5 ¥ g ] dJ 0
+-- 504 CC3 AFt 2 B = [+] 0 d 0
£ .03 Sod BEE .t = — fud 0 g 0
= Al (OH) 3mic i =% g B a
AlCHmic g + M 0 < 5708 DM 0 1e+006 B
+- Glbbsite x: 5 = g ] 3 1]
+ - Graphite 5 5 - g 0 J 0
+ Mayenite 1 s + g 0 J i}
+-ARluminate i s + g 0 J 0 . oy
- ca 1 =+ g 0 s o increases solubility product
#-- CA2 i s ¥ g ] J 0 .
¢ C2RHTS 1 s+ g 0 s o by 1logunitat25°C
+-- C3BHE 1 s + g ] J ]
+ C4AH13 1 5 - g 0 J 0
+ C4AH19 i s + g 0 J 0
+—- CAH10 1 B+ g ] J 0
+-- C4AsH12 X 5 - g 1] d ]
+- C4AcO.5H12 A B = q 0 J 0
¥  C4AcHI11 i a5 = g 0 J 0
I s + g a J 0
b g = g ] J 0
I 5 = g a d 0
i s ¥ g a J (£}
I s + g 0 J o
x & - g 0 J 0
x: 5 + g ] d 0
; B s F [+ 0 J 0

GEMS workshop, Diibendorf, May 7-8, 2014
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6. Appendix: occurrence of CAH,,

EMPAQ

Result: change of phase assemblage
CAH,, instead of AFm

Input: System Definition Results: Equilibrium State ‘

Input: System Definition Results: Equilibrium State ]

Phase/species |L |T|Amo1.mt (mol)

= > 251101 Phase/species L |T|Am01.mt (mol)
3 ;gngzn 3 3 0:03119591 o @ ag_gen 23 a 0.5376504¢6
- o ] gas gen 3 g 0.031237305
s S04 _OH AFm 2 s 0.10938991 © 504 on AFm > s
s OH_SO4_AI::m 2 s 2.8306647e-007 5 OH S04 AFm 2 =0
s R1(oH)3mic 1 5 0.59081956 s Al (0H)3mic 1 5 0.29458899
5  Mayenite 1 s0 5  Mayenite 1 s0
s  Aluminate 1 s 0 5 Aluminate 1 s@0
s CR 1 s 0 s CR 1 s 0
s CR2 1 s0 s ca2 1 s0
s comms 1 oeo E—) D oners L oeo
s C3BHE 1 s0 s C3RHE 1 s20
s CABRH19 1 s0 s C4BH19 1 s0
E CAHl[.] . 1 s 0 5 CRAH10 1 5 0.22148015
5 ettringite 1 s 0.037556455 5 ettringite 1 5 0.073843280
s lime 1 s 0 s lime 1 s 0
5 Portlandite 1 50 5 Portlandite 1 50
5  Anhydrite 1 s0 5  Bnhydrite 1 s0
5 Gypsum 1 s0 5 Gypsum 1 s0
5  hemihydrate 1 5 0 5  hemihydrate 1 s0
s Sulphur 1 E s Sulphur 1 s0
GEMS workshop, Diibendorf, May 7-8, 2014 43
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