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The microstructure and composition of hardened cement pastes of a wide range of blends of 
ground granulated blast-furnace slag with ordinary Portland cement have been studied, using 
techniques of transmission electron microscopy with microanalysis combined with electron 
microprobe analysis. Throughout the range, a calcium silicate hydrate gel (C-S-H) is the dominant 
cementing phase~ present in the "inner product" within the space originally occupied by either 
slag grains or alite or belite grains originating from the Portland cement, or in the "outer product" 
in the originally water-filled spaces. The morphology and composition of the outer product 
C-S-H and the composition of inner product C-S-H change with blend composition. Inner 
product of slag grains contains C-S-H of the same composition as the outer product C-S-H, 
intimately mixed with a Mg, AI-rich hydroxide phase whose fineness shows considerable 
variation. Inner product C-S-H of alite or belite does not differ significantly in Ca :Si ratio from 
that of slag. The reduction of Ca :Si ratio of all forms of C-S-H with increasing slag loading may 
have implications for the pH-buffering capacity of blends of large slag loading. 

1. I n t r o d u c t i o n  
Molten slag produced during the manufacture of pig- 
iron if cooled sufficiently rapidly forms a glassy mater- 
ial having latent hydraulic properties. When ground 
to a fineness similar to that of ordinary Portland 
cement (OPC) it does react with water to produce 
hydrates, but the reaction is so slow that for practical 
purposes it needs to be activated, most commonly by 
blending the slag with OPC. The partial replacement 
of OPC with ground granulated blast-furnace slag 
(GGBFS) has reported benefits, including lower chlor- 
ide diffusion rates at 25 ~ [1], and a greater resistance 
to sulphate attack [2]. The hydraulicity of the slag is 
affected by various factors, including the composition, 
which can vary widely, the glass content, and the 
particle size distribution. Taylor [3] has recently re- 
viewed the extensive literature on cements containing 
GGBFS. 

Although much is known of the hydration chem- 
istry of slag cements [3-], there is relatively little know- 
ledge of the microstructure of hardened pastes at the 
level of resolution which can be achieved using 
techniques of transmission electron microscopy 
(TEM) with associated high-resolution microanalysis. 
This paper presents the results of applying this tech- 
nique to the study of GGBFS/OPC blends (slag 
fraction 0-1), combined with electron microprobe 
analysis (EMPA). 

2. Experimental procedure 
Single batches of a Blue Circle (Northfleet) OPC and 
a Frodingham Cement Co. CEMSAVE GGBFS, were 
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used. The oxide composition of these cements is 
shown in Table I. Pastes were prepared by mixing the 
required amounts of solids with de-ionized water at 
a liquid to solids ratio of 0.4. The resulting paste was 
placed in a plastic tube which was then sealed in 
a plastic bag before placing in a curing bath, generally 
set at 20 ~ For X-ray diffraction and thermal ana- 
lysis, samples were crushed and washed in propan-2-ol 
before storing in a vacuum desiccator prior to ana- 
lysis. The experimental techniques are described in 
a previous paper [6], as is the preparation of speci- 
mens for TEM and EMPA. 

3. Results and discussion 
3.1. Hydration products 
Heat evolution curves for blends typically have 
a double peak as shown in Fig. 1 for a 1:1 GGBFS/ 
OPC paste. Following the development of the hy- 
dration phases by thermal analysis reveals that the 
second peak is unlikely to correspond to the forma- 
tion of an AFro phase, as has been suggested pre- 
viously [7, 8], but more probably to the formation of 
secondary AFt; the development of long needles of 
AFt during this heat peak has previously been con- 
firmed by scanning electron microscope studies [9]. It 
is interesting to note that the production of Ca(OH)z 
is initially in excess of that which is expected froth the 
OPC content alone, indicating an accelerating effect of 
the GGBFS on OPC hydration although a dip in 
Ca(OH)z production corresponds to the initial reac- 
tion of the GGBFS. As has been previously reported 
[10], the Ca(OH)2 content eventually (after about 
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T A B L E I Oxide compositions (wt %) supplied with the Blue Circle 
Northfleet OPC and Frodingham Cement Co. CEMSAVE GGBFS 

Oxide OPC GGBFS 

Na20 0.19 0.64 
MgO 1.33 7.74 
A1203 6.19 11.00 
SiO2 20.00 37.20 
SO3 a 2.65 3.68 
K20 0.86 0.55 
CaO 65.90 41.70 
TiOz 0.30 0.68 
Mn203 b 0.06 0.73 
F%O3 b 3.03 0.38 

" Most sulphur in GGBFS is present in its lowest oxidation state 
(as S 2-) [4, 5]. 
b Manganese and iron are present in the glassy slag in lower oxida- 
tion states [3]. Some colloidal and free iron are likely to be present 
in the GGBFS [5]. 

100 h) falls below that expected from the OPC content 
due to pozzolanic reaction. In a 1 : 1 blend the amount  
of Ca(OH)2 present remains substantial for times in 
excess of 104 h, but in the long term very low Ca(OH)2 
contents can be expected in blends with G G B F S / O P C  
proportions in excess of 3 : 1. 

Although the formation of AFro phases continues 
after the termination of the main heat peak, X-ray 
diffraction traces show that the AFt phase persists in 
1:1 blends for at least 2 months. Thermal analysis 
shows that the AFro content reaches a maximum after 
roughly 10 3 h and then diminishes slowly with time, 
for blends of 1 : 1, 3 : 1 and 9 : 1 GGBFS/OPC.  This 
decrease is possibly accompanied by an increase in 
AFt (the development of a shoulder on the C - S - H  
decomposition peak of the DSC curve is consistent 
with this), which may be connected with the slow 
release of S 2- species as the slag reacts. However, the 
behaviour of the S 2 - ion present in the slag is not well 
understood [5]. 

On the X-ray diffraction traces there also appear 
peaks which are believed to correspond to a Mg, 
Al-rich phase similar to the naturally occurring 
mineral hydrotalcite. Typically, this phase was first 
detected in the slag blends after 2 - 4  days. 

3 . 2 .  M i c r o s t r u c t u r e s  

Microstructural features can be broadly classified into 
outer product, formed in the originally water-filled 
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Figure 1 (a) Rate of heat evolution curve for a 1:1 GGBFS/OPC blend (W/S = 0.4, 20 ~ and (b, c) the corresponding production of ((3) 
Ca(OH)2 and (11) AFro, the consumption of (A) gypsum and (1)  slag, and (0)  the ratio of Ca(OH)2 content to that expected from the 
dilution of OPC in the blend. 
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spaces, and inner product, formed within the bound- 
aries of the original anhydrous grains. 

3.2. 1. Outer product (Op) 
The major phases present in the outer product region 
of neat OPC pastes are C-S-H gel, Ca(OH)2, AFm 
and AFt. The introduction of GGBFS into this system 
alters the quantity of these phases, the composition of 
the AFm and in the case of C-S-H gel, the composi- 
tion and morphology. The morphology of Op C-S-H 
is affected by the slag loading. In pure OPC or in low 
slag blends, the C-S-H has a strongly linear direc- 
tional characteristic, being fibrillar in its appearance 
in the TEM. At ~ 75% GGBFS regions of foil-like 
C-S-H form without these linear characteristics. As 
the slag fraction is increased, the foil-like morphology 
gradually replaces the fibrillar morphology. Fig. 2 
shows both the fine fibrillar and foil-like C-S-H in 
a 75% slag blend, and Fig. 3 shows an area in a 90% 
blend which is totally foil-like in morphology. C-S-H 
exhibiting the fibrillar morphology occurs in all 
blends except the neat GGBFS system. The foil-like 
morphology may be coarser or finer, probably de- 
pending on space constraints upon the growth of the 
C-S-H; Fig. 3 shows an example of a relatively fine 
morphology. Although the linear, fibrillar morpho- 
logy has only fine porosity, its inefficient filling of 
space appears to leave some fairly coarse, interconnec- 
ted pores, whilst the more evenly distributed pores of 
the foil-like C-S-H are probably less well interconnec- 
ted. This may account for the beneficial effects of slag 
in reducing diffusion rates in blended pastes [1]. 

The aluminate hydrates AFt and AFm can occur in 
all the OPC-bearing blends. These phases are found to 
be identical in morphology to those present in neat 
OPC pastes. An example of small AFm plates can be 
seen in the upper central part of Fig. 2. It is notable 
how the AFm merges with the outer product C-S-H. 
AFt is largely dehydrated by conditions of specimen 
preparation for the TEM but relicts are visible, as in 
Fig. 4, where the identification as AFt is by micro- 
analysis of the relicts. Needle-like AFt crystals corres- 
ponding to the relicts seen in TEM are, of course, 

Figure 2 Transmission electron micrograph showing both 
fine-fibrillar and foil-like Op, C-S-H in a 75% slag blend 
(W/S = 0.4, 20 ~ 14 months). 
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Figure 3 Transmission electron micrograph showing foil-like Op 
C-S-H in a 90% slag blend (W/S = 0.4, 20 ~ 14 months). 

Figure 4 Transmission electron micrograph showing AFt relicts in 
the outer product region of a 10% slag blend (W/S = 0.4, 20 ~ 14 
months). 

readily identified in scanning electron microscope ob- 
servations of fracture surfaces [9]. 

3.2.2. Inner product (Ip) 
Inner product regions derived from hydrating alite or 
belite grains within blends are morphologically ident- 
ical to those occurring in neat OPC pastes. In mature 
pastes, fully hydrated small grains of both alite and 
GGBFS often display a coarse morphology. Fig. 5 
shows inner product regions derived from small grains 
of both alite and slag in a 1:1 blend. As with alite 
grains, larger slag grains most often have a rim of fine 
textured C-S-H which can persist for many years and 
which merges into Op C-S-H as shown in Fig. 6. 
Frequently Mg, Al-rich laths or possibly platelets are 
seen within the Ip C-S-H. These may be oriented to 
run towards the outer boundary of the Ip C-S-H as 
previously reported [11], but in other cases they are 
randomly oriented even at the outer boundary. Fig. 7 
illustrates the former case, whilst an example of ran- 
domly oriented laths is shown in Fig. 8, which also 
shows, at the Ip/Op interface, plates of AFm and 
relicts of AFt needles sectioned approximately normal 
to the length of the needles. The composition of the 



Figure 5 Transmission electron micrograph showing small, fully 
reacted alite and slag (top) grains with Coarse Ip C-S-H in a 50% 
slag blend (W/S = 0.4, 20 ~ 12 months). 

Figure 8 Transmission electron micrograph showing Mg, Al-rich 
precipitates randomly distributed within a slag inner product region 
(lower left-centre), fine fibrillar Op C-S-H (upper right-centre), an 
AFm plate (upper left-centre) and several AFt relicts along the 
Ip/Op interface (50% slag blend, W/S = 0.4, 20 ~ 3 months). 

Figure 6 Transmission electron micrograph showing unreacted slag 
(left), fine-textured Ip C-S-H (centre-left) and finefibrillar Op, 
C-S-H in a 67% slag blend (W/S = 0,4, 20 ~ 14 months). 

Figure 7 Transmission electron micrograph showing a well-defined 
slag inner product region containing C S-H and Mg, Al-rich 
precipitates which are oriented towards the Ip/Op interface. 

precipitates within the Ip is discussed later. They have 
been previously identified as plates from scanning 
electron microscope (SEM) observation in a TEM and 
SEM study 1-11, 12], and this has been confirmed for 
small grains in this work. However, even for small 

grains, the SEM can give a misleading impression of 
the general proportion of the quantity of plates to that 
of C - S - H  gel, and this seems to have led Feng and 
Glasser [12] to the doubtful conclusion that C - S - H  is 
present in only minor amounts within the inner slag 
hydrate of mature pastes; certainly their assertion is 
not true for the systems studied here. When the plates 
are very well developed, as for example in Fig. 9, they 
may indeed predominate over the C - S - H  gel but in 
many other inner product regions, even in 3 year old 
pastes, the plates are less well developed and a high 
proportion of C - S - H  gel is present, as in Fig. 8. The 
development of the plates occurs to different extents in 
different slag grains, possibly depending on composi- 
tion and also appearing to depend on particle size, 
because platelets or laths typically appear very early in 
small grains. Although in the later stages of develop- 
ment the precipitates are undoubtedly plates, as pre- 
viously reported [11, 12], in the early stages it is not 
obvious from the observations that the morphology is 
plate-like, and they are probably better described as 
laths or needles. Various stages of microstructural 
evolution of the precipitates can be seen simultan- 
eously within the same specimen. 

The final microstructural feature to be noted is the 
presence of small, almost round, poorly crystalline 
particles as seen on the right-hand side of Fig. 9. The 
particles are rich in iron and aluminium and also often 
contain significant amounts of titanium. They appear 
similar to particles reported to occur in OPC and 
PFA/OPC pastes 1-13] where they were considered to 
be a poorly crystalline form of a calcium-deficient 
hydrogarnet. 

3.3. Microanalysis 
Tables II and III give the results of an extensive set of 
analyses of inner and outer product C - S - H  obtained 
in the TEM for I :1 G G B F S / O P C  blended paste. The 
Ca : Si ratios of the C - S - H  gels are seen to be consist- 
ently lower than those of gels in hardened OPC pastes, 
where a typical average value for the Ca : Si ratio is 1.8 
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Figure 9 Transmission electron micrograph showing very 
well-developed Mg, Al-rich laths (upper left) and small round Fe, 
Al-rich particles (right) in a 75% slag blend (W/S = 0.4, 50~ 
2 years). 

[6]. It is further seen that there is no significant differ- 
ence between tlae Ca:Si ratio of C-S-H gels in the 
inner product of alite, the inner product of slag and the 
outer product, nor is there any significant change in 
Ca : Si ratio with the curing time of the paste. It should 
be emphasized that these statements apply to averages 
and that there is considerable local variation in gel 
composition. This variation is confirmed by EMPA 
analysis of 1 : 1 blends where, for example, two distant 
gel areas in the same specimen gave significantly dif- 
ferent Ca:Si ratios of 1.2 and 1.45, or in another 
example where regions of gel in pastes of two different 
ages gave values of 1.7 and 1.43. These different values 
were derived from large numbers of determinations in 
the same local area (less than 60 ~tm x 60 am). This 
shows that results obtained from localized data sets, 
even if these ar e large sets, cannot be taken to establish 
compositional averages and trends. This may help to 

explain the apparent discrepancy between the results 
of Table II and those of Harrisson et al. [14]. who 
gave a Ca : Si ratio of a C-S-H in a 40% slag blend 
only marginally lower than C-S-H in neat OPC 
pastes. 

Table III shows that although the Ca:Si ratios of 
inner product gels of alite (or belite) and slag do not, 
on average, differ significantly, there is a marked dif- 
ference in the aluminium content which is substan- 
tially greater in the slag inner product. This is also 
shown in EMPA analysis, for example Fig. 10, where 
slag and slag inner product regions are seen to have 
similar (AI + Fe) : Ca ratios, higher than those of OPC 
inner product, although the slag itself has a higher 
Si : Ca ratio than its inner product. The best chemical 
marker for slag inner product is the magnesium con- 
tent. As reported previously [-14], magnesium does not 
migrate from the volume originally occupied by the 
slag grain and the loss of other elements, particularly 
silicon, from the volume which becomes occupied by 
inner product C-S-H causes the slag inner product 
C-S-H to show the highest magnesium concentration 
in the microstructure. It is thus revealed clearly on 
EMPA magnesium maps, for example Fig. 11. TEM 
microanalysis confirms that magnesium is never found 
in outer product C-S-H. Transmission electron 
micrographs of slag inner product presented earlier 
show that precipitates which eventually become plate- 
like develop in the slag inner product. Even with the 
relatively high resolution of microanalysis in the 
TEM, the precipitates are generally so small that ana- 
lysed areas contain both gel and precipitate and this is 
even more the case for the much larger volumes ana- 
lysed in EMPA. The combination of Mg:Ca and 
AI:Ca analyses by TEM and EMPA. for slag inner 
product in a 1:1 GGBFS/OPC blend is shown in 
Fig. 12. Remarkable agreement between the two tech- 
niques is shown. In some analyses in the TEM, the 

TA B LE I I Ca:Si  atom ratios in hardened GGBFS/OPC 1:1 pastes. W/S = 0.4, 20 ~ 

Age Mean 4- r L_ 1 (n) 

Ip C - S - H  Bvs Ip C - S - H  ~ Op C - S - H  

1 week 1.63 4- 0.14 (14) 1.59 4- 0.18 (17) 1.52 4- 0.14 (26) 
4 weeks 1.52 4- 0.15 (12) 1.44 4- 0,06 (10) 1.42 4- 0.10 (23) 
3 months 1.47 4- 0.16 (17) 1.38 4- 0,12 (3) 1.40 4- 0.08 (25) 
1 year 1 1.56 4- 0.10 (12) 1.56 4- 0,13 (7) 1.57 4- 0.09 (19) 
1 year 2 1.54 4- 0.12 (11) 1.43 4- 0.16 (3) 1.52 ___ 0.15 (16) 
3 years 1.54 4- 0.13 (9) 1.47 4- 0.09 (10) 1.51 4- 0.07 (6) 

T A B L E  I I I  Al :Ca atom ratios in hardened GGBFS/OPC 1:1 pastes. W/S = 0.4, 20 ~ 

Age Mean ___ eL- 1 (n) 

Ip C S-H Bvs Ip C - S - H  ~ Op C - S - H  

1 week 0.21 4- 0.07 (14) 0.10 + 0.01 (6) 0.10 + 0.01 (9) 
4weeks 0.32+0.13 (12) 0.11 +0.01 (5) 0.11 4-0.01 (14) 
3 months 0.33 4- 0.11 (16) " 0.11 +0.02 (2) 0.11 _+ 0.01 (17) 
1 year 1 0.32 _+ 0.14 (13) - 0.12 4- 0.02 (6) 
1 year 2 0.28 4- 0.08 (13) 0.10 4- 0.01 (4) 0.09 4- 0.01 (12) 
3years 0.32,+0.14 (7) 0.114-0.01 (7) 0.12+__0.01 (6) 
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Figure 10 (AI + Fe):Ca against Si:Ca atom ratio plot for a 25% 
slag blend (EMPA mapping data for area in Fig. 11). A, B Ip = alite 
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Figure l2 Mg:Ca  against AI:Ca atom ratio plot  of the EMPA 
mapping data of an area in a 50% slag blend, and TEM analyses of 
(O) fine homogeneous inner product and (�9 mixtures of this with 
Mg, Al-rich laths (W/S = 0.4, 20~ 14 months). 

Figure11 Magnesium map for an area in a 25% slag blend 
(W/S = 0.4. 20~ 14 months) (one square = 1 gin2). 

precipitates could be seen within the analysis volume, 
whereas in EMPA the precipitates are, of course, 
never observable. Nevertheless, all the data fall quite 
well on a single straight trend line which can be 
described by the equation 

AI:Ca = x + 0.41(Mg:Ca) (1) 

where 0.045 < x < 0.141. The AI:Ca ratios of the 
outer product and OPC inner product gel fall within 
the range of values possible for x in Equation 1. It 
therefore seems reasonable to consider x as the A1 : Ca 
ratio of single-phase C-S-H within the 1 : 1 slag/OPC 

system. The slag inner product can therefore be 
envisaged as an intimate mixture of this single-phase 
C-S-H, compositionally identical to outer product 
C-S-H, and a Mg, Al-rich hydroxide phase with, in 
this case, a Mg:A1 atom ratio of 2.4. A similar as- 
sumption was made by Harrisson et al. [14] although 
they considered the C-S-H in slag inner product to 
have a lower Ca : Si ratio than that in hydrated alite or 
belite grains, which is not borne out by our results. 
The fact that TEM analyses of slag inner product in 
which plate- or lath-like precipitates were not clearly 
recognizable are consistent with this approach, sug- 
gest that the phase mixture can occur on a very fine 
scale. The observable precipitation of Mg, Al-rich 
laths, or eventually distinct plates with ageing, can be 
considered as a coarsening of this very fine phase 
mixture. 

Slag inner product regions are also rich in titanium, 
manganese and iron and EMPA element maps of 
titanium, in particular, are effective in showing the 
regions of slag inner product in the same way as 
magnesium maps. The relatively low concentration of 
these elements requires the maps to be collected by 
wavelength dispersive detectors. 

The effect of slag loading on compositional trends 
was also investigated. Tables IV and V show the 
results of an extensive series of TEM microanalyses. 
The inner product C-S-H from alite and belite grains 
is represented in Tables IV and V by the Ip C-S-H ~ 
column. It is evident that the chemical composition of 
these regions essentially mirrors that of the Op C-S-H 
in all the blends, although this fact should not be 
taken to show that they are structurally identical; for 
example, the inner product C-S-H could be more 
highly polymerized, as suggested by MacPhee et  al. 
[15]. All the C-S-H gels show a similar trend of 
reducing Ca:Si  ratio with increase in slag loading. 
The results are shown graphically for outer product 
C-S-H in Fig. 13. The trend for C-S-H gels of inner 
product regions is closely similar. The results have an 
important implication for the buffering capacity of the 
pastes of large slag loadings, in whic!a~the long-term 
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TAB L E IV Ca:S• atom ratios in hardened GGBFS/OPC blends. W/S = 0,4, 20 ~ 14 months 

% GGBFS Mean • ~,  l(n) 

Ip C - S - H  ~vs Ip C - S - H  ~ Op C - S - H  

0 a - 1.80 • 0.15 (107) 1.70 • 0.12 
10 1.90 1 0.12 (21) 1.90 • 0.10 (13) 1.86 • 0.11 
25 1.80 • 0.17 (15) 1.75 • 0.14 (14) 1.79 ___ 0.15 
50" 1.55 • 0.11 (23) 1.52 1 0.13 (10) 1.55 • 0.12 
66.7 1.48 • 0.07 (22) 1.32 • 0.10 (2) 1.42 • 0.08 
75 1.40 • 0.12 (12) 1.41 • 0.13 (3) 1.34 • 0.07 
83.3 1.43 • 0.08 (21) 1.21 • 0 (1) 1.34 • 0.06 
90" 1.26 • (39) 1.29 • 0.09 (6) 1.29 ___ 0.07 

100 1.09 • 0.08 (25) - 1.18 • 0.06 

(85) 
(14) 
(24) 
(35) 
(27) 
(21) 
(22) 
(85) 
(26) 

a More than one specimen. 

T A B L E  V AI:Ca atom ratios in hardened GGBFS/OPC blends W/S = 0.4, 20~ 14 months 

% GGBFS Mean • ~,_ l(n) 

Ip C - S - H  Bvs Ip C - S - H  ~ Op C - S - H  

0" - 0.09 • 0.03 (10) 0.09 + 0.01 (10) 
10 0.23 + 0.05 (20) 0.09 • 0.04 (2), 0.09 +_ 0 (2) 
25 0.25 • 0.10 (15) 0.08 • 0.01 (7) 0.09 • 0.02 (18) 
50 a 0,30 __+ 0.11 (23) 0.10 • 0.01 (4) 0.10 + 0.01 (18) 
66.7 0,28 • 0.07 (22) 0.14 + 0.01 (2) 0.12 • 0.01 (26) 
75 0.30 •  (12) 0.13 • 0.02 (3) 0.13 +0.01 (21) 
83.3 0.34 • 0.11 (21) 0.17 • 0 (1) 0.14 • 0.02 (22) 
90" 0.40 • 0.17 (39) 0.15 • 0.01 (6) 0.16 + 0.02 (85) 

100 0.41 • 0.19 (25) - 0.19 • 0.06 (26) 

a More than one specimen. 
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Ca(OH)2 content may be low or zero. The pH level set 
by the C-S-H will be the lower, the lower is the Ca : Si 
ratio of the gel, and this may have implications for the 
corrosion of steel in the paste. 

Table V shows that as the Ca:S• ratio of the gels 
decreases (Si : Ca increases), the A1 : Ca ratio increases. 
The trend for outer product C-S-H is shown in 
Fig. 14 on which all the unprocessed TEM analyses 
for the 14 month old OPC-containing blends are plot- 
ted. This result has implications for models of the 
structure of C-S-H containing trivalent cations (AP + 
or Fe 3 +) which will be discussed elsewhere [-16]. 

In slag inner product, Mg: Ca ratios were measured 
and related to AI:Ca ratios by both TEM microana- 
lysis and EMPA for the range of slag loadings. For all 
the blends, excellent agreement was obtained between 
the two techniques and trend lines were established. 
The combination of TEM and EMPA data for the 1 : 3 
GGBFS/OPC blend is shown in Fig. 15, for example. 
Equations of the form 

AI:Ca = a + b(Mg:Ca) (2) 

were fitted to the trend lines for the different blends 
and the result is shown in Table VI. In Equation 2 and 
Table VI, a is the AI:Ca ratio of the underlying 
single-phase C-S-H gel and b is the AI:Mg ratio of 
the Mg, A1 hydroxide phase intermixed with the 
C-S-H in the slag inner product. Although the values 
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Figure 14 A1 : Ca against Si : Ca atom ratio plot of the TEM data for 
the 14 mon th  old � 9  blends. 

1.6 

o 

,= 
E 

o-8 
8 
, .  

l g  

�9 o 

1 2 7  
: o , 

�9 , o  �9 

e �9  . . . . .  

0 0"3 
At: Ca atom ratio 

I I 

0"6 

Figure 15 M g : C a  against AI :Ca  atom ratio plot of the EMPA 
mapping data of an area in a 25% slag blend (see Fig. 11), and TEM 
analyses of ( 0 )  fine homogeneous  inner product and (O) mixtures 
of this with Mg, Al-rich laths (W/S = 0.4, 20 ~ 14 months). 

T A B L E  Vl  AI :Ca  = a + b(Mg:Ca)  

% GGBFS AI :Ca  a b Mg:AI  
Op C - S - H  

0 0.052 0.042 0.373 2.68 
10 - 0.04 0.402 2.49 
25 - 0.064 0.434 2.30 
50 0.101 0.098 0.411 2.43 
66.7 0.123 0.100 0.401 2.49 
75 0.133 0.121 0.418 2.39 
83.3 0.140 0.i 32 0.420 2.38 
90 0.155 0.138 0.476 2.10 

100 0.194 0.185 0.568 1.76 

of a are always lower than the A1 : Ca ratio of outer 
product C-S-H, the differences are generally small 
and within experimental error. This observation sim- 
plifies modelling of the system over the whole range of 
slag loading by enabling the slag inner product to be 
always considered to be an intimate mixture of single- 
phase C-S-H, of the same or nearly the same com- 
position as Op C-S-H, with a Mg, Al-rich phase. 

T A B L E  VII  Range of composit ion for AFro-type phases in 
GGBFS/OPS  blends: C3(A1- ,Fx) 'C(SyH1 y) 'Hz 

% GGBFS y min imum y max imum x maximum 

0 0 0.08 0.36 
0 TE'u 0 0.15 0.31 

10 0 0.24 0.2 
25 0 0.24 0.3 
502 0 0.44 < 0.04 
50 ~ 0.2 0.60 0.4 
66.7 0.24 1.00 0.22 
75 0.44 1.00 0.4 
83.3 0.72 1.00 0.2 
90 - - - 

1 0 0  - - - 

a TWO areas on same specimen. 

AFm phases are found in all the �9 
pastes, but not in the neat GGBFS system, Composi- 
tional ranges for these phases have been derived from 
EMPA mapping data, and are presented in Table VII. 
The results of Table VII were obtained from EMPA 
data similar to those shown in Fig. 10 but with plots of 
Fe:Ca against AI:Ca to determine values of x, and 
(A1 + Fe):Ca against S:Ca to determine values of y. 
Because of the wide scattering of points on these maps, 
the results are reported in terms of limit values rather 
than giving mean values. Despite the wide ranges 
a definite trend of increasing S content with increasing 
slag loading can be seen. The maximum y values show 
a quite sharp increase as the slag loading passes 
through 50%, consistent with a gap in the solubility of 
C 4 A S H a 2  and C4AHx as reported by Taylor [17]. 
There is no clear trend in the level of iron substitution 
for aluminium. 

4 .  C o n c l u s i o n  

The main phases present in hardened pastes of 
GGBFS/OPC cement blends are C-S-H gel, 
Ca(OH);, the sulpho-aluminate hydrate phases AFt 
and AFro and a Mg, Al-rich hydroxide phase. TEM 
also reveals the presence of a poorly crystalline Fe, 
Al-rich phase, possibly a forerunner of hydrogarnet. 
Although i n the short term Ca(OH)2 production is 
accelerated by the presence of GGBFS, in the long 
term the Ca(OH)2 content is reduced by pozzolanic 
reaction. Microstructurally the hydration products of 
the blended pastes can, as in � 9  pastes, be divided 
into inner and outer products. The inner product of 
slag grains is readily distinguished on EMPA maps by 
a higher concentration of magnesium or titanium. 
TEM and EMPA microanalysis of slag inner product 
are in good agreement and indicate an intimate mix- 
ture of C-S-H of the same composition as outer 
product C-S-H and a Mg, Al-rich hydroxide phase of 
Mg:A1 atom ratio of ~ 2.4. TEM observations show 
that this phase varies in scale from barely resolvable 
linear features to clear platelets, and compositional 
analyses imply its presence on a scale below that 
resolved by TEM. The effect of increasing slag loading 
on outer product C-S-H is to reduce the Ca : Si ratio, 
increase the A1 : Ca ratio and progressively change the 
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morphology from a strongly linear, fibrillar morpho- 
logy at low-level slag loadings to a fine foil-like 
morphology at higher slag loadings. This latter 
morphology appears to fill space with a more finely 
distributed porosity which may help to account for the 
reduced diffusion rates found in pastes of slag blends. 
The reduction in Ca: Si ratio with increasing slag 
loading is similar for inner and outer product C-S-H 
and it implies that the C-S-H present at high slag 
loadings will buffer the pH of pore solutions to a lower 
value. AFro phases were found in all OPC-bearing 
pastes, though not in a neat GGBFS paste. The sul- 
phur content of the AFro increased with increasing 
slag loading. 
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