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Part 2: Microstructural characterisation of cementitious materials

In this second part we are going to look at electron microscopy, which is really one of the
most powerful techniques for micro structural characterization, although more able to
quantify that is really, I think the compact X-ray diffraction and thermo gravimetric analysis
we have not talked about are very good for quantification, whereas, electron microscopy is
much more visual. It gives you an overall idea of things, but the quantification is more tricky.
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So, we are going to talk mainly about S E M, imaging modes, stopping hydration and
particularly polishing, which is the most important thing and we will look at some examples
and at the end, I am just going to show a couple of examples of transmission electron
microscopy which is a very powerful technique but not for the faint hearted because it really
will take you about six months to a year to be able to transmission electron microscopy which

is not practical for most studies.
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So, what is happening in electron microscopy, it depends on the interaction between the
incoming electrons and the sample. So, this is shown in this diagram above, we have this
beam of incoming electrons and then they interact with the matter in the sample through what
is called Interaction volume, which is over size of a few microns and here we can see from a
Monte Carlo simulation with trajectories of the different electrons and the different signals

we are using have different characteristics.

So, the main three signals we're using in the S E M are, first of all secondary electrons, which
come from just the very small area close to the surface because they have very low energy.
So the all secondary electrons generated everywhere, it is just that at greater depths, they do
not escape from the sample. Then we have the backscattered electrons which have a slightly
bigger depth but still they are focused in a quite narrow area and finally, we have the
characteristic x-rays which really come in from this whole volume here and that is where we

have the most problem of the fact that we saw playing this volume of several microns.
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So, let us look at each of these in turn and what we can do with them. Now, first of all, the
secondary electrons are electrons from the outer layer of the atoms, that have been ejected
from the sample. Now, they have a low energy and because they have a low energy, you can
collect them with a detector which has a slight positive bias and this give us what is called a

shadowless image.

Now, shadowless image is actually kind of what we used to seeing, because even though we
know we have shadows, light can be quite diffused, collecting light from all around your face
and not just the part facing to me and this means that the secondary electron images, we tend
to like a lot, because they kind of ensure that we can relate most of them in tell and probably
you all have seen these nice micrographs. The problem is that these are not really such good

for looking at thing is in a quantitative way, they are really a very qualitative technique.
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So how do we use secondary electrons?, Well generally we look at fractured surfaces, these
are very easy to prepare you just take a piece of your sample, smash it with a hammer, pick

up a little piece, closer toward other and put it in the electron microscope.
(Refer Slide Time: 03:52)
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And this has the advantage, we have very high resolution and we can see the morphology of
hydration products and that can be very powerful techniques. But it is not representative
because we have made this fracture, we are only seeing the weak areas. We cannot get any
chemical analysis, so do not believe any kind of chemical analysis done on fracture surfaces,

it is not reliable and we cannot quantify anything.
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So, this is the kind of image we can get, here we see a very nice image of a cement paste
during early hydration and we can see the different hydrates, we can see this crystal of
ettringite, we can see the crystals of calcium silicate hydrate which are growing on the
surface and incidentally 1 just want to point out here, you see there is no coverage of the
surface and these ettringite needles are not what directly slows down the aluminate hydration,
its sulphates ion. And level of detail we can get from it, we can clearly see that these

ettringite crystals are not providing any kind of barrier to hydration.

(Refer Slide Time: 05:09)
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So, we can overturn that idea which was quite popular in the literature. And here we see some
images, where we see the growth of C S H during the main hydration peak, we can see very
nicely, how these C S H needles grow over time and that is all very good, the problem is that
you know, any cement will look just the same so, if you have done it, you don’t need to do it
again.
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And the most for the problem is that, as soon as you get a sample which is few days old,
everything really looks to same, well everything looks the same and not the same, because
the problem is if you look at an individual image like this the microstructure in porous areas
is completely different from unporous area, so you are going to have as much difference
between within one sample as within any other sample. So here are supposedly four different
samples but really you cannot say anything about whether they are really different or just

variation or the same you see they have got big particles of aggregate in.

So, | mean it is really useless this I mean | am sorry but this is every day as editor of a
journal, | see so many papers like this where people have spent time on the electron
microscope taking pictures like this, it is just the waste of time, it is a waste of everybody’s
time, it is a waste of instrument time, waste of your time and a waste of my time having to

reject your paper. So, you know please try not to do this.
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Now, much more useful when we get to backscattered electrons and here what happens is the
incoming electrons are deflected by the electrons surrounding the atom and they kind of
bounce back, you can imagine it like a ball bouncing back from a wall and the probability,
that the electrons bounce back goes up as the number of electrons and the atoms goes out that

is to say as the atomic number goes up, okay.

So, you have this extremely useful contrast which depends on the atomic number which leads

to what is called phase contrast.
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And the kind of typical image you can see like the one above and this is where it is you know
really so very powerful. Now we have a polished section the contrast is produced by the
different atomic numbers, so we have the anhydrous phases which contain no water, which
are the brightest then we have the calcium hydroxide and then we have the other hydrate
phases and we cannot generally distinguished between the C S H and the other phases like a
ettringite, they are all tend to be mixed up together but what we can see is the homogeneous
regions of what we call inner product of C S H that is formed in the place of the original grain

and then regions of outer product, which are formed between the grains.

So, this is very useful, we can really see very well the disposition of the different phases and
of course the pores but as we will talk about in the next part the pores we see are only really

the very large pores, so it is not so useful for porosity.
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And the third technique we use is called characteristic x-rays. What happens here is that we
have an incoming electron that knocks out an electron from the shell of the atom and then we
have the relaxation of another electron into its place with the emission of an x-ray and of
course because the energy between these different shells is quantized and depends on the

atomic number, the energy of this x-ray that is given off is characteristic of the atom.
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And so, if we look at a typical spectra, well we can see different peaks according to the
different element, comes is then how to determine the contribution of each phase and

particularly where we have this intermixing.
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So, we go on to look at some examples. | want to say a word about environmental
microscopy because many people say “oh! this is a solution we can look at hydration in-situ”.
No you cannot. First and foremost, electrons do not pass through water, I mean they go
maybe into one micron level.



So if you have got any water on your sample, they are just going to bounce off the water and
you are just get to see the surface of water which is not very interesting, then what people say
is very good in these electron microscopes is that you could condense water and then you can
remove it. Well you can do that, but the point is the whilst condensation of water in the
environmental electron microscope only occurs at a very low temperature so the water is only
there when the temperature is very low and the hydration is not really going to be going at
temperature. Secondly, you are putting water there then you are removing it, that is not at all
a realistic hydration condition.

(Refer Slide Time: 10:28)
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So, you know really the use of environmental microscopes for cementations materials I think
is a very limited, maybe it is useful where you have something like a polymer addition or
something like that but otherwise, I do not really recommend it. Nowadays even on
conventional S E M S you have many options for low vacuum, you can also look at uncoated
samples and particularly, if we look at the picture above, which | took in my PhD thesis in
1981, it was taken in a completely conventional S E M high vacuum gold-coated, this is a

picture taken by my student Emily Barzani which was done at low voltage no coating.

Now, basically you are seeing the same thing, you know this, it is C S H and even this
condition of high vacuum and gold coating has not really completely changed that structure.
So do not be afraid when people say “oh! you have got water there”, yes you have to be

careful about the coating on that but you can do it.

(Refer Slide Time: 11:11)
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And above we see some examples for the different methods of stopping hydration, so at the
top we have example with freeze drying and then we have an example where we have looked
with isopropanol, this is been done with a powder, so it is been done with a quick flight
filtration and basically you do not see any difference. They are pretty much the same in the

two samples.
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So, both of these are very good methods for electron microscopy. They have little impact on
the images, of course they impact x-ray diffraction we just talked about but that is not what
we are worried here and in above picture as we can see the ettringite needles, these will not
be crystalline anymore, this will not show up in the x-ray diffraction but in the morphology it
is unaffected.

Do not oven dry as | have said, because oven dry, it looks a complete mess | am sorry | do
not have a picture of an oven drive sample. I should I did one a long time ago but I have not

got it anymore and | obviously needs to take one again.
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So, the other thing is coating. Now if you are not careful you can get a lot of damage of your
sample by not doing the coating well so this is what is called poor coating but if you do good
coating with carbon, you can see in the picture above that we have preserved the needle
structure very well and there are some examples with no coating and osmium coating. It is
pretty much all the same, so you know if you do things well, then you can preserve the

morphology of the hydrate.

(Refer Slide Time: 12:55)
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So now we are going to look at polishing, because as | hope | have convinced you,
backscatter electron imaging is by far the most useful technique, but to get these backscatter
electron, it is a really important prerequisite that we have a perfectly polished sample and
most polishing machines can work quite well but do not use water. It seems kind of obvious
you have got cement which is reacting with water. Obviously, if you are going to use water
during the polishing, you're going to wreck everything, but every day | am talking to people
and they say “why cannot | get good polishing?” then we find out that, they are polishing
with water, because they have taken it maybe to the geology laboratory or the metals
laboratory and if you what looking at rocks or metals, you are not worried about water, so the

standard procedure is water.

Now generally what we are usually using is a deodorize petrol because we found this is a
good lubricant that does not pick up water. The problem with many other lubricants like
ethanol, is if you have it lying around in the lab it will pick up water and then that is the same

thing, it kind of destroy your sample the same way and you have a polishing disk, you either



have separate disk or you very carefully wash between the different stages and then you use

the different diamond sprays.
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In above image,what we are aiming at is that, in the backscattered electron mode, we can see
the nice contrast between the different phases, we can see the areas of calcium hydroxide and
to check it, we can go into secondary electron mode and In the secondary electron mode you
can see there is some small holes which you will always have. There is a very fine scratch but
that is okay and sometimes you can even see particles of dust, that is what you have to be
careful about, because if you leave your sample lying around on the bench it will get particles

of dust that fall on it but this is really not bad.
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In contrast, many people hang out with the difficulty in acquiring well-polished sample,
above is a very typical polished sample and the problem here is that, the sample was not well
impregnated with resin, so the phases are ripping out and you have ended up with a very
rough surface. You cannot identify the calcium hydroxide, you can sort of see the cement

grains but they are very rough and this is really no good for anything.
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Here is a example where you see the most of the hydrate part is well polished but these
cement grains have been attacked, maybe it was polished with ethanol which had picked up



water, you see then these anhydrous cement grains have really heavily attacked and that is not

really useful.
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If you have very young samples it can be very challenging, your cement grains will be much
harder than the hydrate phases and so you tend to get this damage and cracks. So, it is

particularly advised that, do not try to polish sample for about one day.
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It is really very different and then when you want to go to Mortars and concretes, It becomes

even more difficult because now, we have a very hard aggregate here and the softer paste and



what often happens is you really rip out all the material. So, these kind of gaps has really
been caused by the polishing because of the different hardness.

So, the problem we have in mortars and concrete is that we have a very different hardness
between the aggregates and the softer cement paste and this means, it is quite easy to get to
the erosion of material here at the interface between the two. So, you have to be careful of
that.

(Refer Slide Time: 16:54)
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So some tips and the first tip is may be not all of that helpful because the first tip says that
really if you want to learn to polish a sample well, you have to work with somebody who
know is what they are doing, | cannot stand up and tell you what to do, even if you go and
read the book, it gives you some advice but it is you know, there's nothing like really working
with somebody because the point about polishing is you have to be checking what is going on

all the time.

So, you can use an optical microscope to check for scratches, to check you have not got too
much erosion for your sample etc. Really for pace we have to impregnate with resin, it is very
important but to get , you need to have a sample that is roughly flat first because the resin
does not generally penetrate all that much, so you can lightly level your sample or some

sandpaper or something or even a good sawn cut is okay and then impregnate with resin.

Allow the resin to harden properly, this is a very common error. People are trying to rush

things, if you are going to have a properly hard and resin it, generally needs to leave it for one



week. If you are really in a rush you can maybe put in an oven at 40 degrees but no more.
Grind carefully to get a flat surface, so that you do not remove too much material because
otherwise you are going to get rid of all that resin, you spent time to put in and then progress
successively through finer grades down to generally one micron or quarter micron but in each
stage you need to check your sample regularly because it say is even easy to over polish as to
under polish. If you have under polished, you will still see scratches from the previous stage
but if you over polish, you get to that situation where | showed you of the bad polish where

everything is gouged out.

So, both are very easy to do and that is the problem. And once you have over , you need to
start again there is nothing you can do, you got to level that sample re-impregnate, take well
best thing is take a new sample. Every material every machine is different so you cannot have
a standard protocol so | can give you one protocol it works very well allow machines at EPFL
but it is going to have to be adjusted to your machine there and then you know if you have a
paste that is one thing, if you have a mortar that is another thing, if you have a young sample
that is one thing, an old sample that is another thing each thing you need to think about thing
is like what is the load on the sample what is the speed of polishing all of these things can be

very important.

So, it is difficult and it is a question of really learning by experience, but last of all, know
what you want to expect so we have seen some nice micrographs here and you know
hopefully then if your sample is not looking like that then it is probably your polishing. It is
probably not, that you have discovered this new miracle cement that reacts differently from
everything else, it is probably you did not do the polishing right and once you have polished
your samples do not leave them lying around in the lab, because they will carbonate because
they will pick up dust and then you spent all this time polishing and then you wreck it by

leaving it around. So, use a bit of common sense.
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So, we have got our nice polished samples in above image and then we can see really a lot of
things, so two very nice examples | like very much which show the two most common type
of supplementary cementitious materials. So, in this one we can see the slag, we can see how,
for example this inner product, this dark area around the slag. It is darker because all the

magnesium that was in the slag is in the same part.

In this fly ash, we can see all the different fly ash particles here we can see we have had some
cuts and crystalline hydrates in the fly ash here we have got different compositions etc. So,

we have got to lot a visual information but again quantifying it is really challenging.
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Some typical images, with silica fume

) () i



Here is silica fume, of course silica fume will generally be at a scale which we cannot resolve
very well but we cannot sort of just about make up the individual very fine silica fume
particles here. Certainly, it would be very useful to check that your silica fume is well
dispersed because that is a huge problem with silica fume you tend to great big clumps and

those you can see very easily.
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If you look at other cements, so for example calcium or aluminates you can get some
problems, like when you have got samples with lots of ettringite because it loses a lot of
water on drying forms these big cracks and that is an artefact the samples not really as

cracked as that.
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Microanalysis of course is very important and we are going to talk about that later in terms of
quantification. There is a lot of detail again behind that and as most of that is written in the
book but also, we wrote a paper and materials characterization on this. Now because you
have got this large interaction volume of a few microns, so you can see in above image, you
have got this beam damage, this spot looks very small but in fact underneath the sample, if
you remember that diagram at the beginning we are actually analysing an area that is sort of
this kind of size, which will usually contain C S H intermixed mix with other phases and we

can look at that intermixing, if we make the plots.

Above are the two most useful kind of plots we use, we can have the one where we have an
ammonium calcium against silicon calcium and there, we see this cluster of points for the C S
H and when we have point is going on the line, which will be the mixtures with calcium
hydroxide. When we have points which is going up, that way this will be mixtures with a
AFm phase or ettringite and to distinguish between the modest mono phases and the
ettringite, then it can also be very useful to have the other plot, where we have now
sulphur/calcium against aluminium/calcium and here we see that, very fine C S H is

intermixed with small amounts of ettringite and of monosulphate.

So, this can really be useful and as we are going to talk about you can use the extremity of
this cluster. This is the least intermixed point. This is quite good value of the composition, the

real composition of the C S H.
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Now we can also use image analysis based on gray levels for quantification and all the time
people say to me “well, how do you know that the area you measure on a poly section is the
same as the volume fraction?”, well 1 know that very well because it was proved already in
1848, so more than 150 years ago this was proved mathematically. If you measure the area
fraction on a surface it is the same as the volume fraction providing the sample is statistically
isotropic, you do not have very preferred orientation and providing your sampling is big

enough.

So, you have to do a good sampling and in fact you can also do line intercepts or you can do
point counting they're all equivalent. You do not need to worry about that, it is been proved
mathematically no problem. If you want to look at other things like particle size distribution
then it is a lot more difficult, basically, I do not strongly recommend it because it is rather

complicated but we have not got time to go into it here.
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So, this is very useful, particularly for looking at degree of hydration because of the phase
this is most easy to distinguish here are the unreacted cement grains. We can see in the gray
level histogram, we can see this peak of the unreacted cement grains, we can make a
threshold in here. we can identify those areas we can do a bit of filtering to clean up the noise
and then we see that we have the anhydrous volume fraction, in this one image is sixteen

point one five per cent.

So, if we had a water cement ratio of say point four at point four the original volume of
anhydrous is roughly forty per cent so here, we know we have got a degree of hydration of
seventy-five per cent or so. Of course, if you just do it on that one image that is not very
reliable, we really generally average over a hundred images you cannot get away with less
but if your machine can do automatic images then you can easily collect a hundred images in

an hour or so. It doesn't take very long.
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And here we see that if we use image analysis to measure the degree of hydration or if you
use x-ray diffraction Rietveld, we talked about earlier we can get very good agreement
between the two techniques. It is kind of a you know, one is kind of validates the other we
see that the problem comes at early ages at very early ages we tend to overestimate the degree

of hydration by S E M because of the difficulty of detecting very small grains.
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So, you see with rather difficulty to take very small grains but at all for a day or so there are

not any small grains left, so the problem becomes less of a problem.
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If you want to look a porosity it is really challenging, because here if we look, here the
question is, “where is the boundary?”, You cannot see a hard boundary between C S H and
the porous structure, partly due to the resolution of the technique but partly due to the nature
of the C S H this very fine, a very fine structure. You cannot really quantify porosity we are

going to come back to that in the next lecture you can make a comparative measurement.
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If you want to make a comparative measurement between one sample and another, as long as
you use the same kind of thresholding technique, it does not matter too much what you use.



So typically, we can take the intercept and then we can threshold it and we can see visually
the distribution of the larger pores. we are missing most of the ports.
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So, above is a comparison between the porosity we measured by S E M and those we
measure by N M R which we are going to see in the next lecture and we see that by the time
we got 28 days we can see hardly anything by S E M but we still got a lot of porosity left by
N M R. So particularly at older ages it is not that much useful porosity other than just give

you a visualization.
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We can couple the grey level information with chemical information and this is very good for
detecting the amounts of supplementary cementitious materials. So, if we take the example of
slag, slag has a very precise grey level but that may overlap with some of the anhydrous
phases but the thing that is unique about slag, it is generally the only material that contains

magnesium.

So, if you make a magnesium map, you can see quite well the slag grains, you can apply
various filters, then you can very clearly identify the slag grains and this is probably the best

technique for measuring the degree of reaction of slag.
(Refer Slide Time: 29:00)
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Fly ash is much more complicated because here is now the grey level is extremely variable.
So, we got an extremely variable grey level we have also got an extremely variable
chemistry, In points analysis of different point flash particles they are all over the place but

we have developed a new technique recently where we take the full chemical map.
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So this is all the analysis of points in the fly ash it is not much good like that because you see
you have just got points everywhere, but if you now process that data to look at the density of
points in the individual area, you can do not transform it to a map like above and now we can
quite clearly see we have got different zones where we got different fly ash compositions and

we can use that to actually classify that.

(Refer Slide Time: 29:54)
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So above we have classified the different zones and then you can go back to the original
image and you can see, what is the fly ash with the composition in this zone three and what is

in zone four and then we can actually look at the individual chemical compositions of all



these fly ashes. So, this is a method which we published and can be used now to quantify the
different kinds is of fly ashes and also to measure their degree of hydration in fact.

It is a little bit time-consuming you generally you know, you really have to spend about two
hours to collect these full chemical maps and you need 20 or 30 maps to make any kind of
sense statistically, maybe twenty or even ten you can get away with and so if you collect
overnight you can usually get enough data to get a valid measurement but it is slow.

(Refer Slide Time: 31:04)
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So, we have got lots of other examples, we can look at alkali silica reaction, we can look at
static sulphate attack these are examples and references that are written and also in the

chapter you can look into those in more detail.
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When you are making image analysis you have to be aware, that you do not want to look at
the error between the standard deviation between different images because that will naturally
be high, what we need to look at a standard error, whereas this is the standard deviation

divided by the square root of the number of images.

SE = SDVN
Where,
N =Number of measurements.
SE=Standard error.

SD=Standard deviation.

So, if you have a paste and you want to measure degree of hydration, twenty is good enough
but hundred is recommended. Concretes, which are more heterogeneous, we need at least a
hundred and if you want to look at the specific area like the I T Z then you got to look at

many more.
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So just to finish this lecture, a quick look at transmission electron microscope, it is really got

much higher resolution but the problems you have is that, you have got limited accessto T E

M s, they are generally not as much available as S E M s. it is very difficult to learn the

specimen preparation, it might take a year and even then, you get very small areas you can

see at one time. They are also very susceptible to beam damage.
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So just a quick example, above we see a quite an old paste and you can see in this image here

you can see the very fine structure of the C S H. These kinds of plates you nearly structure

here, even after a few minutes you can see that starting to bubble up and you have lost that



fine structure and many micrographs in the literature, you can see, they just focus on these
bubbles like this, this is just purely an artefact of the water in those hydrates, evaporating off.
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So, you got to be very careful but when you do it right you can get lovely images like above,
it is my favourite image at the minute this is from limestone calcite clay cement. So, we can
see there are the particles of the calcite clay and then we have got this very fine C S H and
you can see how dense this microstructure is. So, in terms of durability, any aggressive agent
has really got to penetrate between these fine structures of about 10 microns between the C S

H and we are going to talk about this a bit more in the next lecture on porosity.
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What T E M is particularly useful for is getting much more precise chemical analysis. So it

shows you the kind of clusters, we saw in the S E M and now the points inthe T E M and you



can see that the points really verify that, if we take this outer edge of this distribution here in
the S E M this is close to the unmixed composition of the C S H and that is all written about
in the paper, where we really went into a lot of detail about how to determine the composition

of the calcium aluminate silicate hydrate in cement paste.
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So just to summarize it is really a very rich technique, it is not easy to do and specimen

preparation is really the key.
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So that is the end of that part, thank you.



