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Abstract

New and advanced methodologies have been developed to characterizeantheand
microstructure of cement paste and concrete exposed to aggressivenments. High
resolution full field soft X-ray imaging in the water windowpsoviding new insight into the
cement hydration process on the nano scale. Hard X-ray microtapiygresults on ice inside
cement paste and cracking caused by the alkali-silica sea(fiSR) enables 3dimensional
structural identification. The potential of neutron diffraction ttedaine reactive aggregates by
measuring their residual strains and preferred orientation is being explored.
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Introduction

Classical studies of the microstructure of cement paste andetemas been largely done with
electron microscopy. The complex nanostructure of calcium silibgrates has been
investigated by transmission electron microscopy while scarelearon microscopy (both in
secondary and backscattered mode) were often used to charabepbase distributions and to
assess damage of the material exposed to aggressive environtdentsver, the disadvantage
of these techniques is that they require a high vacuum which carfiynoodiven damage the
fragile hydration products. The existence of high vacuum alaepte the in-situ imaging of the
hydration reactions. X-ray based imaging techniques, which are ablyndeaailable at large

scale facilities using synchrotron radiation have the potetdialevolutionize the current
understanding of hydration mechanisms of cements.



We will describe recent work performed at the full-field godihsmission X-ray microscope
XM-1 located at beamline 6.1.2 at the Advanced Light Source (AL®enkeley, CA and
operated by the Center for X-ray Optics at Lawrence BeyKkdltional Laboratory since 1994.
Originally designed for the observation of biological cells inirtheatural, wet state at
atmospheric pressure it has found wide applications in nanosciencessughamagnetism and
nanomaterials sciences. It is currently an important facilbhere numerous studies with
cementitious materials have been carried out since 1998.¢saefe™). This technique allows
high-resolution soft X-ray imaging of cement in aqueous solutionoiice early formation of
the hydration products.

It is challenging to characterize the 3-dimensional networkmafrocracks using non-
destructive techniques. The traditional method of impregnating the etenarutting and
polishing the sample can introduce artifacts. Another limitationhsf approach is that the
observation is only done at the surface and the three-dimensional egdgnpils lost.
Microtomography has produced insightful information on the topology of ciactee cement
paste matrix and how they are deflected by the dispersedrnwudions. We will report the on-
going research on the imaging of cement paste exposed dpinfyecondition and of 3-
dimensional cracks in mortar with alkali-aggregate reaction peed at the Hard X-ray
Microtomography (XMT) located at beamline 8.3.2 at the ALS.

It is recognized that the deformation state, grain size, and devatb@ifoliation in granitic
rocks used as aggregate in concrete influence the alked-si#iaction. By performing an
analysis of preferred orientation in conjunction with expansion, th&steiro et af showed
that there is a quantitative relationship between the degrelefofmation and reactivity in
granitic rocks. In this paper, we summarize our on-going nraasral characterization of
reactive rocks by neutron diffraction and transmission elecatrimmoscopy (TEM), observing
dislocations and determining dislocation densities of quartz graigsamtic rocks of different
deformation states.

Soft X-ray Microscopy

Soft X-ray microscopy uses advances in nanotechnology providingdlseaind methodology to
fabricate X-ray optical components of highest quality. Fresnel ptates i.e. circular gratings
with a radially increasing line density, are used to focus tteyx and therefore constitute the
basis for performing X-ray microscopy since with a reftectndex close to unity, conventional
lenses cannot be applied. State-of-the-art Fresnel zone plate logtie now achieved a 15nm-
spatial resolutiot?” *. The optical design for the soft X-ray microscope used inréissarch is
an X-ray analogue to a conventional light microscope, only usinqiéiresne plates for the
condenser and objective lenses (see Figure 1). X-rays which dredeftom a bending magnet
source propagate to a condenser zone plate which provides aypartialierent hollow-cone
illumination of the sample and acts, due to the wavelength dependénts focal length,
together with a pinhole close to the specimen as a monochromatoa wfbctral resolution
E/AE ~ 500. The current condenser zone plate has an outer diameter drabgubout 50,000
rings, and an outermost zone width of about 40nm.The X-rays penetrating the specimen are
projected by a micro zone plate being positioned at its focgtHetownstream of the sample,
onto an X-ray sensitive CCD to create a full-field image. The backsidexilted, thinned CCD
has 2048x2048 pixels with a physical pixel size of @15Due to the high flux of synchrotron
radiation typical exposure times per image are only a few seamwesing a field of view of



about 10um diameter at a magnification of about 2,500. The micro zone platehe high
resolution objective lens has a diameter of about 30r6Qypically about 500 rings and an

outermost zone widthAr down to 15nm which largely determines the spatial resolution #mat c
be obtained in soft X-ray microscopy.
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Figure 1 - Schematic layout of the soft X-ray microscopy beamline XM-1 at th&LS
using X-rays emitted from a bending magnet. The micro zone plate projects alffield
image onto a CCD camera that is sensitive to soft X-rays.

\ 4
) preparation of the solutions  dilicon nitridewindowsw | c) aspect of the supernatant
solution after centrifugation

c) placement of the cemeng) sample holder in the soft x-ray) data acquisition
mixture into the windows microscope

Figure 2 - Sequence of sample preparation



Figure 2 shows the main steps for the preparation of the sampdes imssoft x-ray
microscopy.The samples must be highly diluted for the transmission of th&Xsaifys. In order
to retard the dissolution of the cement minerals in the highlyedilsamples, and to provide
calcium and sulfate ions for the reactions, a solution saturatedGatOH) and CaSQ2H,0O
was used as the liquid media (pH=12.3). The solution was prepanegl fusshly boiled,
deionized water inside a glove bag filled with nitrogen gas todagwarbonation. Teflon and
polyethylene flasks were used to prepare the solution to avoid-aike& reaction. The solid
particles were mixed in the solution for 60 s inside a test tnbdeapproximately 2 ml of the
mixture was centrifuged for 15 s. A small droplet —aroundi2-was taken from the
supernatant with a micropipette and squeezed between two silicale nviridows in a metallic
sample holder that was then placed in the microscope for examination.

Images and results

Shrinkage of concrete on drying frequently leads to cracking. Shisdognized in concrete
design and construction practice, especially in regard to pavenfleots, and relatively thin
structural members. To counteract this problem and reduce thainesigainst shrinkage
movements, shrinkage-compensating concrete containing expansive cemgntsType K
cement, which contain€,A.S as the principal source of the reactive aluminate) or expansive

admixtures has been employed successfully for the last 38'yexpansive cements and
admixtures unlike portland cement, expand during the early hydratiovdpagter setting. The
expansion is a consequence of the formation of ettringite (calsulfoaluminate hydrate) in
considerable quantities during the first few days of curing. Two differegoing tests are being
conducted using soft x-ray microscopy and preliminary results are preé$emnee

In the first series of tests, the hydration of @g\,S in a Ca(OH)+ CaSQ.2H,0 saturated

solution was analyzed. The solution/solid materials ratio was 50.g7tre morphology of this
compound in absence and in presence of 10% of Ca(®Ildjesented over the time. Figures 3a
and b show a sequence of large ribbons arranged in a fan-like orshayss for a saturated
Ca(OH) solution, while in the presence of 10% Ca(@Hle same ribbons are formed, but at a
smaller size, which seems to be an apparently retardation o, hydration.

(a) 22min (b) 2h 45min (c)19 min (d) 2 h 47 min

Figure 3 - In situ soft x-ray images of hydratingC4A3S particles in a saturated calcium
hydroxide-calcium sulfate solution, s/c= 50 cffg ((a) and (b)) in presence of 10% Ca(OH)(c)
and (e)). Hydration time is indicated. Scale bar corresponds to 1 um



In the second series of tests, two types of expansive admixirodsced in Japan (calcium
sulfoaluminate based cement) were blended with Type I-1l ceMatpurpose of the study was
to analyze how these expansive materials work alone and in combiwétioRortland cement.
Figure 4 shows soft X-ray images of Type I-Il cement (Fegdia) and pure expansive agents
(Fig. 4b and c) after 35 minutes in solution. Figures 4d to g indimatethe type of expansive
admixture modifies the microstructure. The solution/solid materials raisol@ crlg.

As a result of combination between calcium, sulfate, aluminate, yadxyl ions within a
few minutes of cement hydration, needle-shaped crystals dti@amasulfoaluminate hydrate
(ettringite) make their appearance as it can be seenuire fdn; the shape of the particles formed
by the two expansive admixtures are almost the sameeasosefigure 4a. When cement is
blended with 6% of expansive admixture, type 1 expansive admieerassto form different
compounds close to the surface of cement particles. It is imptotawatice that as the cement
particles are formed by silicates and aluminates with adddfocalcium sulfate, we can not
exactly define which compound are present in these images.

(@) 35 min (b) 31 min (c) 35 min

(d) 34 min (e) 55 min () 21 min () 1h 1 min
Figure 4 - a) In situ soft x-ray images of around 35 minutes hydration of type I-ll@ment, b)
commercial expansive admixture type 1 hydrated for 31 minutes, ¢) commeat expansive
admixture type 2 hydrated for 35 minutes, d and e) blend of type I-Il cemérand 6% of type 1
admixture at different hydration times f and g) ) blend of type I-Il cement and 6% type 2
admixture over the time in a saturated calcium hydroxide-calcium sulfa solution. Hydration
time is indicated. Scale bar corresponds to 1 um

X-ray Microtomography

In synchrotron XMT, a wide parallel X-ray beam passes througkaimple and the transmitted
fraction is detected as an image by a charge couple devizie)(&ea detector. The sample is
mounted on a stage with 4 degrees of freedom: x, y, and z tran&tigpositioning and



centering of the sample, and rotation for data acquisition. They isttege allows for many X-
ray transmission images of the sample to be recorded fores sérorientations. According to
the Nyquist theorem, the minimum number of radiographs needed for a full rectostwithin
180 degrees of rotation is©\, where N is width of the sample in pixels. In practiceelittl
difference is observed for image numbers#MN

At the ALS superbend beamline 8.3.2, the transmitted beam is delgceedcintillator that
converts X-rays to visible light, which is imaged by magnidyilenses onto a CCD. The
available optics allow for spatial resolutions between Qud¥pixel and 11.5um/pixel. The
monochromator is tunable to X-ray energies between 5 keV and 35 kelédnys of a double
multilayer mirror arrangement. The monochromator optics canb@semoved from the beam
allowing a white light mode of operation that is broadly polychromatithe 30-70 keV range
by means of metal filters.

Tomography imaging can be done either in absorption or phase contdest In absorption
mode, each pixel of the projection image represents the interfiditg transmitted beam that
has not been absorbed by the sample. According to Beer's law

I(x)=1,e" (1)

Where I(x) is the final intensity of the beam after thenbgmsses through sample thickness
X, lo is the initial intensity of the beam, amdis the material’s linear attenuation coefficient,
which can be expressed as:

H= Z fip ()
Wherei represents each atomic elemeriuts fhe atomic weight fraction of the element in the
material,ui is the mass attenuation coefficient at the beam energyp adhe density of the

material.
The attenuated value for each pixBlgp, x'), is then determined by:
P(p.x) ==In[l (9,X) /1, (¢, X)] (3)

Where for each angle of rotation for the samplex’ indicates the axis parallel to the X-ray
direction and perpendicular to the sample rotation. Furtherngie,x") is the initial intensity
of the beam, andi(¢,x") is the intensity of the transmitted beam.

The attenuation can be expressed as an integral of the ditteauation coefficient over the
sample:

P(p,X,2)=[[ #(x ¥ 35 (xcogp+ ysip— x)dxc (4)

where theb function defines the path of the X-rays through the sampley éthe material’s
linear attenuation coefficient. The functid®(¢,x’,z) is known as the Radon transform or
sinogram. Reconstruction involves inverting this equation to yi€l&l y, z2) at each voxel

location'®. Ultimately, the reconstruction procedure combines the 2D pimjeichages to yield



a 3D data set of the absorbance of the sample at each voxel.othsged data contains a series
of cross sectional slices (tomograms) at set height z of the sample.

The absorption mode scanning is usually applied with monochromaticlfiglotychromatic
beam is used, Beer's law no longer applies because the higly-&heays penetrate farther than
those of low energy. This causes the beam hardening effect whikes th& resulting image less
guantitative. Mathematical approximations are required to work ardumdédéam hardening
effect. Only if one assumes that all components of the sampéethawsame energy dependence
of absorption can one make a rigorous reconstruction.

The phase contrast mode relies on the variation of the real p#re ahdex of refraction to
provide image contrast. Materials differing in their refractieex affect differing phase shifts
to the transmitted X-rays. The effect of the differing phsiséts is only seen at the edges
between materials of different indices. The interaction of -xaiyh differing phase shifts result
in intensity cancellation or enhancement at the detector planes Bdgseen as oscillating dark
and bright lines and generally have much higher contrast than tresmomding absorption
images. At X-ray wavelengths the index of refraction is aboutQIDtimes larger than the
absorption index. Thus the phase contrast mode of operation can in principladsensitive
than the absorption mode. Phase contrast tomography is harder toetntgrantitatively but
progress is being made in this new Afe@ihe phase contrast mode is useful for imaging light
materials for which the absorption contrast is very small, ssidbrdow density materials or for
materials with very similar absorption properties but wherdlsrhanges in refraction index can
be observed.

With the radiograph size limit of 4000 pixels by 1000 pixels, and the source beam width being
less than 4 cm, the choice of magnification becomes a tradeoffedretthe desired
magnification and the scale of the sample to be tested. The samgidit completely within the
width of the produced radiograph, or else tomographic reconstruction becames
approximate. A smaller sample can allow for greater maguidic, and finer dimensions of the
smallest observable detail. Smaller samples, however, dduidter from the reality of the
material usage, as applications of concrete are generallguitting large structures. Using
larger samples, however, will come at a cost of lower magtidic and coarser dimensions of
the smallest observable patrticle size.

As an example of the application of microtomography to study théiityaf concrete we
will describe the current research of imaging the in-situfacemation in entrained air-voids in
hydrated cement paste. For this experiment, we performed X&ison air-entrained, hydrated
cement paste cast in 0.25mm outer diameter glass capillaryhileesubjecting the sample to
several cycles of evaporated liquid nitrogen gas cooling and amhening. To freeze the
sample, we used an Oxford 600-series Cryostream. This unit, véhabdsigned to cool small
crystals for protein crystallography by the production of @f&bld nitrogen gas with a coaxial
outer sheath of dry nitrogen for frost prevention The scan settgge optimized for both
absorption and phase contrast imaging. The absorption contrast grovagng of the dense
hydrated cement matrix, while the phase contrast provided imaditite ice-air phases that
would coexist in the partially filled air void. A 13 KeV monochromat-ray energy provided
sufficient penetration through the hydrated cement paste, whégp@aroximately 30 cm sample-
to-detector distance enhanced the phase contrast imaging andisibldethe ice-air interface
within the air voids. The magnification was set at 5.4x with #sulting pixel size of 1.54
pm/pixel. Figure 5 shows a section through one of the cement air ¥diddonut shape is the
cement material constrained within the glass tube. Figure Baeifrozen condition showing



indications of dendrtitic ice growth within the void, The sample wlasvad to warm up to room
temperature (Figure 5b) and the ice formation disappears, and tipgreaeawith a different
structure in Figure 5c on cool down. Figure 6 shows a 3-D reconstrudtthe air/ice interface
in a single air void — it is roughly that of a spherical shelpon thawing, the interface vanished,
which confirmed the successful imaging of ice.

(a) First freeze (b) First thaw (c) Second Freeze
Figure 5 - Reconstructed tomograms of the sample in the midsection @fie of the larger air
voids. The scale bar is 50 um. The ice crystals, believed to grow in dendriiicm (a),
disappear upon thawing (b) and reappear in changed morphology during theecond freeze

().

Figure 6 - A 3-D reconstruction of ice formation in a single air void. The eeent matrix
and the glass capillary have been removed via post reconstruction image presmg. The
air void is approximately 150 um in diameter.

Microtomography is also useful at performing time scale exjgits. As a second example
of XMT application, we present a modified ASTM C1260 testing of aggesreactivity. In this
experiment, three 1"x1"x12” mortar bars were cast following theciBpations of ASTM
C1260, using known inert aggregate, while 50% of the aggregates by weghtsubstituted
with partially strained quartz sand. The goal was to suppleiner-tveek long gross numerical
test method with visual representation of damage in progress. déongi the scale and the
density of the sample, the samples were scanned under whitdibbeed with aluminum plates
and under low magnification. The resulting spatial resolution was 11.p5¢ein/ Furthermore,
the scans were obtained under phase contrast mode in an attempt noeeotzek widths



smaller than spatial resolution. Since the 1"x1” cross sectitimeafnortar bars was wider than
the beam width, a narrower sample (0.75"x0.75"x9”) was cast. Tge lzars and the smaller
bar were subject to the same conditions of testing as presbybtbeg ASTM. The larger bars
would provide the strain data while the smaller bar would be usechéming. The smaller bar
underwent slightly amplified, but comparable rate of expansion, antherefore deemed to be
a suitable representation of the standard-sized mortar bar expansSigure 7 shows internal
sections of the same sample after 7 and 14 days. Close examiofathe older sample shows
the development of micro-cracks.

(a) 7 Days (b) 14 days

Figure 7 - Tomogram of reduced sized mortar bars at (a) 7ays and (b) 14 days of ASTM
C1260 testing: New microcrack developments are visible. . Theng like structure
overlayed on the images is an artifact of the tomographic reconsiction process. The scale
bar is 500 pm.

Neutron Diffraction and Texture Analysis of Reactive Rocks

Alkali-silica reaction depends on more factors than simply th&altinity of silica.lt is relevant
to stress the importance of texture analysis in the identificalf reactive rocks. In many rocks,
minerals exhibit a preferred orientation pattern, and this is gxg@dein anisotropy of physical
properties. This “directionality”, also known as “texture” in miale science, develops, for
example in metamorphic rocks, during ductile deformatiRwotations of crystals occur owing to
intracrystalline slip by dislocation movements, and patterns lmeagnodified during dynamic
recrystallization. The orientation distribution of crystals is hamnmonly represented in pole
figures. The pole figure is constructed by placing a polyallyse sample inside a sphere and
intersecting a crystal direction (e.g. the c-axis or [0001] oftgueith the surface of the sphere
producing “poles”. Pole densities can then be contoured and expresssthasth distribution,
usually normalized such that contours express pole densities inpleailiof a uniform
distribution.

Crystal orientations can be measured with a petrographic microspgpped with a
universal stage or by x-ray diffraction with a pole figure gareter. Both these techniques are



very limited for fine-grained polymineralic rocks. More advancedhrtiéques are neutron and
electron diffraction. Neutron diffraction has low absorption comparedratys and electrons.
Therefore, large bulk samples, up to several centimeters éencsiz be measured and the
measurements represent a good average of the bulk properties. eBetatiss, neutron
diffraction has become the preferred technique to charactextageeproperties of rocks and
sophisticated methods have been developed to determine the crgsttdtimm distributions of
the various components that constitute rocks. Since texture patternslaied to deformation
state and the deformation state is related to expansion ofetentne rock texture of the
aggregate emerges as a useful parameter to predict concrete stability

The rocks used for testing were obtained from the Santa Rosa raymume in Southern
California. This area is of great interest to mineralogwlt® quantified the processes that
occurred during the transformation of granite to mylonite and phydomparticularly the
development of preferred orientation, and the evolution of microstructure.

Figure 8 displays pole figures for quartz (a) and biotite (loyder of increasing deformation.
Biotite preferred orientation increases with increasing defeomgtom a maximum of 1.4
m.r.d. in weakly deformed granite (PC 715) to 12 m.r.d. in phyllonite (PC @X)1) lattice
planes become aligned in the schistosity plane with some bending éneutbation direction.
Quartz preferred orientation also increases in strength asegoiiorms to mylonite with a c-
axis maximum in the intermediate fabric direction Y. This ty@cal pattern in recrystallized
quartzites and is regionally observed in Santa Rosa mylbhifédse maximum increases from
1.5 m.r.d. (PC 715) to 5.5 m.r.d. (PC 82). With further deformation and grairmesimetion

guartz textures attenuate and randomize in phyllonite.
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Figure 8 - Pole figures in order of increasing Figure 9 - Average dislocation density D and
deformation. The pole figures for quartz  (001) pole figure maximum for quartz and
0001 (a) and biotite 001 (b) are projected biotite in multiples of a random distribution
onto the foliation plane, the macroscopic (m.r.d) as a function of the 30-day mortar

lineation is X, and the intermediate expansion for each rock type.

direction is Y. Linear scale (in m.r.d.), equal

area projection.

Dislocation densities of each type of rock were measured by. Hidyre 9 shows the
log of the average dislocation density versus the average expgwicentage. This plot
illustrates the positive correlation between mortar expansiooncdisbn density. This would
suggest that dislocations have a strong effect on the repabivijuartz bearing rocks with



respect to the ASR. Figure 9 also shows a plot of the quartz (POEELJigure maxima versus
the expansion % illustrating that no linear correlation existveen quartz texture and
susceptibility to the alkali-silica reaction. Quartz texturereases during initial deformation.
However, a change in the mechanism of stress accommodatmghateformation causes the
preferred orientation of quartz to be destrdyed % ?* Unlike quartz, biotite texture increases
with deformation. In Figure 9, a plot of the biotite (001) pole figueximum versus expansion
%, suggests a monotonic relationship between biotite texture andigbepsbility of quartz
grains within the same rock to the alkali-silica reaction. Bkiengh biotite is not a reactant in
the alkali-silica reaction, it is commonly present in granibcks as an accessory mineral.
Biotite texture may indicate quartz susceptibility to the lakiica reaction. Details of the
experimental program can be found in Wenk &t al

Conclusions

Cement hydration behavior is complex principally in function of tly@adchism and the
conditioning of the reaction. This justifies the reason that divefsering aspects to this subject
are not yet total explained, principally because fast data atooigs essential to adequately
capture the complexities of the system. Thus, x-ray imadipgtransmission soft x-ray
microscopy affords some clear benefits for the characterization ohtémsed materials as:

e Rapid data acquisition

e High (nanoscale) resolution

e Non-destructive examination

e Characterization of hydrated samples at normal temperature and pressure
Texture analysis of quartz grains showed no simple relationshipebetwuartz preferred
orientation and the susceptibility to the alkali-silica reactiddowever, texture analysis of
biotite, a common accessory mineral in granites, shows a liekonship with reactivity.
These results suggest that preferred orientation of biotite mawskd to estimate the
susceptibility of rocks containing both biotite and quartz to the alkali-séd&@etion.
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