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EXECUTIVE SUMMARY 

Reported herein are the results of detailed petrographic examinations of a steel slag concrete received for 
determination of the composition, mineralogy, and microstructure.  The sample was received as two dense, hard, 
heavy-weight, weathered reddish brown pieces with a thin film of fine-grained reddish-brown dusts on the surfaces. 
Originally, the sample was requested for PA Test Method No. 518, “Method of Test for Hand Specimen Petrographic 
Examinations,” which covers petrographic examinations of coarse aggregate, rock lining, and fine aggregate. 
However, since the sample is subsequently found to be more than a single slag aggregate but a composite one 
consisting of many different slag particles, non-slag particles, and interstitial mortar fragment with an overall 
appearance of a concrete than a slag per se, the sample was subsequently examined by ASTM C 295 and C 856, 
which cover far more detailed petrographic examinations for aggregates, and concrete, respectively, than PA Test 
Method 518.   

Laboratory investigation of slag concrete was done by following a variety of investigative methods starting with: (a) 
optical microscopy (a la ASTM C 295 and C 856), (b) scanning electron microscopy and X-ray microanalysis (a la 
ASTM C 1723), (c) X-ray diffraction, and (d) X-ray fluorescence, which give detailed chemical and mineralogical 
compositions, as well as textural and microstructural compositions of slag concrete and evidence of any 
deteriorations. 

Due to the presence of many angular slag coarse aggregate particles having various densities, vesicularities, and 
crystallinities in a finer fraction of slag and non-slag particles and reddish-brown much finer grains and often 
carbonated interstitial matrix, as mentioned, the sample is best described as a slag concrete. Slag is mostly occurring 
in glassy state (granulated). Associated with slag particles are many siliceous particles and minor to subordinate 
amounts of calcareous and ferruginous particles – all well-dispersed in reddish-brown much finer grains and often 
carbonated interstitial matrix. The glassy slag particles occurred in two main forms – either as dense glass or as 
vesicular glass. 

Amongst the varieties of slag particles encountered are: (a) dense glass with fine crystallite, (b) light to dark reddish-
brown vesicular glass with and without fine crystallites, (c) light to dark reddish-brown vesicular glass with and 
without fine crystallites, (d) dark opaque and dark reddish-brown glass with coarse silicate (olivine) inclusions, (e) 
dark, opaque and reddish-brown glass with vesicles, (f) dark opaque grains without vesicles, (g) dark opaque angular 
ferruginous and carbonaceous grains, (g) clear isotropic glass with hairline (perlitic) fractures with and without 
coarse silicate inclusions, and, amongst crystalline phases are (h) melilite as needles of crystallites in glassy mass of 
slag, olivine as rounded fine grains in dark glassy mass of slag, wollastonite, merwinite, larnite, ß-C2S, and mullite.  

X-ray elemental mapping of multiple areas of thin section showed the typical aluminosilicate composition of glass 
in the slag particles, as well as some particles having enrichment of manganese with iron, calcium, and silicon. 
Interstitial matrix showed the dominant presence of lime from carbonated nature as well as iron from iron oxide 
contaminant. X-ray diffraction detected a large variety of crystalline phases, though occurring as a subordinate 
component relative to glass in the slag but as anticipated in a slag, e.g., from mullite, melilite, iron, to hematite 
(responsible for reddish-brown color), magnetite, siderite, etc. and many non-slag crystalline silicate and calcareous 
phases with quartz as the most dominant non-slag phase. Other phases detected in optical microscopy, e.g., olivine 
in slag is not detected in XRD. No free lime or magnesia particles are found either in microscopy or XRD studies. 
X-ray fluorescence studies showed typical composition of slag concrete to have 32.9 percent silica, 6.3 percent 
alumina, 20.9 percent iron and 19.5 percent lime as the four main oxide phases, and 0.48 percent sulfate and 15 
percent volatile phases (due to carbonated nature of the interstitial matrix and presence of fine to coarse-grained 
secondary calcite phases).  
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INTRODUCTION 

Reported herein are the results of detailed petrographic examinations of a steel slag concrete provided for detailed 

petrographic examinations to determine the composition, mineralogy, and microstructure.  Originally, the sample 

was requested for PA Test Method No. 518, Method of Test for Hand Specimen Petrographic Examinations,” which 

covers petrographic examinations of coarse aggregate, rock lining, and fine aggregate. However, since the sample 

is subsequently found to be more than a single slag aggregate but a composite one consisting of many different slag 

particles, non-slag particles, and interstitial mortar fragment with an overall appearance of a concrete than a slag 

per se, the sample was subsequently examined by ASTM C 295 and C 856, which cover far more detailed 

petrographic examinations for aggregates, and concrete, respectively, than PA Test Method 518.   

SAMPLE 

Figure 1 shows two pieces of the sample, as received, which were received as dense, hard, heavy-weight, weathered 

reddish-brown pieces with a thin film of fine-grained reddish-brown dusts on the surfaces. The two pieces are shown 

in four different views in Figure 1 from four different sides of each piece.  

 
Figure 1: Shown are: the two pieces of reddish-brown slag samples, as received. 
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METHODOLOGIES 

Laboratory investigation of slag concrete was done by following a variety of investigative methods starting with: (a) 
optical microscopy (a la ASTM C 295 and C 856), (b) scanning electron microscopy and X-ray microanalysis (a la 
ASTM C 1723), (c) X-ray diffraction, and (d) X-ray fluorescence, which give detailed chemical and mineralogical 
compositions, as well as textural and microstructural compositions of slag concrete and evidence of any 
deteriorations.   

PA Test Method Nos. 518 and 519 

PA Test Method No. 518 is ‘Method of Test for Hand Specimen Petrographic Examinations’ of coarse aggregate, 
rock lining, and fine aggregate, whereas, PA Test Method No. 519 is for ‘Wet-Dry Durability Test’ to determine the 
resistance of shaley material to splitting and cracking under conditions of successive and alternating exposure to 
wetting and drying. None of these tests are applicable to the sample received to determine its composition, detailed 
petrography, and condition. Hence ASTM C 295 and C 856, which encompass everything of and far more than the 
PA Test Method No. 518 were done, which are more appropriate tests for a slag concrete, which is what the sample 
is determined to be, rather than an aggregate or a rock for which PA Test Methods 518 and 519 are done.  

Optical Microscopy  

From the as received pieces, saw-cut sections and lapped cross section of sample were prepared by successive 
sectioning, and grinding the saw-cut sections in various metal and resin-bonded diamond grinding discs for 
examinations in a Stereozoom microscope at low magnifications. Subsequently, thin section of a sectioned piece 
of sample was prepared for examinations in a petrographic microscope. For thin section preparation, a 
representative sectioned piece was placed in a flexible (molded silicone) sample holder, and encapsulated with a 
colored (blue) dye-mixed low-viscosity epoxy resin under vacuum to impregnate any pore spaces and/or cracks in 
the sample and improve the overall integrity by the cured epoxy.   

 
Figure 2: Buehler (top, left) and Microtrim (bottom left) thin-sectioning machines used for production of less than 
30-micron thin section. Four 50 ´ 75 mm size thin sections can be simultaneously prepared by the Microtrim unit. 
Nikon Eclipse E600 POL petrographic microscope with Jenoptik Progres Camera (2nd from left), Nikon SMZ-10A 
Stereozoom reflected-light microscope with Lumenera Infinity camera (3rd from left), and Olympus SZX-12 
Stereozoom microscope with reflected, transmitted, and polarized light facilities and Progres camera (right) used for 
examinations of slag concrete.  
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The epoxy-encapsulated cured solid block of sample was then de-molded and processed through coarse to fine 
grinding/lapping from metal to resin-bonded diamond grinding discs, attachment of the lapped surface to a frosted 
large-area (50 ´ 75 mm) glass slide, precision sectioning and precision grinding in a thin-sectioning machine 
(Microtec Engineering’s Microtrim for automated precision sectioning and grinding of four 50 ´ 75 mm samples, or 
Buehler’s Petrothin for a single sample, Figure 1), and final polishing steps on a glass slide with 15 micron alumina 
abrasive followed by polishing on a polishing cloth with submicron diamond abrasive to prepare a final polished 
thin section of ~30 micron thickness suitable for examinations in a petrographic microscope and subsequently in 
SEM-EDS.  Sample preparation steps are described in detail in Jana 2005, 2006.  

Steps followed during light optical microscopical examinations of sample include: 

a) Visual examinations of sample, as received, to select areas for detailed optical microscopy; and initial digital 
and flatbed scanner photography of sample as received;  

b) Low-power stereomicroscopic (e.g., by using Nikon Stereozoom microscope shown in Figure 2) examinations 
of saw-cut and freshly fractured sections of sample for evaluation of textures, compositions, and appearances; 

c) Examinations of oil immersion mounts for special features and materials from the sample in a petrographic 
microscope (e.g., Nikon Eclipse E600 POL shown in Figure 2); 

d) Examinations of colored (blue) dye-mixed epoxy-impregnated polished thin section of sample in a transmitted-
light Stereozoom microscope (e.g., Olympus SZX-12 microscope shown in Figure 2) for determination of size, 
shape, angularity, and distribution of aggregates, as well as abundance and distribution of void and pore spaces 
that are highlighted by the colored dye-mixed epoxy; 

e) Examinations of colored (blue) dye-mixed epoxy-impregnated polished thin section of sample in a 
petrographic microscope (Figure 2) for detailed compositional, mineralogical, textural, and microstructural 
analyses of slag aggregates and binders in sample, along with diagnoses of evidence of any deleterious 
processes. The purpose of using a colored dye-mixed epoxy is to highlight the overall variations in 
density/porosity of sample as well as highlighting any void spaces and cracks in the sample;  

f) Examinations of any physical or chemical deterioration of sample from microstructural evidences.  

Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy (SEM-EDS) 

Portions of the thin section used for optical 
microscopy were subsequently coated with a 
thin conductive gold film for detailed SEM-EDS 
studies. Procedures for SEM examinations are 
described in ASTM C 1723. Polished and coated 
thin section (or polished solid encapsulated 
block) of sample is examined in a CamScan SEM 
equipped with backscatter detector, secondary 
electron detector, and x-ray fluorescence 
spectrometer (Figure 3) to observe 

  

a) The morphology and microstructure of 
various phases of slag aggregates and 
interstitial matrix phases; and, 

b) Determine the chemical compositions of 
the binder, including the original 
components of the binder, and the 
hydration and/or carbonation/alteration 
products.  

Figure 3: Cambridge CamScan Series II Scanning Electron 
Microscope and 4Pi Revolution software, backscatter detector, 
secondary electron detector, and energy-dispersive X-ray 
fluorescence spectrometer used for microstructural and 
microchemical analyses of sample. 
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c) Investigation of various glass and crystalline components of slag aggregates in the sample; and, 

d) Determination of pigmenting constituents in the matrix, etc. 

X-ray Diffraction 

X-ray diffraction of a pulverized piece of sample was carried out in a 
Siemens D5000 Powder diffractometer (Figure 4) employing a long line 
focus Cu X-ray tube, divergent and anti-scatter slits fixed at 1 mm, a 
receiving slit (0.6 mm), diffracted and incident beam Soller slits (0.04 
rad), a curved graphite diffracted beam monochromator, and a sealed 
proportional counter. Generator settings used are 45 kV and 30mA. A 
dry, finely ground sample pulverized to pass US 325 sieve (44-µm) was 
placed in a 1-in. diameter circular sample holder and excited with the 
copper radiation of 1.54 angstroms. Tests are performed at a 2-theta 
range from 4° to 64° with a step of 0.02° and a dwell time of one second. 
The resulting diffraction patterns are collected by using DataScan 4 
software of Materials Data, Inc. (MDI), analyzed by using Jade 9.0 
software of MDI with ICDD PDF-4 (Minerals 2017) diffraction data, and, 
phase identification, and quantitative analyses were carried out with 
MDI’s Search/Match and Easy Quant modules, respectively.  

Energy-Dispersive X-Ray Fluorescence Spectroscopy (ED-XRF) 

An energy-dispersive bench-top X-ray fluorescence unit from Rigaku 
Americas Corporation (NEX-CG, Figure 5) was used for determination of 
bulk chemical (oxide) composition of slag concrete. The instrument is 
calibrated by using various certified (CCRL, NIST, GSA, and Brammer) 
reference standards of cements and rocks. A representative portion of 
sample (about 8.0 grams) is pulverized down to minus US 325 sieve 
(finer than 45 microns size) with anhydrous alcohol in a Rocklab pulverizer with a grinding aid/binder (fixed 7.5% 
binder by weight of sample), and then pelletized (approximately 7.0 grams of sample thus prepared) to a 32-mm 
diameter pellet with a 25-ton hydraulic press. 

 
Figure 5: Rigaku NEX-CG bench-top ED-XRF unit used for bulk chemical composition of slag concrete. 

 
 

 

  

Figure 4: Siemens D5000 X-ray 
diffractometer used for determination 
of mineralogical composition of slag. 



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Iron Mountain Vanderbilt Steel Slag 6 

 

OPTICAL MICROSCOPY 

SAW-CUT, LAPPED, AND THIN SECTIONS 

 
Figure 6: Two saw-cut sections of sample at the top, a lapped section in the bottom left, and a corresponding blue 
dye-mixed epoxy-impregnated thin section in bottom right showing: (a) angular, medium to dark gray and black 
coarse aggregate particles that are found to be slag particles of various crystallinity and vesicularity, (b) light beige 
rounded non-slag siliceous and calcareous particles as coarse aggregate, (c) interstitial mortar fraction consisting of 
finer fractions of slag and non-slag particles well-dispersed in a pigmented reddish-brown matrix with an overall 
appearance of a slag concrete.  
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SAW-CUT SECTIONS 

 
Figure 7:  Saw-cut section of sample showing: (a) angular, medium to dark gray and black coarse aggregate particles 
that are found to be slag particles of various crystallinity and vesicularity from particles with minimum to no 
vesicularity (marked as yellow dashed lines) to ones with many vesicles (marked as white dashed lines), (b) light 
gray and beige subrounded to rounded non-slag siliceous and calcareous particles as coarse aggregate, (c) interstitial 
mortar fraction consisting of finer fractions of slag and non-slag particles well-dispersed in a pigmented reddish-
brown matrix with an overall appearance of a slag concrete. 
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Figure 8:  Saw-cut section of sample showing: (a) angular, medium to dark gray and black coarse aggregate particles 
that are found to be slag particles of various crystallinity and vesicularity from particles with minimum to no 
vesicularity (marked as yellow dashed lines) to ones with many vesicles (marked as white dashed lines), (b) light 
gray and beige subrounded to rounded non-slag siliceous and calcareous particles as coarse aggregate, (c) interstitial 
mortar fraction consisting of finer fractions of slag and non-slag particles well-dispersed in a pigmented reddish-
brown matrix with an overall appearance of a slag concrete. 
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LAPPED CROSS SECTION 

 
Figure 9: Lapped section of sample showing: (a) angular, medium to dark gray and black coarse aggregate particles 
that are found to be slag particles of various crystallinity and vesicularity from particles with minimum to no 
vesicularity (marked as yellow dashed lines) to ones with many vesicles (marked as white dashed lines), (b) light 
gray and beige subrounded to rounded non-slag siliceous and calcareous particles as coarse aggregate, (c) interstitial 
mortar fraction consisting of finer fractions of slag and non-slag particles well-dispersed in a pigmented reddish-
brown matrix with an overall appearance of a slag concrete.   
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PHOTOMICROGRAPHS OF LAPPED CROSS SECTION 

 
Figure 10: Photomicrographs of lapped section of sample showing: (a) dark gray dense angular slag coarse aggregate 
(top left), (b) light gray subrounded sandstone coarse aggregate beside an elongated vesicular dark gray slag 
aggregate (top right), (c) vesicular dark gray and reddish-brown angular slag coarse aggregate (middle left), (d) 
vesicular reddish-brown and beige slag coarse aggregate and light gray subrounded sandstone coarse aggregate 
(middle right), (e) dark beige rounded ferruginous sandstone coarse aggregate and vesicular dark gray slag coarse 
aggregate (bottom row), and (f) interstitial mortar fraction consisting of finer fractions of slag and non-slag particles 
well-dispersed in a pigmented reddish-brown matrix in all photos.  
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Figure 11: Photomicrographs of lapped section of sample showing: (a) dark gray vesicular angular slag coarse 
aggregate (top left), (b) dark gray angular dense slag aggregate (top right), (c) vesicular reddish-brown and dense 
dark gray angular slag coarse aggregate (middle and bottom left), (d) dense, dark gray internally fractured angular 
slag coarse aggregate (middle right), (e) light gray vesicular angular slag coarse aggregate (bottom right), and (f) 
interstitial mortar fraction consisting of finer fractions of slag and non-slag particles well-dispersed in a pigmented 
reddish-brown matrix in all photos.  
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THIN SECTION 

 
Figure 12: Blue dye-mixed epoxy-impregnated thin section of sample where vesicles in slag as well as voids and 
pore spaces in interstitial matrix are highlighted by blue epoxy.    
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PHOTOMICROGRAPHS OF THIN SECTION 

 
Figure 13: Photomicrographs of thin section of sample seen through a transmitted-light stereozoom microscope 
showing some birefringent quartz particles mostly as fine aggregates well-dispersed in mortar fraction, dark dense 
and vesicular angular slag particles, and mostly dark interstitial matrix phases of slag and non-slag fine fractions.  
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Figure 14: Photomicrographs of thin section of sample seen through a transmitted-light stereozoom microscope 
showing some birefringent quartz particles mostly as fine aggregates well-dispersed in mortar fraction, dark dense 
and vesicular angular slag particles, and mostly dark interstitial matrix phases of slag and non-slag fine fractions.  
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Figure 15: Photomicrographs of thin section of sample seen through a petrographic microscope highlighting dense 
dark gray angular slag coarse aggregate Particle# 1 shown in the inset of thin section image in top left photo. The 
particle consists of microcrystalline silica in dark and reddish-brown ferruginous mass resembling jasper.  
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Figure 16: Photomicrographs of thin section of sample seen through a petrographic microscope highlighting angular 
slag coarse aggregate Particles# 2 (top row), 3 (middle row), and 4 (bottom row) having different mineralogies and 
textures. Particle 2 is similar to Particle# 1 in Figure 15. Particle 3 has a darker and denser rim and porous core, 
otherwise similar to Particles 1 and 2. Particle 4 is vesicualr dark gray and reddish-brown angular glassy slag particle. 



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Iron Mountain Vanderbilt Steel Slag 17 

 

 
Figure 17: Photomicrographs of thin section of sample seen through a petrographic microscope highlighting coarse 
aggregate Particles# 5 (top row), 6 (middle row), and 7 (bottom row) having different mineralogies and textures. 
Particle# 5 is dark gray angular slag coarse aggregate having small rounded olivine crystals and secondary gypsum 
crystals in void spaces. Particle# 6 is a rounded quartz sandstone coarse aggregate particle. Particle# 7 is similar to 
Particle# 5 in having rounded olivine crystals in dense dark reddish-brown to gray glassy mass of an angular slag 
aggregate.   
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Figure 18: Photomicrographs of thin section of sample seen through a petrographic microscope highlighting 
interstitial slag and non-slag finer fractions of particles having angular to subangular slag particles of variably dense 
and vesicular natures and crystallinity from mostly glassy to glassy with fine crystallinity, black opaque grains of 
slag, beige non-slag carbonate (limestone) and siliceous (quartz) particles, all well-dispersed in pigmented reddish-
brown carbonated matrix.   
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Figure 19: Photomicrographs of thin section of sample seen through a petrographic microscope highlighting: (a) an 
angular coarse aggregate of light brown glassy (isotropic) slag particle with interstitial fine crystalline (melilite) 
needles (top row), (b) subangular limestone coarse aggregate particle (middle row), (c) angular glassy (isotropic) 
vesicular slag particles (bottom row), and (d) interstitial slag and non-slag finer fractions of particles having angular 
to subangular slag particles of variably dense and vesicular natures and crystallinity from mostly glassy to glassy 
with fine crystallinity, black opaque grains of slag, non-slag carbonate and silicate particles, all well-dispersed in 
pigmented reddish-brown carbonated matrix.  
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Figure 20: Photomicrographs of thin section of sample seen through a petrographic microscope highlighting: (a) an 
angular highly vesicular coarse aggregate of light brown glassy (isotropic) slag particle (top row), (b) subangular dark 
brown glassy (isotropic) slag coarse aggregate particle (middle row), (c) angular dark brown glassy (isotropic) dense 
slag particles and angular quartz particles in fine aggregate (bottom row), and (d) interstitial slag and non-slag finer 
fractions of particles having angular to subangular slag particles of variably dense and vesicular natures and 
crystallinity from mostly glassy to glassy with fine crystallinity, black opaque grains of slag, non-slag carbonate and 
silicate particles, all well-dispersed in pigmented reddish-brown carbonated matrix. 
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PHASES DETECTED FROM THIN SECTION MICROSCOPY 

Slag Phases – Glassy & Crystalline Phases Non-Slag Crystalline Phases 

Dense glass with fine crystallite Quartz 
Light to dark reddish-brown vesicular glass with 
and without fine crystallites  

Olivine 

Dense and vesicular glass with coarsely crystalline 
silicate inclusions 

Feldspar 

Dark opaque and dark reddish-brown glass with 
coarse silicate (olivine) inclusions 

Limestone 

Dark, opaque and reddish-brown glass with 
vesicles 

Coarsely crystalline secondary calcite 

Dark opaque grains without vesicles Finely crystalline interstitial calcite 
Dark opaque angular ferruginous and 
carbonaceous grains 

Hematite, Magnetite, Ilmenite 

Clear isotropic glass with hairline (perlitic) fractures 
with and without coarse silicate inclusions 

Siderite, Magnesite 

Melilite, Olivine, Wollastonite, Merwinite, Larnite, 
ß-C2S, Mullite 

Sandstone 

 

Optical microscopy has detected a number of angular slag particles occurring as coarse and fine aggregates having 

various densities, vesicularities, and crystallinities. Associated with slag particles are many siliceous particles and 

minor to subordinate amounts of calcareous and ferruginous particles – all well-dispersed in reddish-brown much 

finer grain and often carbonated interstitial matrix.  

The most prevalent type of slag found is glassy (i.e. granulated), which appear isotropic in crossed polarized light, 

sometimes associated with fine crystallite needles of melilite, or rounded olivine grains later dispersed in dark 

reddish-brown to gray glassy matrix. Due to this glassy nature, X-ray diffraction analysis (shown in Figure 30) showed 

an overall low count rate from low amount of crystalline phases in the slag and in the sample as a whole (since slag 

aggregates have dominated the sample).  

The glassy slag particles occurred in two main forms – either as dense glass or as vesicular glass, later mostly tend 

to be lighter brown in color in plane polarized light. 

Amongst the non-slag particles, quartz is present as the most common fine aggregate particles (after slag) which is 

confirmed by well-detected peak in X-ray diffraction pattern in Figure 30.  

The interstitial matrix phases contain many ultrafine-grained reddish-brown mineral oxide pigment type grains that 

are detected to be hematite in XRD as well as secondary calcite crystals from ultrafine to coarse grains (later mostly 

within vesicles in slags or void spaces).  
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X-RAY ELEMENTAL MAPS IN SCANNING ELECTRON MICROSCOPY 

 
Figure 21: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absoprtion of carbon-based epoxy used to 
impregate the sample for thin sectioning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus 
(P), sulfur (S), potassium (K), calcium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps. One 
such particle as coarse aggregate is highlighted by white dashed line, which is vesicular as highlighted by C-map 
due to absorption of C-epoxy in interstitial vesicles. The calcareous interstitial matrix phase from carbonation is 
highlighted in Ca map. Pore spaces, voids, and vesicles in slag are highlighted in C-map. Overall pigmented red 
nature of interstitial matrix from iron contamination is shown in Fe-map. 

A particle separated from the rest by yellow dashed line shows enrichment in Ca, Si, Mn, and Fe. Another particle 
separated by orange dashed line shows enrichment in Ca, P, Mn, and Fe.   
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Figure 22: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absoprtion of carbon-based epoxy used to 
imp[regate the sample for thin sectioning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus 
(P), sulfur (S), potassium (K), calcium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps. The 
calcareous interstitial matrix phase from carbonation is highlighted in Ca map. Pore spaces, voids, and vesicles in 
slag are highlighted in C-map. 

Two particles at the top and bottom of photos separated from the rest by white dashed lines show enrichment in Si 
and depletion in all other elements indicating quartz. A particle at left separated from rest by yellow dashed line 
shows enrichment in Fe and depletion in all others indicating an iron-mineral.  The interstitial matrix between top 
and bottom quartz particles show enrichment in Si and Al from slag grains.  Overall pigmented red nature of 
interstitial matrix from iron contamination is shown in Fe-map. 
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Figure 23: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absorption of carbon-based epoxy used to 
imp[regate the sample for thin sectioning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus 
(P), sulfur (S), potassium (K), calcium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps (two 
such particles are separated from the rest by white dashed lines). The calcareous interstitial matrix phase from 
carbonation is highlighted in Ca map. Pore spaces, voids, and vesicles in slag are highlighted in C-map. Overall 
pigmented red nature of interstitial matrix from iron contamination is shown in Fe-map. 

White dashed lines separating phases having enrichment in Fe and Mn are possible slag phases. Some Mg 
enrichment in Mg-map is from interstitial phases.  
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Figure 24: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absorption of carbon-based epoxy used to 
impregate the sample for thin sectoning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus (P), 
sulfur (S), potassium (K), calcium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps. The 
calcareous interstitial matrix phase from carbonation is highlighted in Ca map. Pore spaces, voids, and vesicles in 
slag are highlighted in C-map. Overall pigmented red nature of interstitial matrix from iron contamination is shown 
in Fe-map.  

A slag particle separated from the rest by white dashed line at right of all photos shows enrichment in Ca, Mn, and 
Fe. This is similar to a particle seen in Figure 21 (which, however, has higher Si than the present one). An iron 
mineral at the center shows enrichment in Fe-map and is separated by white dashed line.  
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Figure 25: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absorption of carbon-based epoxy used to 
impregate the sample for thin sectioning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus 
(P), sulfur (S), potassium (K), calckium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps. A slag 
coarse aggregate is separated from the rest at the top right corner of photos by white dashed line. The calcareous 
interstitial matrix phase from carbonation is highlighted in Ca map. Pore spaces, voids, and vesicles in the coarse 
slag particle are highlighted in C-map. 

A slag particle separated from the rest by white dashed line at left of all photos shows enrichment in Ca, Mn, and 
Fe. This is similar to a particle in seen Figure 24.   
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Figure 26: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absorption of carbon-based epoxy used to 
imp[regate the sample for thin sectioning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus 
(P), sulfur (S), potassium (K), calcium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps. The 
calcareous interstitial matrix phase from carbonation is highlighted in Ca map. Pore spaces, voids, and vesicles in 
slag are highlighted in C-map. Overall pigmented red nature of interstitial matrix from iron contamination is shown 
in Fe-map. 

Four small slag grains are found enriched in Ca, Fe, Mn as the ones found in other Figures.  
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Figure 27: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absorption of carbon-based epoxy used to 
imp[regate the sample for thin sectioning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus 
(P), sulfur (S), potassium (K), calcium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps. The 
calcareous interstitial matrix phase from carbonation is highlighted in Ca map. Pore spaces, voids, and vesicles in 
slag are highlighted in C-map. Overall pigmented red nature of interstitial matrix from iron contamination is shown 
in Fe-map. 

Two slag particles separated from the rest by white dashed lines at right of all photos show enrichment in Ca (the 
larger one only), Mn, and Fe. 
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Figure 28: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absorption of carbon-based epoxy used to 
imp[regate the sample for thin sectioning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus 
(P), sulfur (S), potassium (K), calcium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps. Two 
such particles are separated from the rest by white dashed lines at the top and bottom of all photos (which also 
show some K enrichment). The calcareous interstitial matrix phase from carbonation is highlighted in Ca map. Pore 
spaces, voids, and vesicles in slag are highlighted in C-map. Overall pigmented red nature of interstitial matrix from 
iron contamination is shown in Fe-map. 
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Figure 29: Secondary electron image (SED, top left), backscatter electron image (BSE, 2nd from top left), and X-ray 
elemental maps of carbon (C, mostly to show void spaces due to absorption of carbon-based epoxy used to 
impregate the sample for thin sectioning), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus 
(P), sulfur (S), potassium (K), calcium (Ca), titanium (Ti), cromium (Cr), manganese (Mn), iron (Fe), and nickel (Ni).  

Slag particles are highlighted by typical aluminosilicate compositions hence highlighted in Al and Si maps (one 
such particle is separated from the rest by white dashed line in bottom right corner). The calcareous interstitial 
matrix phase from carbonation is highlighted in Ca map. Pore spaces, voids, and vesicles in slag are highlighted in 
C-map. Overall pigmented red nature of interstitial matrix from iron contamination is shown in Fe-map. 

A slag grain separated from the rest by white dashed line shows enrichment in Si, Fe, Mn as the ones found in other 
Figures. Two other particles separated by orange dashed line show some enrichment in Fe.  
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X-RAY DIFFRACTION 

 
Figure 30: X-ray diffraction pattern of bulk slag concrete showing many slag and non-slag crystalline phases, that 
are quantified in the pie-graph below. 
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X-RAY FLUORESCENCE 

 
Figure 31: Elemental spectra in EDXRF of bulk slag concrete sample.  

Oxides (wt.%) Bulk Concrete Oxides and Probable Sources 

Silica - SiO2 32.9 (Glass, Siliceous minerals) 
Alumina - Al2O3 6.33 (Glass, Feldspar) 
Iron - Fe2O3 20.9 (Glass, hematite, Iron carbonate, etc.) 
Lime - CaO 19.5 (Glass, calcite, carbonated paste, etc.) 
Magnesia - MgO 3.18 (Glass, Magnesite) 
Sodium - Na2O - 
Potassium - K2O 0.457 (Glass, Feldspar, etc.) 
Titanium - TiO2 0.38 
Phosphorus - P2O5 0.776 
Sulfate - SO3 0.486 (Iron sulfide) 
Balance 15.0 (Volatiles, LOI) 
Total 100 

Table 1: Bulk oxide compositon of slag concrete and probable sources of oxides from the crystalline and glassy  
phases.  
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DISCUSSIONS 

SLAG AND STEEL SLAG 

Slag is the glass-like by-product left over after a desired metal has been separated (i.e., smelted) from its raw ore. 

Slag is usually a mixture of metal oxides and silicon dioxide. However, slags can contain metal sulfides and 

elemental metals. While slags are generally used to remove waste in metal smelting, they can also serve other 

purposes, such as assisting in the temperature control of the smelting, and minimizing any re-oxidation of the final 

liquid metal product before the molten metal is removed from the furnace and used to make solid metal. In nature, 

iron, copper, lead, nickel and other metals are found in impure states called ores, often oxidized and mixed in with 

silicates of other metals. During smelting, when the ore is exposed to high temperatures, these impurities are 

separated from the molten metal and can be removed. Slag is the collection of compounds that are removed. In 

many smelting processes, oxides are introduced to control the slag chemistry, assisting in the removal of impurities 

and protecting the furnace refractory lining from excessive wear. In this case, the slag is termed synthetic. A good 

example is steelmaking slag: quicklime and magnesite are introduced for refractory protection, neutralizing the 

alumina and silica separated from the metal, and assist in the removal of sulfur and phosphorus from the steel. 

Ferrous and non-ferrous smelting processes produce different slags. The smelting of copper, lead and bauxite in 

non-ferrous smelting, for instance, is designed to remove the iron and silica that often occurs with those ores, and 

separates them as iron-silicate-based slags. Slag from steel mills in ferrous smelting, on the other hand, is designed 

to minimize iron loss and so mainly contains oxides of calcium, silicon, magnesium, and aluminum. Any sandy 

component or quartz component of the original ore automatically carries through the smelting process as silicon 

dioxide. As the slag is channeled out of the furnace, water is poured over it. This rapid cooling, often from a 

temperature of around 2,600 °F (1,430 °C), is the start of the granulating process. This process causes several 

chemical reactions to take place within the slag, and gives the material its cementitious properties. The water carries 

the slag in its slurry format to a large agitation tank, from where it is pumped along a piping system into a number 

of gravel based filter beds. The filter beds then retain the slag granules, while the water drains away and is returned 

to the system. When the filtering process is complete, the remaining slag granules, which now give the appearance 

of coarse beach sand, can be scooped out of the filter bed and transferred to the grinding facility where they are 

ground into particles that are finer than Portland cement. 

Steel slag, a by-product of steel making, is produced during the separation of the molten steel from impurities in 

steel-making furnaces. The slag occurs as a molten liquid melt and is a complex solution of silicates and oxides that 

solidifies upon cooling. Virtually all steel is now made in integrated steel plants using a version of the basic oxygen 

process or in specialty steel plants (mini-mills) using an electric arc furnace process. The open hearth furnace process 

is no longer used. In the basic oxygen process, hot liquid blast furnace metal, scrap, and fluxes, which consist of 

lime (CaO) and dolomitic lime (CaO.MgO), are charged to a converter (furnace). A lance is lowered into the 

converter and high-pressure oxygen is injected. The oxygen combines with and removes the impurities in the charge. 
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These impurities consist of carbon as gaseous carbon monoxide, and silicon, manganese, phosphorus and some 

iron as liquid oxides, which combine with lime and dolomitic lime to form the steel slag. At the end of the refining 

operation, the liquid steel is tapped (poured) into a ladle while the steel slag is retained in the vessel and 

subsequently tapped into a separate slag pot. There are many grades of steel that can be produced, and the properties 

of the steel slag can change significantly with each grade. Grades of steel can be classified as high, medium, and 

low, depending on the carbon content of the steel. High-grade steels have high carbon content. To reduce the 

amount of carbon in the steel, greater oxygen levels are required in the steel-making process. This also requires the 

addition of increased levels of lime and dolomitic lime (flux) for the removal of impurities from the steel and 

increased slag formation. There are several different types of steel slag produced during the steel-making process. 

These different types are referred to as furnace or tap slag, raker slag, synthetic or ladle slags, and pit or cleanout 

slag. The steel slag produced during the primary stage of steel production is referred to as furnace slag or tap slag. 

This is the major source of steel slag aggregate. After being tapped from the furnace, the molten steel is transferred 

in a ladle for further refining to remove additional impurities still contained within the steel. This operation is called 

ladle refining because it is completed within the transfer ladle. During ladle refining, additional steel slags are 

generated by again adding fluxes to the ladle to melt. These slags are combined with any carryover of furnace slag 

and assist in absorbing deoxidation products (inclusions), heat insulation, and protection of ladle refractories. The 

steel slags produced at this stage of steel making are generally referred to as raker and ladle slags. Pit slag and clean 

out slag are other types of slag commonly found in steel-making operations. They usually consist of the steel slag 

that falls on the floor of the plant at various stages of operation, or slag that is removed from the ladle after tapping. 

Because the ladle refining stage usually involves comparatively high flux additions, the properties of these synthetic 

slags are quite different from those of the furnace slag and are generally unsuitable for processing as steel slag 

aggregates. These different slags must be segregated from furnace slag to avoid contamination of the slag aggregate 

produced. In addition to slag recovery, the liquid furnace slag and ladle slags are generally processed to recover 

the ferrous metals. This metals recovery operation (using magnetic separator on conveyor and/or crane 

electromagnet) is important to the steelmaker as the metals can then be reused within the steel plant as blast furnace 

feed material for the production of iron. 

STEEL SLAG CONCRETE 

Due to the presence of many angular slag coarse aggregate particles having various densities, vesicularities, and 

crystallinities in a finer fraction of slag and non-slag particles and reddish-brown much finer grains and often 

carbonated interstitial matrix, the sample is best described as a slag concrete. Slag is mostly occurring in glassy state 

(granulated). Associated with slag particles are many siliceous particles and minor to subordinate amounts of 

calcareous and ferruginous particles – all well-dispersed in a reddish-brown much finer grain and often carbonated 

interstitial matrix. The glassy slag particles occurred in two main forms – either as dense glass or as vesicular glass. 
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Amongst the varieties of slag particles encountered are: (a) dense glass with fine crystallite, (b) light to dark reddish-

brown vesicular glass with and without fine crystallites, (c) light to dark reddish-brown vesicular glass with and 

without fine crystallites, (d) dark opaque and dark reddish-brown glass with coarse silicate (olivine) inclusions, (e) 

dark, opaque and reddish-brown glass with vesicles, (f) dark opaque grains without vesicles, (g) dark opaque angular 

ferruginous and carbonaceous grains, (g) clear isotropic glass with hairline (perlitic) fractures with and without 

coarse silicate inclusions, and, amongst crystalline phases are (h) melilite as needles of crystallites in glassy mass of 

slag, olivine as rounded fine grains in dark glassy mass of slag, wollastonite, merwinite, larnite, ß-C2S, and mullite.  

X-ray elemental mapping of multiple areas of thin section showed the typical aluminosilicate composition of glass 

in the slag particles, as well as some particles having enrichment of manganese with iron, calcium, and silicon. X-

ray diffraction detected a large variety of crystalline phases, though occurring as a subordinate component relative 

to glass in the slag but as anticipated in a slag, e.g., from mullite, melilite, iron, to hematite (responsible for reddish-

brown color), magnetite, siderite, etc. and many non-slag crystalline silicate and calcareous phases with quartz as 

the most dominant non-slag phase. Other phases detected in optical microscopy, e.g., olivine in slag is not detected 

in XRD. No free lime or magnesia particles are found either in microscopy or XRD studies. X-ray fluorescence 

studies showed typical composition of slag concrete to have 32.9 percent silica, 6.3 percent alumina, 20.9 percent 

iron and 19.5 percent lime as the four main oxide phases, and 0.48 percent sulfate and 15 percent volatile phases 

(due to carbonated nature of the interstitial matrix and presence of fine to coarse-grained secondary calcite phases).  
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✪ ✪ ✪ END OF TEXT ✪ ✪ ✪ 

The above conclusions are based solely on the information and samples provided at the time of this investigation.  The conclusion may expand 
or modify upon receipt of further information, field evidence, or samples. Samples will discarded after submission of the report.  All reports are 
the confidential property of clients, and information contained herein may not be published or reproduced pending our written approval. Neither 
CMC nor its employees assume any obligation or liability for damages, including, but not limited to, consequential damages arising out of, or, 
in conjunction with the use, or inability to use this resulting information. 
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1 The CMC logo is made using a lapped polished section of a 1930’s concrete from an underground tunnel in the 
U.S. Capitol. 


