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Abstract 
Initial testing has shown that specialized porcelain enamel coatings can significantly increased the 
strength of the bond developed between portland cement mortar and steel reinforcement materials. 
Incorporating un-hydrated portland cement into the vitreous enamel fired onto smooth mild steel rods 
were found to increase the maximum bond strength by up to 325% compared to similar uncoated 
(bare) steel rods. Preliminary data from corrosion tests performed with steel samples enameled with 
the glass-cement mixture showed that the coated steel corroded only where the metal was 
intentionally exposed. Specialized porcelain enamel coatings can potentially be used to improve the 
performance and service life of steel used in concrete reinforcement in forms ranging from metal 
fiber to conventional rebar to sheet metal panels used in composite flooring. 
 
Introduction 
Since its invention in the late 1800’s, steel-reinforced concrete has been a widely used and highly 
valuable building material; new designs and applications continue to arise. Reinforced concrete 
structures combine the tensile or bendable strength of metal and the compression strength of 
concrete to withstand heavy loads. Steel embedded in concrete typically develops a weak bond 
between the surface of the steel and the surrounding hydrated cement paste.  Investigators have 
noted that unreacted, bleed water from the cement paste accumulates at the surface of the 
reinforcing steel [1, 2].  Cement paste does not form a chemical bond with the underlying steel and 
the water-rich paste immediately adjacent to the steel is typically weaker than the average paste in 
the mass of concrete. 
 
The difficulty in developing strong bonding for steel reinforcement in concrete can be related to the 
complex nature of the cement paste and the lack of bonding layer that will perform as a coupling 
surface. Hydrating portland cement paste is largely a mixture of calcium hydroxide, calcium 
carbonate, and calcium alumino-sulfate crystals in a calcium silicate hydrate gel [3, 4]. Over 20 
chemical compounds are thought to form during the hardening of cement pastes [5]. Investigations 
undertaken with steel reinforcement in conventional concrete indicate that soft crystals of calcium 
hydroxide are the most common material noted at the steel surface [6]. A dense calcium silicate 
hydrate phase typically does not form at the surface of steel reinforcement unless the composition of 
the concrete is altered to prevent segregation of the concrete at the iron-paste interface [7-9]. Even 
when a hard paste can be produced around steel, the phases at the interface are usually ferrous and 
ferric hydroxides that are not tightly bonded to the silicate gel in the paste [10]. Modifications of the 
composition of the concrete and treatments of the steel surface to increase the strength of the bond 
have been only moderately successful. For example, the addition of methylcellulose to the concrete 
and the application of sodium silicate to the steel surface produced only a slight increase in bond 
strength and often the variation in bond strength has scatter that masks the modest effects of 
surface treatments [7]. 
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Without a bonding layer on reinforcing steel, the best adhesion mechanism that can be postulated is 
the production of an electrical double layer at the contact of the paste and the steel. Calcium, 
aluminum and silicon couple by electrical charges across the interface with hydroxide ions on the 
surface of the steel and iron atoms couple with unbalanced oxygen atoms in the paste [10]. Mlodecki 
[5] describes the bond between the iron atom and a hydroxyl groups in the cement paste as a form 
of hydrogen bonding with the hydroxyl ion coupling with the pair of electrons that are held in the 
outer 4th orbit of the iron atom. It can be concluded that the bond at the steel-cement paste interface 
is a much lower energy bond than bonds in either adjoining phase. 
 
The strength of reinforced concrete is also compromised by the eventual corrosion of the steel 
embedded in the concrete [11]. As the carbon dioxide from the air diffuses into the concrete it 
neutralizes the alkalinity of the concrete around the steel; the passive coating protecting the steel is 
destroyed and the steel corrodes. The corrosion products take up a larger volume than the metal 
and the expansion puts the surrounding concrete in tension and produces cracking. The corrosion 
problem is accelerated by the presence of chloride ions that can infiltrate into the concrete from 
sources such as road salt or sea water. Chlorides may also be present in the concrete due to 
contamination of materials used to proportion the concrete [12]. 
 
Modifying the surface of the steel to reduce the likelihood of corrosion by plating or polymer coating 
the steel does nothing to improve the bond strength. Galvanizing or epoxy coating may actually 
reduce the bond strength [13 -15]. 
 
The present investigation examines effects that can be produced by fusing modified porcelain 
enamel to a steel surface prior to embedding the steel in concrete. This approach is different from 
previous coating technology in that porcelain enameling can firmly bond a reactive silicate phase to 
the steel and develop an outer layer of cement grains capable of bonding to the surrounding 
hydrating cement paste.   
 
Experimental Methods 
 
Preparation of Test Rods 
The strength of the bond between the steel reinforcement rods and the mortar was determined by 
measuring the maximum force required to extract a steel test rod from a hardened mortar cylinder 
cast from a well-defined standard sand-cement mixture cured so as to produce mortar with a 
consistent known strength. This peak value on a pullout load-versus displacement curve is also 
referred to as the ultimate bond strength [16]. The steel test specimens consisted of 6.35-mm 
diameter mild steel (AISI C1018) rods cut to be 76.2 mm in length. One end of the rod was threaded 
to allow it to be attached to the test apparatus. The length of the rod permitted it to be embedded in 
mortar to a depth of 63.5 mm. The rods were furnished by the manufacturer (Alabama Specialty 
Products, Munford, AL) with a smooth, glass bead-blasted surface.   
 
The test rod surfaces were prepared for groundcoat enameling using a grit polishing and an alkaline 
cleaning process. This cleaned only surface preparation generally involves physically cleaning the 
steel surface and rinsing with commercial alkaline cleaning solutions followed by a series of clean 
water rinses.  
 
Composition of Frit 
The composition of the glass frit applied to the test rods varied with the manufacturer and the exact 
composition of most formulations is proprietary. In all cases the manufacturer was asked to furnish 
an alkali-resistant formulation that would be a suitable ground coat for a two-firing application. The 
composition for a typical glass frit prepared for this application is given in Table 1.  
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Table 1  Composition Range of a Typical Alkali-resistant Groundcoat Enamel for Steel  [17,18] 

Constituent Range 

Silicon dioxide  SiO2 40 – 45 

Boron oxide  B2O3 16 – 20 

Sodium oxide  Na2O 15 – 18 

Potassium oxide  K2O 2 – 4 

Lithium oxide  Li2O 1 – 2 

Calcium oxide  CaO 3 – 5 

Aluminum oxide  Al2O3 3 – 5 

Zirconium oxide  ZrO2 4 – 6 

Copper oxide  CuO nil 

Manganese dioxide  MnO2 1 – 2 

Nickel oxide  NiO 1 – 2 

Cobalt oxide  Co3O4 0.5 – 1.5 

Phosphorus oxide  P2O5 0.5 – 1 

Fluorine  F2 2 – 3.5 
 
 
Application of Frit 
Porcelain enamels were applied by making a slurry of frit and clay with water containing electrolytes 
and the surfactants needed to achieve the desired suspension and viscosity.  The test rods were 
coated by dipping, or flow coating the slurry onto the surface. Where portland cement (Type I-II) and 
frit were fired in a two-step process, the groundcoat enamel was fired and the dry portland cement 
was applied immediately after the test rod was taken form the furnace. The rod would then be fired 
briefly for a second time to fix the portland cement to the groundcoat. When one-step applications 
were made, the portland cement was mixed in a 50% proportion by volume with the frit. The cement 
was added to the porcelain enamel slurry and applied to the rod surface.  
 
Firing of the Frit 
The porcelain enamel coating was fired onto steel at temperatures from 745 to 850 °C.  Firing times 
are typically from 2 to 8 minutes depending on the mass of metal to be heated and the size of the 
furnace. The goal was to produce a groundcoat enamel 50 to 100 μm thick with the cement 
embedded in the groundcoat. No attempt was made to obtain an even or smooth coating as would 
normally be the case for porcelain enameled appliances, bathtubs, etc. (Figure 1).  
 
Preparation of Test Mortar 
The enameled test rods were embedded in a mortar prepared using the guidelines presented in 
ASTM C109, Standard Method for Determining Compressive Strength of Hydraulic Mortars [19]. The 
proportion of the standard mortar was one part cement (Type I-II, Lone Star Industries, Cape 
Girardeau, MO) to 2.75 parts of standard graded sand (ASTM Specification C778). The water-to-
cement ratio was maintained at 0.485. Test cylinders were prepared for each mortar batch and 
tested to determine the unconfined compressive strength at 7 days was within the limits recognized 
for this mixture design [20].   
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Fig. 1  Examples of test rods prepared with various samples of glass frits. Note the rough irregular surfaces on 

sample due to the incorporation of the portland cement in the surface of the melted glass. One inch on the 
scale equals 25.4 mm. 

 
 
Preparation and Testing of Embedded Rods 
Each test rod was inserted in a 50.8-mm in diameter, 101.6-mm long cylinder mold filled with fresh 
mortar. The rod was clamped at the top so that a 63.5-mm length of the lower portion of the rod was 
under the mortar. Each cylinder was tapped and vibrated to remove entrapped air and consolidate 
the mortar. The samples were placed in a 100% humidity cabinet at 25ºC and cured for 7 days. After 
7 days, the test cylinders were de-molded and the cylinder with the embedded rod was mounted in 
the test apparatus [21] and the maximum force required to lift the rod out of the mortar was 
measured using an MTS Model 810 Testing Machine (Material Testing Systems, Minneapolis, MN). 
After testing, the cylinders were split along the center axis so that the rods could be removed and the 
location of the fracture surfaces could be determined. 
 
Salt Water Corrosion Exposure Testing 
The examination of corrosion phenomena in the bare rods, enameled rods and enameled rods with 
the portland cement addition was done by exposing sets of three identically prepared rods to a 3% 
sodium chloride solution in partly saturated sand (Figure 2). The goal of the testing was to provide 
conditions that would promote the mode of corrosion that would occur in carbonated (non-alkaline) 
portland cement concrete that was contaminated with chloride. The pH of the wet, drained sand 
ranged form 6.0 to 6.5 and the temperature was maintained at 25°C. Because of the typically high 
electrical resistance of the enamel, corrosion would only occur if a defect (or holiday) that exposed 
the metal rod was intentionally prepared in the enamel coating. Vitreous enamel typically has a 
volume resistivity of 1×1014 ohm·cm, so a perfect enamel surface is an insulator. Defects were 
prepared in each of the coated rods. All of the enameled rods were tested using the procedure 
outlined in ASTM C 876 and showed potentials more negative than -0.35 CSE (copper sulfate 
electrode) indicating corrosion was occurring [22]. The test rods were examined after 72 hours of 
salt water exposure.  After 40 days of exposure the rods were removed from the sand beds and the 
surfaces of selected samples were ground to determine the extent of corrosion. 
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Fig.2  Test rods set up for salt water exposure 

 
 
Results and Discussion 
 
Results of Pull-Out Tests 
Table 2 summarizes the results of the pull-out testing for uncoated (control) rods glass-enameled 
rods, enameled and abraded rods and rods coated with the glass-portland cement bonding enamel. 
Each series of test rods was prepared in at least triplicate and results are presented as the average 
value and the standard deviation of the series.  
 

Table 2  Results of Pull-Out Tests of Uncoated and Enameled Rods 

Sample 
Treatment of 

test rod 

Average Peak 
Force 

Required (N) 

Std. Deviation
(N) 

Location of 
Failure Surface 

Remarks 

Control (uncoated) 
Cleaned bare 

steel 
2618.2 466.17 Metal surface 

Bare steel 
rod 

Enameled, smooth glass 
Glass only, 
no portland 

cement 
3498.0 540.90 Glass surface  

Enameled, glass abraded 
with corundum 

Glass only, 
no portland 

cement 
2630.2 519.55 Glass surface  

Enameled, glass abraded 
with portland cement 

Portland 
cement not 

fired on 
enamel 

4886.8 292.25 Glass surface  

Enameled w/portland 
cement (T enamel) 

Twice 7860.9 1258.8 Metal surface  

Enameled w/portland 
cement (FL enamel) 

Single 9116.2 1657.4 
Metal surface 

and mortar 
One rod 
stretched 

Enameled w/Portland 
Cement (FD enamel) 

Single 11124.6 235.3 
Metal surface 

and mortar 

One rod 
broke under 

tension 
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The bond between the concrete and steel in the uncoated control rods on an average failed at 2618 
N force. The glass enameled rods showed bond strengths that were similar to those of uncoated 
rods. The rods enameled with the mixtures of glass and portland cement required 3 to 5 times the 
force (7860 N to 11125 N) used to break the bonds between the concrete and steel on the uncoated 
rods (2618 N).  
 
Failure surfaces on the rods with the composite glass frit-portland cement fired coating showed 
failures at both the glass-metal interface and inside the surrounding concrete (Figure 3). Where the 
failure occurred on the surface of the metal; small metal fragments pulled from the surface of the test 
rod could be observed on the glass adhering to the concrete.   
 
 

 
Fig. 3  Mortar cylinder split after testing to show the surface of the glass adhering to the hardened mortar and 

the clean surface of the metal test rod.  Examination of the surface of the glass showed fragments of metal 
embedded in the glass.  One inch on the scale equals 25.4 mm. 

 
 
One sample enameled using the mixed glass-Portland cement frit (FL enamel) came out of the pull-
out test with the rod stretched suggesting the bond strength was approaching the limit at which it 
could be reliably measured using this experimental design.  Comparable results were noted on a 
sample prepared using the mixed glass-Portland cement frit (FD enamel) where the test rod failed at 
the first screw thread at the top of the rod. 
 
Results of the Salt Water Exposure Tests 
Examination of the test rods that were embedded in the salt water-sand mixture showed that, as 
expected, the enameled surfaces showed no detectable changes and the cleaned bare steel rods 
showed visible oxidation after 72 hours of exposure. After 40 days exposure, the test rods were 
examined and grinding away the enamel showed that the corrosion of the enameled rods had not 
spread under the enamel. After 40 days exposure, the uncoated rods were heavily incrusted with 
iron oxide.  
 
Conclusions 
The results of this investigation have indicated that:  
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(1) Conventionally formulated glass-only enamel applied to steel produced a bond strength in mortar 
that was comparable to that developed by uncoated steel.   

(2) Abrading the conventional enamel with corundum produced no improvement in average 
maximum bond strength.  

(3) Abrading the conventional enamel with portland cement produced approximately a 40% increase 
in average maximum bond strength over smooth conventional glass 

(4) A composite enamel composed of a hydraulically reactive component such as portland cement 
and a commercial enameling glass can produce a coating that provides a average maximum 
bond strength that is up to 325% stronger than the average maximum bond strength obtained on 
bare steel.   

(5) Reactive enamels (enamels containing a hydraulically reactive component) can potentially be 
used on a variety of steel reinforcement materials (rebar, fiber and steel sheet metal) to improve 
the bond from concrete to steel and may reduce the risk of corrosion of the steel reinforcement.   
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