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Analysis of Fracture in Porcelain Enamels 
 
by Kyla McKinley, Holger Evele, Charles Baldwin 
Ferro Corporation 
 
Porcelain enamel is a superior coating material from a thermomechanical perspective, but it 
is weak in tension because of its ionically-bonded disordered vitreous atomic structure.  
Porcelain enamel is toughened by being in a residual compressive stress state, and a thorough 
theoretical understanding of the stress state with supporting experimental data is required for 
designing enameled ware.  A laboratory study comparing the fracture resistance of different 
ground coat and cover coat combinations where the cover coats are new enamel formulations 
was done to study the compressive stress state in a multi-coat enamel system using those 
technologies. 
 

1. Introduction 
 

Recently, novel appearances and surface functionality have been formulated into porcelain 
enamels.1  New enamel technologies such as metallic finishes and low-temperature cleaning 
coatings are cover coats that require application over ground coat for adhesion to steel.  
These finishes are subject to the same strength in compression and weakness in tension as 
conventional enamels.  The residual compression in the low-temperature cover coat is of 
particular interest for optimization of application to oven cavity interiors, for which single 
coat systems have been common.  Therefore, a study was undertaken to: 
 

• Review the literature regarding the residual compressive strengthening of cover coats 
• Run a Design-of-Experiment (DOE) study to evaluate the fracture resistance of 

different ground coat and cover coat combinations 
• Lay the groundwork to bridge the literature model with the capabilities of modern 

computer finite element modeling (FEM) software to facilitate the optimization of the 
design of the enameled ware 

 
Porcelain enamel-coated metal can be modeled as a glass/metal composite.  Glass 
theoretically has a strength of about ten million pounds per square inch, however, even under 
the best laboratory conditions, the strength has not been seen at more than a million pounds 
per square inch.  Theoretical strength is based on zero defects in the atomic structure.2  This 
is not the case in actual solids where the measured fracture toughness3 is less than 1 MPa⋅m1/2.  
There are missing atoms or extra atoms that do not create a uniform solid.  Therefore, when 
stress is applied to the solid, the stress is not applied evenly and imperfections of the solid 
will start to fail.  Once one imperfection fails, then surrounding areas bear more stress on 
them and eventually start to fail as well. 
 
The enamel is toughened by being in a state of residual compression from having a lower 
coefficient of thermal expansion, αe, than the steel.  The residual compressive stress state and 
fracture resistance of porcelain enamel have been investigated using the following 
approaches: 
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1) Thermal expansion curves which provide data to mathematically estimate the 
stress states. 
 

2) Loaded beam testing or split ring testing (PEI T-30) that use the deflection of a 
specimen from a plane containing a controlled application of enamel to quantify 
the stress level.  With the split ring test, the stress measure is the force required to 
just open a split ring with enamel applied to the exterior.   
 

3) Torsion testing (PEI T-5) which measures the angle of twist required to fracture 
the enamel coating on standard sized enameled V-shaped specimens to simulate 
fracture from distortion or bending in service such as the effect of repetitive 
thermal cycling.   
 

4) Klotz machine that resistively heats an enameled strip and measures the deflection 
versus temperature.4   

 
5) Impact testing with a ball bearing dropped from a known height provided data on 

the amount of energy required to chip enamel as well as the fracture mechanism.5 
 
Push-rod dilatometry is used to measure the thermal expansion curve, from which is obtained 
the glass temperature, Tg, and αe.6  A typical thermal expansion curve of a medium hardness 
ground coat frit is shown in Figure 1 with the theoretical linear curve for steel (αs = 12.1 x 
10-6/K).  The coefficient of thermal expansion is the slope of the linear portion of the curve, 
and the Tg is the temperature at which the solid glass bar becomes a highly viscous liquid and 
shows an inflection point on the curve, marking the point at which the expansion increases 
above that of steel. 
 

 
Figure 1.  Typical thermal expansion curve 

The thermal expansion curve illustrates processes that occur during the firing of enamel.  
After ground coat application, the steel oxidizes during firing, the enamel passes through the 
glass temperature and becomes a decreasingly viscous liquid that wets the iron oxide formed 
on the steel.  Any stress from thermal expansion of the steel is relieved by the highly mobile 
low viscosity enamel because typical firing temperatures of 1470 to 1560°F (800 to 850°C) 
are well above the glass temperature.7, 8  On cooling from the peak temperature, the enamel 
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contracts faster than the steel and goes into tension.  On further cooling, the enamel cools 
below the Tg and becomes squeezed increasingly into compression while the enamel warps 
the metal into tension.9  Bending of the steel substrate occurs.  A schematic of the full firing 
cycle is shown in Figure 2. 
 

 
Figure 2. Stress development during enamel firing10, 11 

 
The basic equation to calculate the thermal mismatch strain in a bimetallic strip is: 
 

∆𝜺𝟎 = 𝜶𝒆 − 𝜶𝒔 𝒅𝑻
𝑻𝟎
𝑻     Equation 

1 

where αe is the coefficient of thermal expansion of the enamel, αs is the coefficient of the 
steel, and dT is the amount of cooling from the onset of residual compressive stresses. 
 
Assuming a single layer of ground coat on only one side of a steel strip, this has been used to 
derive Equation 2 for a uniform compressive stress in the enamel12: 
 

𝝈𝒆𝒄 =
𝟏

𝒕𝒆
𝒕𝒔

𝑬𝒆
𝑬𝒔

!𝟏
𝑬𝒆∆𝜶∆𝑻    Equation 
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where te is the enamel thickness, ts is the steel thickness, Ee is the Young’s Modulus of the 
enamel, Es is the Young’s Modulus of the steel, Δα is the difference in the thermal expansion, 
and ΔT is the amount of cooling from the onset of residual compressive stresses. 
 
To balance the bending moment resulting from the asymmetric stress state, a tensile stress 
component arises and gives the enamel stress distribution as: 
 

𝝈𝒆𝒄 =
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    Equation 
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where κ is the radius of curvature and hn – z is related to the distance from the neutral axis.  
The final stress distribution for one layer of ground coat on one side of a steel strip is shown 
schematically in Figure 3. 
 

 
Figure 3.  Distribution of stress in ground coated steel13 

The bimetallic strip model has provided guidance to formulate ground coats for different 
applications by tailoring the glass chemistry to provide certain thermal expansion coefficients 
and glass temperatures.14  It is desirable to add a layer of cover coat which would have a 
different thermal coefficient and glass temperature to the model.  The earliest model of a two-
coat/two-fire system is shown in Figure 4 with uniform residual compression and no bending 
stress. 
 

 
Figure 4.  Schematic of residual stresses in cover coated steel15 

 
In a coating system with both a ground coat and cover coat layer, the stress in each layer is 
different, and the deflection will depend on all of the stresses in each layer.16  Studies 
therefore become more empirical.  Physical testing of cover coat enamels has found the 
loaded beam stress and torsion angles increased as the expansion coefficient decreased, but 
the torsion angle did not increase proportionally with the compressive stress.17  Torsion 
testing of two-coat/one-fire cover coats has shown a large decrease in torsion angle with 
enamel thicker than 8 mils (200 microns), increased torsion angle with increased firing 
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temperature, and a very gradual increase of torsion angle with increased firing time, as well 
as a lack of correlation with warp results.18 
 
The model of the uniform compressive stress arising from thermal expansion mismatch 
requires several assumptions including perfect adhesion, the enamel being a glassy material 
with well defined glass temperature, and no contribution to stress field from other possible 
factors.  These  include crystallization, second-phase inclusion particles, bubbles, or 
differences of expansion between different component frits of the enamel.  However, the 
enamel microstructure always contains some bubble structure from frozen-in gassing from 
the steel during firing or thermal decomposition of mill addition materials.  The amount of 
bubble structure impacts the fracture resistance.  The enamel microstructure can also contain 
undissolved refractory particles. 
 
There are several other factors that affect fracture in addition to the enamel compressive 
stress state.  These include the strength after fire (SAF) of the steel substrate, the design of 
the enameled part, handling during processing, improper drying (for wet enamels), the 
cooling rate of the enamel, the enamel bubble structure, and the relative thickness of the steel 
and enamel.   
 
The strength after fire (SAF) and strain of steel are major contributors to the strength of an 
enameled workpiece.19  The deflection of steel heat treated by the enamel fire can cause the 
enamel strength to be weakened and fail by driving the enamel into tension.  The steel 
deflection in service is a function of the yield stress after strain and firing, which can be 
measured using ASTM C774 “Standard Test Method for Yield Strength of Enameling Steels 
After Straining and Firing.” 
 
For design of the ware, the Porcelain Enamel Institute (PEI) Technical Manual 101 “Manual 
for Design and Fabrication of Metal for Porcelain Enameling” states “Additional 
consideration must be given to metal thickness and after fire strength for the prevention of 
chippage in the finished part. Deformation of the base steel under typical loads or stresses can 
lead to failure of the porcelain in the form of chippage.” 
 
With part processing and handling, improper drying can result in bisque cracks.  Parts need to 
remain stiff and rigid during handling to avoid conditions that could crack enamel.  The rate 
of cooling has been shown to have an effect on the enamel stress state.20 
 
Finally, literature data in Table 1 shows residual compression decreases as enamel thickens 
or steel thins.  This would be due to an increase in the tensile bending moment in Equation 3. 
 

Ratio of enamel 
thickness to 

metal thickness 

Compressive stress, 
MPa (ksi) 

0.8 69 (10) 
0.6 110 (16) 
0.4 138 (20) 
0.2 221 (32) 

Table 1.  Effect of enamel and metal thickness21 
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2. Procedure 
 

A three factor center point Design-of-Experiments (DOE) was set up using the four enamels 
shown in Table 2 with the combinations of ground coats and cover coats as well as the firing 
temperature as the input variables using the EChip software package.  Enamels A and B are 
high and low coefficient of thermal expansion ground coats, respectively.  Enamel C is a 
proprietary patented chemistry cover coat that sheds soils on exposure to moisture that has a 
high coefficient of thermal expansion.  Enamel D is a proprietary patented chemistry cover 
coat that has a lustrous gray appearance when fired and has a relatively low thermal 
expansion for a cover coat.  ASTM A424 Type 1 steel (28 gage) was obtained from an 
appliance plant, and cut into torsion bars.  The same gage and grade of steel was used 
throughout to remove it as a variable and have the same SAF throughout the testing. 
 

Enamel Type αe (x 10-6/K) Tg 
A Soft Ground Coat 10.1 445°C (833°F) 
B Blue Pyrolytic Ground Coat 8.9 486°C (907°F) 
C Low-Temperature Clean Cover Coat 11.2 409°C (768°F) 
D Luster Stainless-Look Cover Coat 9.0 472°C (882°F) 

Table 2.  Linear coefficient and glass temperature data 

The linear coefficient of thermal expansion and glass temperature measured via Orton 
Dilatometry are shown in Table 2.  To determine the thermal expansion curves, sample bars 
for thermal expansion measurements were prepared by placing 8 g of glass frit powder into a 
carbon mold and fired at 1550°F (621°C) for 12 min.  Next, the glass bar was placed into a 
1000°F (538°C) furnace, which was switched off and allowed to cool overnight.  The bar was 
cut to a length of 2 ± 0.2 inches (50.8 ± 5 mm), and the edges were rounded on a grinding 
wheel.  Then, the sample was placed in a quartz tube in contact with a ceramic pushrod.  As 
the temperature was increased from room temperature, a linear voltage displacement 
transducer (LVDT) measured the expansion of the bar.  When the temperature was reached 
that the bar viscosity was low enough to start contracting under the force of the pushrod, the 
dilatometer automatically shut off shortly after a preset amount of contraction.  The 
theoretical linear curve for enameling steel is included for reference.  The value of αe was 
determined by calculating the slope of the linear portion of the curve below 400°C (750°C). 

 
Figure 5.  Thermal expansion curves 
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The torsion test was chosen to measure the fracture resistance of the multiple coat systems 
because of its correlation to enamel under twisting, distortion, or constrained conditions that 
would be expected in service of these coatings, particularly for one in an oven lining 
application.  Ten torsion bars were coated with each DOE combination per PEI T-5.  Both 
ground coats were sprayed at a rate of 35 g/ft2 (375 g/m2) via dry electrostatic application.  
The lower firing point was 1500°F (816°C) for 3.5 min and the high firing point was 1540°F 
(838°C) for 3.5 minutes.  The cover coats were reconstituted from ready-to-use (RTU) 
powder with water using a high shear mixer, the rheology adjusted with water and set-up 
salts, and applied via wet spray at a rate of 35 g/ft2 (375 g/m2).  The cover coats were dried at 
160°F (71°C) and fired under the same condition as the ground coat.  All firing was done in a 
continuous electric furnace.  After determination of the torsion angle, the fracture surface and 
bubble structure was analyzed for a selection of the DOE results. 
 
 

3. Results 
 
Results of the torsion DOE per PEI T-5 are shown in Table 3 and graphically versus 
thickness in Figure 6.  The combinations that showed less torsion resistance were either 
ground coat with the low expansion cover coat while either ground coat with the higher 
expansion cover coat showed a higher resistance to torsion.  Firing temperature had a mixed 
result on the torsion angle.   
 
 
 

Ground Coat Cover Coat Firing Temperature T bar Testing Order Trial Number 
A D 1540°F (838°C) 3.5 min 91.1 ± 5.4 1 6 
B D 1540°F (838°C) 3.5 min 99.0 ± 9.7 2 1 
B C 1540°F (838°C) 3.5 min 156.8 ± 9.3 3 4 
A D 1500°F (816°C) 3.5 min 81.3 ± 4.3 4 3 
B D 1540°F (838°C) 3.5 min 88.6 ± 6.9 5 1 
A C 1500°F (816°C) 3.5 min 170.3 ± 13.7 6 2 
A C 1500°F (816°C) 3.5 min 158.0 ± 8.9 7 2 
B D 1500°F (816°C) 3.5 min 98.2± 5.6 8 8 
B C 1540°F (838°C) 3.5 min 146.1 ± 17.0 9 4 
A D 1500°F (816°C) 3.5 min 79.0 ± 3.4 10 3 
B C 1500°F (816°C) 3.5 min 180.0 ± 12.8 11 5 
B C 1500°F (816°C) 3.5 min 171.2 ± 10.7 12 5 

50/50 A/B 50/50 C/D 1520°F (826°C) 3.5 min 146.3 ± 23.0 13 9 
A C 1540°F (838°C) 3.5 min 134.0 ± 17.7 14 7 

Table 3.  Torsion DOE results 
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Figure 6.  Graphical determination of T bar 

 
Analysis of the DOE by the Echip software package found the strongest signal for the cover 
coat thermal expansion for affecting the torsion angle.  The Echip effects graph and Pareto 
effects analysis are shown in Figure 7. 
 

 
Figure 7.  DOE effects and Pareto analysis showing the strongest signal from the cover coat 

thermal expansion 

Examination of the fracture surfaces was done on trials 3 and 6 that showed the lowest 
resistance to torsion and trials 5 and 4 that showed the greatest resistance to torsion.  The 
fracture in the samples with cover coat D showed fracture initiated at the enamel/air interface 
and the cracks deflected through the ground coat as the compressive stress field changed.  
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Applied tensile stresses would have been perpendicular to the direction of crack propagation.  
Wallner lines formed where the cracks through the cover coat intersected and detached 
sections of cover coat.  The bars with the high expansion cover coat C tended to show smaller 
chips, possibly suggesting less energetic release as the tensile stress overcame a small overall 
level of compressive stress at failure despite a higher torsion angle.   
 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8.  Stereo micrographs at 25x of fracture surfaces of torsion bars from (a) trial 3, (b) 
trial 6, (c) trial 5, and (d) trial 4 

Cross-sectional microscopy was done to compare the bubble structure of trial 3 to trial 6 as 
well as trial 5 to trial 4 to better understand why the torsion angle increased with increasing 
fire for cover coat D but decreased with increasing fire for cover coat C.  Figure 9 shows the 
bubble structure.  Cover coat D is the harder system and shows a much finer bubble structure 
while cover coat C is softer and shows a coarser bubble structure that could be acting as crack 
arresters. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9.  Optical micrographs at 25x of the bubble structures of torsion bars from (a) trial 3, 
(b) trial 6, (c) trial 5, and (d) trial 4 

 
4. Discussion 

 
The DOE showed the strongest effect on the torsion angle was the coefficient of thermal 
expansion of the cover coat.  In all cases of the DOE, the torsion angle increased significantly 
for cover coat C with a thermal expansion of 11.2 x 10-6/K compared to cover coat D with a 
thermal expansion of 9.0 x 10-6/K.  A higher torsion angle and therefore more torque, force, 
energy, and strain was required to initiate fracture cover coat C.  However, cover coat C 
would not be in a higher compressive stress state than cover coat D because of the lower 
glass temperature and higher thermal expansion coefficient.  This suggests the different 
enamel chemistries or crystallization may play a role in modifying the fracture resistance by 
having different values for Young’s Modulus Ee in Equation 3. 
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5. Summary 

 
A DOE was run comparing the torsion angle of high and low thermal expansion ground coats 
and high and low thermal expansion new enamel cover coats.  This work was done as a 
preliminary step to being able to model the enamel stress state using a finite element analysis 
with the expansion coefficient and amount of cooling from a neutral stress state on actual 
service parts. 
 
The DOE showed the strongest signal to increase the torsion angle was from the cover coat 
thermal expansion.  However, a low torsion angle is not necessarily expected for a higher 
glass temperature and lower expansion coefficient that would theoretically per Equation 2 be 
in a greater compressive stress state.  This suggests that the Ee of the enamels tested may 
have been different enough to affect the test results.  Therefore, a next step would be to repeat 
the DOE with two different expansion titanium white cover coats with more similar 
chemistry to remove possible differences in Ee from different chemistries from the study.  
Follow-up testing with the loaded beam test for all of the enamels would also be sensible to 
create data with the goal of validation with a computer model. 
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