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INTRODUCTION AND SETUP 
 

During an investigation, an engineer may find evidence that prompts questions such as whether a 
poor connection occurred and if the poor connection could be the ignition source for this fire. What might 
a poor connection have looked like when it was a competent ignition source versus after it experienced an 
ensuing post-flashover fire? Will post-flashover fire exposure destroy or alter the forensic markers of the 
ignition source, or will these markers survive the fire? This research was designed to further the general 
knowledge for both Forensic Electrical and Materials Engineers performing analysis regarding potential 
electrical overheating. A method of trying to create an exhaustive compilation for forensic markers was 
used. This project is thought to be a small portion of a greater effort to differentiate the damage caused by 
electrical overheating and that caused by ensuing fire attack. 
 
The team tested combinations of base materials including copper, brass, and steel. We found that copper 
and steel as base metals would consistently form an overheating poor connection with a point contact and 
a very low force holding the metals together. Electrical parameters that allowed heating to occur almost 
immediately and to continue as long as desired were chosen. It was found that a typical residential branch 
circuit operating at 120VAC, which operated an electrical heater drawing 12 Amps (rms) through the 
poor copper/steel connection, would create overheating in a reliable and continuous fashion. The power 
factor was 0.99, indicating the load was basically resistive. The connection was between a #14 AWG 
solid copper wire, stripped of all insulation, in a point contact on a nickel-plated steel screw from a 
commercially available receptacle. 
 
A configuration was chosen which gave us the best access for imaging and analysis during the phases of 
the testing. The wire was placed in point contact with the outer diameter of the screw. This configuration 
does not conform to the instructions for making a quality connection; however, all loose connections, by 
definition are not proper. Figure 1 shows a photo of this arrangement. The screw was held by a receptacle 
bus which was held by an insulated drill chuck which could be moved to make adjustments as needed. 
 

Figure 1 

 



 
 

 
ELECTRICAL OVERHEATING TEST PHASES 
 

A typical test started out with a small series arc at the point of contact as shown in the photo 
below in Figure 2 with a voltage drop measured across the poor connection of approximately 150mVAC. 
An overall voltage drop was measured approximately 15cm on either side of the poor connection; 
however, 90% of this voltage drop (and power dissipation) was found to be at the wire immediately above 
the screw and upper portion of the screw. Connection voltage drops stated will be 90% of the overall 
voltage drop measured and the connection power dissipation will be calculated with the connection 
voltage drop. Note that only the area of the wire near the screw is discolored slightly at this point. The 
voltage drop eventually jumped up to approximately 1.0VAC or higher and the heating continues 
indefinitely, unless the conductors separate. Figure 3 shows that after the power jumped to 12Watts or 
greater, the gray discoloration of the copper wire progressed further and further away from the point of 
contact; however, the temperature, heat dissipation, and conductor damage were localized and greatest at 
the poor connection. The voltage drop often continues to climb to approximately 2.3VAC (27.6Watts) or 
higher while some fluctuation occurs, as was typically seen during glowing in Figure 4. The current stays 
fairly constant throughout the test at 12Amps (+/- 0.1 Amps) as the resistance of the connection is small 
compared to the load resistance.  
 
                 Figure 2                    Figure 3                           Figure 4  

    
 
A typical voltage drop waveform during an early phase of overheating is shown below in Figure 5. When 
series arcing occured, the voltage waveform jumped irregularly. The current waveform is sinusoidal and 
was in phase with the voltage. Figure 6 shows the resistance versus time calculated by dividing the 
voltage by the current at each moment in time. Figure 7 is the resultant power dissipation at each instant 
of time. This dynamic resistance increased each time the voltage, current, and power are at the (same) 
zero crossing point. [Shea 2006] postulates that the changing resistance is due to a changing temperature 
at 60Hz  as the material cools during the power zero crossing point. 1  
 

         Figure 5                 Figure 6      Figure 7 
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The oxide bridge at the contact area between the wire and the screw formed in a fairly short period of 
time and can be seen in the solid arrows in the photos in Figures 8 and 9, below. The oxide scale that 
grows on the exterior of the wire, shown with the dotted arrows, is due to the high temperature of the wire 
in an ambient atmosphere. The scale is composed of an inner layer of cuprous oxide and an outer layer of 
black cupric oxide. Table 1 shows the chemical formulas and other details for the materials involved with 
this paper. Since the oxides are brittle, they tend to spall off due to thermal and growth stresses. The scale 
increased in thickness with time at high temperatures and the diameter of the wire is decreased due to the 
oxidation. The scale was thickest within the one cm of wire closest to the area of overheating, as this is 
the hottest point. The scale was thinner on the continuous wire the farther away it was from the poor 
connection. This is because the temperature becomes lower as heat is dissipated by the wire and the air.  
 
The ratio of the thickness of cupric oxide to cuprous oxide on the exterior of the wire varies with the 
temperature of the region during oxide formation. 2 
 

       Figure 8     Figure 9 

 
 

Figure 10, using a camera flash, shows a glowing semi-circular oxide mass growing inside the wire where 
it contacts the screw. If this oxide separates from the wire, it forms a semi-circular notch in the wire. If 
the oxide mass and power output continue to increase, the wire and oxides between the wire and the 
screw (composed of copper, iron, and oxygen) will melt and resolidify in layers which we refer to as a 
“nugget”. After the nugget forms, the glowing sections move around and cause further melting. 
Eventually, there will often be a section of wire that is conducting the full current in a glowing liquid 
phase. This can be seen in Figure 11. Note the necking of the diameter of the glowing liquid due to the 
surface tension which is shown by the arrow in Figure 11. The yellow color of the liquid oxide phase in 
Figure 11 was due to the use of flash photography. A photo of the liquid oxide phase with no camera flash 
can be seen in the inset in Figure 11. 
 
  Figure 10                  Figure 11 

 
 
 
 
 
 
 
 
 
 
 
 



A micrograph of this glowing liquid oxide phase is seen in Figure 12. Again, note the necking of the 
diameter of the glowing liquid due to the surface tension. A video was taken as the test fixture was 
vibrated, and the screw is seen to move up and down in the frame while the wire stays stationary and the 
orange liquid wiggles while conducting current. Figure 13 shows the liquid beginning to solidify after the 
circuit was switched off.  
 
   Figure 12        Figure 13 

The glowing liquid oxide phase will sometimes burn-open and form a physical gap of approximately 1-
2mm as is shown in Figure 14. This occurred in 7 of 20 long term trials of poor connections which ran 
between 30 and 100 hours. The formation of this gap is called “liquid burn-open” and stops the current 
flow. This liquid burn-open has been witnessed and videotaped with the liquid state of the conductive 
material confirmed.  

Figure 14 

 
 
Figure 15 (a, b, c, and d) shows a sequence of this solidification. The images are frames of video taken 
while the burn-open phenomena occurred. The video was taken through a heavily tinted welding glass to 
decrease the brightness of the liquid oxide phase so reasonable images could be obtained. In photo 15 (a) 
the wire (left) is still in contact with the nugget (right). In photo 15 (b), the wire is beginning to separate 
from the nugget. The start of a series arc due to this separation can be seen near the end of the wire. In 
photo 15 (c), the wire is fully separated. In photo 15 (d), the solidification is almost complete, and the 
convex shape caused by solidification shrinkage can be seen. It is hypothesized that spatter can occur 
during this liquid burn-open event as a parting arc event. 
 
 
 
 
 



 
 
         Figure 15 (a)         Figure 15 (b)         Figure 15 (c)    Figure 15 (d) 

       
 
The nuggets have almost always broken off the screw quite easily when handled. Often, prior to a burn-
open, after the electrical current was manually stopped while the wire and screw were left in the test 
setup, the wire and oxides would break free from the screw while the materials were cooling. Black flakes 
of oxide layers would also typically pop off the wire as the wire cooled.  
 
 
ELECTRICAL OVERHEATING TEST RESULTS 
 

The outer diameter of the wire, with the copper oxide scale still intact, and close to the site of the 
poor connection, increased with overheating time. This diameter increased fairly linearly by 
approximately 0.02mm per 10 hours of overheating, above the starting wire diameter of 1.63mm. The 
oxide scale is extremely brittle, often flakes off in certain areas, and can crack when touched by a 
measuring instrument. The actual diameter of the wire near the site of the poor connection decreased as a 
function of the time of overheating. The decrease in diameter was a fairly linear decrease of 
approximately 0.02mm every 10 hours. These two trends indicated that the oxide scale grew at a fairly 
linear rate of approximately 0.04mm every 10 hours. This is significant as the thickness of the scale can 
be 0.48mm after 120 hours which is almost 30% of the original diameter of copper wire.  
 
The wire typically has draw marks from the wire manufacturing process, as seen in Figure 16. As a result 
of the consumption of the copper wire by the oxide scale, 12 out of the 13 long term test samples 
analyzed for the presence of draw marks on the wires, had no draw marks immediately adjacent to (or 
within 5 to 10 mm of) the overheating site. The one draw mark that remained appeared deep. This shows 
that even though there is series arcing involved in a poor connection, there may not be evidence of a 
distinct line of demarcation which is a well accepted forensic marker after parallel arcing. 3, 4 Parallel 
arcing occurs between an energized and a non-energized conductor and there was no parallel arcing 
during these tests. The wire, approximately 50 to 100mm away from the poor connection, was measured 
to be 1.63mm; the diameter of the wire prior to overheating. This shows the localized effect of the poor 
connection. Where these wire diameter changes are localized, they may not be due to fire attack and may 
be due to a poor connection. 
 
Another interesting aspect of the growth of the oxide scale on the outer diameter of the wire is that the 
sharp edges of the cut wire ends were routinely rounded off by the growth of the oxide. These effects of 

Wire  Nugget 

Screw 



loss of size and draw marks, a semi-circular notch, and a rounded end can be seen in the overheated wires 
(some next to unheated wires) in Figures 16 and 17. Note, in Figure 17, a scale “cap” formed, cracked, 
and slipped off the end of the wire, showing the shape and size of the scale. The dimensional change data 
is based upon 13 tests done during a variety of total overheating times between 33 and 120 hours.  
 

    Figure 16          Figure 17 

 
 
Five samples of short wires and screws were weighed prior to and after electrical overheating, and it was 
found that the weight increased in two samples by approximately 0.03g and 0.02g after 43 and 52 hours, 
respectively. These two tests resulted in burn-opens; however, a third burn-open in this set of five did not 
show a weight gain. The weights recorded did not include small amounts of copper oxide that flaked off 
during the overheating and handling.  
 
A glowing poor connection with a power dissipation of 27.6 Watts was evaluated for heat flux during 
overheating. The power dissipation was divided by the area of 9mm of the wire immediately above the 
screw and the upper portion of the screw, to yield a heat flux of 240kW/m2 which is greater than ten times 
the heat flux threshold for room flashover fires often cited (at 20kW/m2). 4 This high level of heat flux 
indicates that this poor connection can have a high potential to be a competent ignition source for 
combustibles close to or in contact with the poor connection. 
 
There were no signs of hydrogen damage in several samples evaluated that were overheated due to a poor 
connection, prior to fire exposure.  
 
 
POST-FLASHOVER FIRE EXPOSURE AND MATERIAL ANALYSIS 
 

To simulate post-flashover fire exposure, selected samples were then burned in an open brick 
oven with flame impingement from a nozzle mix burner fed by propane at a temperature of 850ºC to 
1000ºC for one hour.  
 
 Three sets of oxide samples were ground into powder and analyzed in an x-ray diffractometer. 
The different material constituents present in each sample were identified by comparing the spectrum 
peaks with data from a crystallographic database. The top spectrum in Figure 18 is for oxide nuggets that 
were scraped off of the wire at the contact point, after having been a poor connection. Nuggets from about 
20 samples were combined, and the glow time between the samples ranged between 1 and 44 hours. The 
bottom spectrum in Figure 18 is for the same type of oxide nuggets, but these were subsequently exposed 



to flame impingement for 1 hour at a temperature of 850 C°. The results indicate that the pre and post-fire 
exposure nuggets contain the same constituents; which are CuO, Cu2O, CuFeO2, Fe2O3, and Fe3O4 (cupric 
oxide, cuprous oxide, delafossite, hematite, and magnetite, respectively). Also, there is a range of 
CuFe2O4 – Fe3O4  solid solution possible in the Cu-Fe-O system, which has a similar lattice constant as 
magnetite, so that phase may also be present. The spectrum shown in Figure 19 was obtained from a 
single large oxide mass that was formed on a glowing connection that had completely burned open (such 
as the one shown in Figure 8). These results show the presence of CuO, Cu2O, and CuFeO2. Table 1 lists 
basic data for the different relevant phases.    
 
            Figure 18                                                             Figure 19 

  
 

Table 1 

 
 
 
MICROSTRUCTURE OF SAMPLES THAT WERE NOT EXPOSED TO FIRE 
 
For the overheated connections that progressed to the stage where the wire burns open, there is a very 
characteristic microstructure. As seen in Figure 20 (sample 94), there are exterior ripples or banding 
similar to the appearance of a weld bead surface. Furthermore, a branching structure can sometimes be 
seen on the surface at higher magnification. This is shown in Figure 21. A longitudinal cross section of 
this nugget was prepared by mounting it in epoxy and grinding/polishing the surface flat. A low 
magnification SEM image of this cross section is shown in Figure 22. The cross section shows a large 
degree of inhomogeneity; there is evidence of alloy segregation, banding, and non-homogeneous mixing 
in the oxide bead during solidification. The formation of the oxide nugget is similar to a welding process. 
The effects of surface tension, buoyancy force (liquid convection), and the Lorentz Force on the molten 

Phase Mineral name Color Notes
Cu (Copper) Salmon, metallic luster
Steel (Fe-C) Gray, metallic luster

CuO (Cupric oxide) Tenorite Matte black Decomposes to Cu2O at 1031 °C in air

αFe2O3 Hematite Dull black to red-brown

Fe3O4 Magnetite Black/gray
αCuFe2O4 Cuprospinel Gray in reflected light

τ, CuFeO2 Delafossite Black/gray 

Red, especially under 
crossed polarizers

CupriteCu2O (Cuprous oxide)



pool can contribute to the type of mixing that is observed in the nugget.6 Furthermore, segregation in the 
microstructure is also caused by variations in the growth rate of the solid caused by thermal fluctuations. 
The branching structure on the outside surface of the nugget is due to the microstructure shown in Figure 
23. The branches are proeutectic Cu2O, which will be explained further below.  

 
                                  Figure 20                                                          Figure 21 

  
 

                                Figure 22                                                               Figure 23 

  
 
The quasibianary phase diagram shown in Figure 24 agrees reasonably well with the phases observed in 
the nugget cross section. Primary dendrites of Cu2O are shown in Figure 25, which indicate a 
hypereutectic liquid composition according to the phase diagram (region inside dotted line box). The 
Cu2O phase is the first to solidify as proeutectic dendrites in a matrix of liquid, and upon further cooling 
continues to do so until the eutectic isotherm is reached at 1085°C. Then the remainder of liquid solidifies 
as a eutectic composed of delafossite and Cu2O. Below 1031°C CuFeO2 is in equilibrium with CuO, and 
at lower temperatures Spinel is in equilibrium with CuO. The microstructure consisting of τ + Cu2O and τ 
+ CuO is shown in Figure 26. The phase diagram shows Spinel + CuO as the stable phase field below 
1015°C, but the oxide nugget most  likely cooled quickly enough such that the τ + Cu2O and τ + CuO 
structures were preserved. Additionally, two different variations of the τ + Cu2O eutectic microstructure 
are shown in Figure 27 and Figure 28. The spacing between plates, plate thickness, and growth patterns of 
the eutectic are primarily affected by the cooling rate. 

 
 



 
 

Figure 247 

 
 

                             
                            Figure 25                                                               Figure 26 

  
 
                                 Figure 27                                                                      Figure 28 
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Another characteristic of the glowing connections that fully burnt open is the shape and microstructure of 
the last liquid to solidify. Figure 29 (sample 94) is the same nugget as shown in Figure 20 & 22, and 
shows a bell shaped pool with a uniform distribution of phases, and a shape consistent with shrinkage.  
Figure 30 shows a mounted and polished SEM image of sample 99 (Also shown in Figures 12 & 13 
earlier). This glowing connection was allowed to solidify intact, because the circuit was turned off prior to 
the connection “burning” open. The region surrounding the shrinkage void in the center of the image was 
the last liquid to solidify (orange glowing zone in Figures 12 & 13).  
   
                               Figure 29                                                                Figure 30 

  
 
 Many samples showed metallic copper far away from the interface between the nugget and the 
wire. This is shown in Figure 31, and the copper is the network of white shaded material. The copper in 
this region has likely been reduced, or prevented from oxidizing, due to the iron acting as a reducing 
agent.    
 

                                     Figure 31 
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MICROSTRUCTURE OF SAMPLES AFTER SIMULATED FIRE EXPOSURE 
 
 Following the simulated fire exposure, the nugget from sample 94 was repolished and viewed in 
the SEM to examine any changes in the microstructure. Figure 32 is a low magnification image of nugget 
94 after flame impingement exposure. Few changes were observed in the microstructure (seen in Figures 
22, 23, 25, 26, 27, 28, and 29). The bell shape and microstructure of the final pool of molten material 
appear unchanged, as well as the banding and microstructure of the rest of the nugget. Closer to the 
surface of the nugget there is an increase in void concentration due to the fire exposure, which is 
expected. 
  
 Figure 33 shows the interface between the screw and nugget of sample 94 at higher 
magnification. As observed in the samples not exposed to fire after overheating, there are regions of 
metallic copper close to the screw interface, indicated by the arrow. The incorporation of copper in the 
iron oxide was also observed on a polished cross section of a wire and screw that was exposed to the fire 
environment, but had not been involved in any electrical overheating. This is shown in Figure 34 and 35.      
 
                                Figure 32                                                                Figure 33 
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                                   Figure 34                                                                      Figure 35 

  
 
Further testing needs to be performed to evaluate the effects of fire exposure on the copper oxide scale 
formed during the pre-fire overheating of the poor connection.  
 
In summary, for a steel screw, #14 copper wire, and a 12A AC electrical load, the forensic markers found 
during the creation of the overheating poor connection prior to a fire often include, but are not limited to: 

• Localized damage 
• Oxide scale on the wire 
• Decreased wire diameter near the site of overheating 
• Rounded wire edges 
• Notch or nugget formed at the site of overheating 
• Loss of draw marks near the site of overheating 
• Presence of particular oxides 
• Characteristic microstructure of the nugget 
• Spatter of molten oxide 
• Physical gap between the wire and a large nugget.  

 
When the materials from a poor connection referenced above were exposed to a post-flashover fire attack 
(850C to 1000C for one hour) the forensic markers of this fire attack include, but are not limited to: 

• Additional oxide scale on wires 
• Hydrogen damage to the copper wire at the grain boundaries 
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• Additional voids in the nugget (close to the surface).  
 
None of the forensic markers of the poor connection were destroyed or significantly masked as a result of 
the post-flashover fire exposure. Additional research with other materials, conditions, and overheating 
modes is planned. 
 
REFERENCES 
 

1Shea, J., 2006, “Physics of Glowing Contacts”, 52nd IEEE Holm Conference on Electrical 
Contacts, Montreal, CA. 
2DeHaan, J., 2011, Kirk’s Fire Investigation, 7th Edition, Brady-Prentice Hall, Upper Saddle 
River, NJ, p56. 
3National Fire Protection Assn., 2011, NFPA 921: Guide for Fire and Explosion Investigations, 
NFPA, Quincy, MA, Section 8.11.1. 
4ATF Fire Research Laboratory, 2012, Visual Characteristics of Fire Melting on Copper  
Conductors, Technical Bulletin 001. 
5Garnaud, G, 1977, “Formation of a Double Oxide Layer on Pure Copper”, Oxidation of Metals, 
Vol. II, No. 3, New York, NY. 
6Kou, S., Welding Metallurgy, John Wiley & Sons, Hoboken, New Jersey, 2003. p103-116, p163. 

 7Material Science International Team, MIST, and, Perrot P., Sander A., Vrestal J.,:  
  Copper—Iron—Oxygen. Effenberg G., Ilynko S. (ed.). SpringerMaterials—The Landolf- 
  Bornsein Database (hhtp://www.springermaterials.com). Springer-Verlag Berlin   
  Heidelberg, 2008. p14.   


