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REDUCING SURFACE HOT SHORTNESS OF COPPER-BEARING STEELS 

by 

Mark I. Copeland 1 and John E. Kelley 2 

ABSTRACT 

A study was conducted to determine if commonly used alloying additions or 
coating materials can prevent the formation of a liquid-copper phase during 
the reheating of copper-containing steels. If so, the tendency of such steels 
to surface-crack during hot-working might be eliminated. Steel specimens were 
scaled by heating them either isothermally or. in a programed manner that sim­
ulated industrial furnace practice. Metallographic examination of the heated 
specimens showed that molten fayalite (Fe 2 Si0 4 ) completely prevented the for­
mation of liquid copper at the surface. Fayalite, which melts at 2,200° F 
(1,205° C), was formed by internal oxidation of the silicon contained in the 
steer. By forming complex molten oxides, coatings of bo_rax glass were also 
effective in preventing the occurrence of liquid copper at the steel surface. 

INTRODUCTION 

The problem is that copper-containing steels can exhibit surface hot­
shortness when such steels are heated and hot-worked. When steel -ingots are 
heated in oxidizing atmospher~s to rolling temperatures, unoxidized molten 
copper is formed on the steel surface as the iron is preferentially oxidized 
(fig. 1). The molten copper deeply penetrates the grain boundaries (fig. 2), 
especially on the edges of flanged sections where tensile stresses occur. The 
copper penetrations weaken the steel surface and deep cracks develop, as 
illustrated in figure 3, after rolling a steel ingot containing 0.8 pct 

3cu at 2,370° F (1,300° C). For comparison, the normal smooth edge of a 
steel with a low copper content, 0.12 pct, is included. The cracked surfaces 
are detrimental because the cracks promote corrosion or propagate when the 
steel is bent. Also, the cost of labor and material losses is severe if it 
becomes necessary to trim off the cracked edge. 

Several approaches have been used or studied for removing copper before 
or during melting, or to make copper innocuous after melting. The predominant 
method is to remove from the scrap those portions high in copper by hand­
sorting or by shredding, screening, and magnetic separation before melting. 

lMetallurgist. 
2Physicist.
3Hereafter, percent refers to weight-percent. 
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FIGURE 1. - Copper on Scaled Stee l FIGURE 2. - Penetration of Copper Into 
Surface, X 500. Steel Roi led at 2,370° F 

(1,300° C), X 50. 

I 
2 

Sc ale, inches 

FIGURE 3. - Smooth (Upper ) and Cracked (Lower) Edges of _Steel 
Plates Containing 0.12 and 0.80 Pct Cu, Respec­
tively, After Ro lling, X 1. 

Removal by fluxing during melting has met with limited success (1) .4 Nickel 
has been added to make the copper innocuous. Although nickel was believed to 

4Underlined numbers in parentheses refer to items in the references at the end 
of this report. 
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help by raising the melting point of copper , Salter(]_) discovered that nickel 
was primarily of benefit by increasing the solubility of copper in steel. All 
these techniques considerably increase the cost of steel. 

Steel producers have long observed that surface hot-shortness was less 
when steel was heated to high temperatures before rolling. Dissipation of 
surface copper into steel by bulk diffusion or into the scale by occlusion 
have been considered as explanations. Recently Cox and Winn (1) concluded 
from their work that the satisfactory hot-working at 1,100° C (2,012° F) of 
a complex high-copper steel was due to the formation of subscale containing 
Fe 2 Si04 • The steel contained 0.22 pct C, 1. 7 pct Si, 1.03 pc t Mn, 0.8 pct Mo, 
and 1.83 pct Cu. The fayalite (Fe2 Si04 ), f ormed in the subscal e by internal 
oxidation of silicon and iron, was believed to reduce the outward diffusion 
rate of iron, which , in turn, resulted in the formation of a viscous iron­
copper alloy at the steel surface. The viscous alloy would have less tendency 
to wet the grain boundaries than copper. 

The decision was made by the Bureau of Mines as part of its program to 
develop methods to promote accelerated use of solid waste, such as scrap auto­
mobiles, to study the use of inexpensive alloying additions or coatings to 
reduce surface hot shortness. Initially, isothermal scaling studies were 
undertaken ove r a range of temperatures to further explore the beneficial 
effect of fayalite (Fe 2 Si0 4 ), as observed by Cox (1:_), in reducing the forma­
tion of copper on the steel surface. The study was expanded to include the 
oxides of aluminum and boron, also formed on the steel surface by internal 
oxidation of these additions to steel. The silicon contents and simulated 
i ngot heating conditions necessary to prevent the formation of copper on 
steels containing 0. 6, 0. 8, and 1.0 pct Cu were investigated. Borax coatings 
applied to preheated steels with either no silicon or low silicon contents and 
1 pct Cu were also studied. 

EXPERIMENTAL PROCEDURE 

Six series of steels were prepared. Three series of steel buttons with 
nominal contents of 0.2 pct C, 0.45 pct Mn, and 1.0 pct Cu (table 1) were used 
for the isothermal scaling studies. The button alloys were used for determin­
ing the effects of silicon , aluminum, and combinations of silicon, aluminum, 
and boron contents as well as of temperature on the formation of copper on the 
steel surface. Three series of small steel ingots (table 2) were employed for 
determining the amount of silicon required and the simulated ingot reheating 
conditions necessary to occlude copper in the oxide scale of steels containing 
0.6, 0.8, and 1.0 pct Cu. 

The steel buttons and ingots were prepared by different procedures. The 
elongated steel buttons were made by nonconsumable-electrode arc melting 100-g 
compacts of the desired compositions. To obtain homogeneous, coarse-grained 
shapes with a 5/8-in-sq cross section, the buttons were homogenized for 6 hr 
in a vacuum, forged, and reannealed, all at 2,190° F (1,200° C). The small 
ingots were prepared by induction melting of SAE type 1020 steel bar stock 
under a protective argon cover. The 65- and 100-lb heats were aluminum killed 
and poured into one mold with a 4-in-sq section or two molds with a 
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3-1/4-in-sq section, respectively; both sizes of molds were tapered. The 
10-lb hot tops were cropped from the ingots, and, starting at 2,370° F 
(1,300° C), the ingots were rolled in eight passes to 1/2-in-thick plate. 
Ground, cube-shaped specimens were prepared from the shapes. Sections of 
worked steels rather than cast steels were used in the scaling tests in order 
to reduce the number of variables to study. The worked steels used-were very 
uniform in composition, but there was dendritic segregation at the surface of 
the ingots. 

TABLE 1. - Silicon, aluminum, and boron contents of steel buttons 
used in isothermal scaling studies, percent 

Series I Series II Series III 
Alloy Si Alloy Al Alloy Si Al B 

No. No. No. 
Bl 0.05 B7 0.38 Bl3 - - 0.03 
B2 .16 BS .71 Bl4 - 0.10 .04 
B3 • 30 B9 .92 Bl5 0.34 - .04 
B4 .48 Bl0 1.23 Bl6 .32 .09 .04 
BS .60 Bll 1.51 Bl7 . 30 .09 -
B6 . 79 Bl2 1.71 

TABLE 2. - Contents of steel ingots used in simulated 
ingot reheating studies 

Series Alloy Analysis. pe'rcent 
No. C Mn Si Cu 

IV with 0.6 pct Cu........ Cl 0.21 0.42 0.18 0.56 
C2 .22 .38 .30 .56 
C3 .18 .46 .58 .55 
C4 .20 .50 .84 .57 

V with 0.8 pct Cu....•.... cs .22 . 30 .19 .83 
C6 .21 .42 • 2 7 .80 
C7 .21 .46 .58 .84 
C8 .21 .54 1.13 .82 

VI with 1.0 pct Cu ........ C9 .18 .45 .28 1.09 
Cl0 .18 .42 .42 1.00 
Cll .19 .40 .58 1.05 
Cl2 .22 .52 . 79 1.02 

Isothermal scaling was conducted on specimens from the button-size steels 
in an electrically heated, box-type furnace with good air circulation. The 
samples were placed on type 310 stainless steel sheet sections, which, in 
turn, were put on an alumina plate. Because of the stainless steel's resist­
ance to scaling and good contact of it with the unscaled bottom portion of the 
specimens, the stainless steel maintained the specimens at the intended tem­
perature by dissipating the exothermic heat of oxidation occurring on the 
exposed specimen surfaces. The assembly was isothermally heated at tempera­
tures ranging from 1,830° F (1,000° C) to 2,370° F (1,300° C). A Pt-Pt 13-pct 
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,-Controller thermocouple Rh thermocouple spot welded 
to the specimen and/or a 
calibrated optical pyrometer 
were used for temperature 
measurement. 

The unit used for sim-
Fue0- ulated ingot-reheating, 

scaling studies is illus­
trated schematically in fig­
ure 4. The effects of ingot 
reheating schedules, furnace 

Heat ing elements atmospheres, and steel com-
position were studied inFIGURE 4. - Controlled-Atmosphere Combustion Furnace. 
this unit. Simulated pusher 
and soaking-pit heating 
schedules consisted of con­
tinuously heating the speci­
mens in burnt natural gas­

~~:e.::g
2,300 air mixtures from 390° F~g...G' 

(200° C) to 2,370° F 
(1,300° C) in 2 to 2-1/2 hr0/f

2,100 and from 1,470° F (800° C)/,°J' 
to 2,370° F (1,300° C) inI E,; 8 hr, respectively. Four1,900 I o' l:, specimens were placedI /,P;

LL together, perpendicular to 
0 

1,700 the tubes length, on a 
w stainless steel plate, which,
0:: 
::, in turn, was put on aIll1- 1,500 
<t 0 I ' rounded-bottom alumina plate.
0:: /w 0 61 1 This assembly was placed in 
CL 
::!! 1,300 the furnace tube at the loca­
w /1;, Tempe rature measu red 
I- / 1 tion of the desired starting 

0---0 At mosphe re p I / temperature, allowed to 
I I}:. □-----□ Spec imen 1,100 / reach equilibrium, and then0 / / l:,---t:, Tube 

mechanically pushed towardI ,6 i 
900 o~O / the furnace center at a uni­

p 
l:,
II form rate. Before pushing

I 

i;i' /• f- Furnace end the sample, the air and nat­
700 ,I 

I 
c; I ural gas flows at the burner 

,I t:,./ 
□" were adjusted. Natural gas, 

500.___ _.___.___ __.,_....___..___ _,__ ___....___ _.__ __, containing 93 vol pct CH 4 , 

2.5 5.0 7 .5 IQ.O 12.5 15.0 17.5 20.0 22.5 and air were burned to pro-
DISTANCE , in duce gases with linear flow 

rates of 45 to 50 ft/min and 
FIGURE 5. - Temperature of Specimen, Furnace, and 2 or 9 ±1 vol pct excess 

Atmosphere ,in Furnace. oxygen contents at the tube 
center. The burnt gases 

contained no carbon monoxide. Temperatures of the samples, atmosphere, and 
furnace tube are illustrated in figure 5. The distance is the length from 
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the end of the alumina tube protruding from the furnace. The atmosphere and 
tube temperatures were determined by placing Pt-Pt 13-pct Rh thermocouples 
between the specimen and the top of the tube and between the alumina plate 
bottom and the tube. The same type of thermocouple was spot welded to the 
specimen to determine its temperature. 

When studying borax coatings, the specimens were preheated, then coated. 
The specimens were preheated in air at 1,470° F (800° C) or 1,830° F (1,000° C) 
for 1/2 hr to form a scale similar to that found on ingots after hot stripping, 
and then they were coated rapidly. For dip coating, the borax salt was heated 
to 1,830° F (1,000° C) in a fire-clay crucible; then the samples were immersed. 
Coatings were also applied by sprinkling on the surface at both temperatures. 
Borax, anhydrous borax, borax glass, and borax glass plus feldspar or silica 
coatings were studied. 

Several techniques were used in preparing and examining the scaled sam­
ples. The scaled samples were vacuum-pressure mounted in epoxy for visual 
and electron-beam microprobe analysis. The mounts were sectioned with a water­
cooled diamond saw, remounted in epoxy to seal cracks in the scale, and ground 
and polished by standard techniques. The polished samples were etched with a 
2-vol-pct nital solution when desired, but not for the microprobe studies; 
plastic-carbon (chromium shadowed) replicas were used for electron microscopy 
studies. Limited phase studies were made by X-ray diffraction of unground 

and ground s cale surfaces. 

Fe 2o3--,=:;::-::=~=::-;:;=::=::::;::::;::==t-f RESULTS AND DISCUSSION 

Fe 3o4---l--~----r----:---.---i 
Isothermal Scaling Studies 

General Scale Zones 

Scale proper All the steels produced 
scale structures similar to 
those illustrated in figure 6. 

Fe 2Si04 --,--t-'<::·M1 (The relative thickness of 
the scale layers and zones

FeO to each other are not neces­
sarily those observed.) 
These are the same struc­

lntergranular tures as .reported by Cox and 
~ Internalpenetration Winn (1) and Moreau andoxidation 

Cogrett (§_). Outward from 
the steel matrix, the struc­

Decarb ­ tural zones consisted of the
urization 

decarburization and internal 
oxidation zones (which over­
lap), subscale, and scale 
proper. The decarburizationUnaffected 

steel zone is not further dis­
cussed in this paper. During 

FIGURE 6. - Scale and Steel Structures at Surface of Steel. preliminary tests of copper 
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steels with 0.0 and 0.6 percent C, the carbon content was found to have no 
effect on whether copper was formed on the steel surface or occluded in the 
scale. Many studies have shown that carbon can cause blistering on ingots by 
formation of carbon monoxide at the steel surface, but blistering was not 
observed in the present study. 

The phases occurring in the internal oxidation zone were very complex. 
The solutes with high, negative free energies of oxide formation (Si, Al, 
and B) oxidized in the innermost portion. These then reacted with manganese 
oxides and then with iron oxides as the oxides of Si, Al, and B progressed 
outwardly during scaling. Typical examples of structures and oxide phases, 
as identified by microprobe analysis, in portions of the zone are illustrated 
in figure 7 for a steel containing silicon. Because of oxidation of iron and 
the solutes other than copper, the concentration of copper increased to the 
steel surface. As the oxides grew in size near the surface, they tended to 
coalesce, especially with higher silicon and aluminum contents. The molten 
oxides, when formed, tended to penetrate steel grain boundaries to shallow 
depths but no deeper than the internal oxidation zone. The thickness of the 
internal oxidation zone at any temperature was dependent upon the silicon and 
aluminum content. The higher these contents, the thinner the zone. 

The oxide phases present in the subscale were the same as those finally 
formed on the exterior portion of the internal oxidation zone. Almost all of 
the oxides of Si, Al, and B, as well as a portion of the FeO, concentrated in 
the subscale. These respective oxides were combined with FeO (wustite) to 
form Fe 2 Si0 4 (fayalite), FeA1 2 0 4 (hercynite), and complex borates. Manganese 
oxides were partitioned between wustite and fayalite or hercynite. A back­
scattered electron image and X-ray-scan images of the distribution of Mn, Si, 
and Cu in a steel scaled at 1,830° F (1,000° C) are illustrated in figure 8. 
Concentration of these elements is indicated by the density of white dots. 
As can be observed in the subscale, the silicon content is higher and the 
manganese content is similar to that in the other scaling zones. A similar 
distribution of these elements was observed at all scaling temperatures. The 
distribution of copper and iron-copper metallic particles as well as the melt­
ing temperatures of the oxide phases will be discussed further in the text. 

The scale proper consisted of Fe 2 0 3 (hematite), Fe 30 4 (magnetite), and 
FeO (wustite) layers, which occur inwardly from the scale surface in the order 
named. Once oxidation started, further scaling depended upon diffusion of 
oxygen through the hematite layer and diffusion of iron through the magnetite 
and wustite layers (I). The hematite layer was remarkably thin and uni-
form, but the magnetite was thicker. The wustite layer was usually many times 
thicker. Molten oxide phases penetrated into the wustite layer grain bound­
aries when those phases formed in the subscale. 

Occlusion of Copper by Scale 

Solid metallic copper formed on the steel surface below the melting tem­
perature 2,000° F (1,094° C) of the copper-rich, iron-copper alloy, which con­
tains about 4.0 pct Fe at this temperature. When the steel contained no 
silicon, the copper remained on the steel surface. The copper dispersed into 
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Outer 
portion 

Middle 
portion 

Inner 
portion 

(Fe,Mn)O ppt 
in 

(Fe,Mn) 2 Si0 4 

(Fe,Mn)O 
and 

(Fe,Mn) 2 Si0 4 

FeO and 
Mn 2 Si0 4 

reacting 

MnO and 
Si0 2 reacting 

FIGURE 7. - Structures and Phases in Portions of Internal Oxidation Zone of Steel 
Scaled at 2,200° F (1,205° C), X 2,700. 
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B.S. electron image Silicon 

◄ .• 
. . . . . . . 

. . 

Manganese Copper 

FIGURE 8. - Back-Scattered Electron Image and Microprobe X-Ray Scan Images of Si, 
Mn, and Cu in Steel, Subscale, and Wustite, X 430. 

the subscale formed when Si, Al, and B were alloyed with the steel. This is 
illustrated in figure 9 for steel B4, which contains 0.48 pct Si, when scaled 
at 1,830° F (1,000° C). 

Above 1,981° F (1,083° C), when copper melts and wets the steel surface, 
interactions at the steel surface become more complex. The observations made 
will be discussed in the succeeding sections according to the preferably 
oxidizable solutes alloyed with the steel. 

(1) Silicon (steel series I): The quantity of molten copper formed on 
the steel surface between 1,981° F (1,083° C) and 2,150° F (1,177° C) was 
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FIGURE 9. - Copper in Subscale After Scal­ FIGURE 10.-Copper on Surface and Iron-Rich 
ing Steel at l,830° F (l,000° C), Particle in Subscale of Steel 
X 500. With 0.16 Pct Si When Scaled at 

2, 100° F (1, 150° C), X 500. 

♦ 

FIGURE 11. - Increased Content of Iron-Rich FIGURE 12. - Absence of Copper on Surface 
Particles in Subscale of Steel of Steel With 0.16 Pct Si When 
With 0.79 Pct Si When Scaled Scaled ·at 2,200° F (1, 205° C), 
at 2, 100°F (1, 150°C), X 500. X 500. 
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dependent upon the silicon content of the steel. Almost all of the molten copper 
stayed on the steel surface when 0.16 pct silicon was present (fig. 10, steel B2). 
With increasing silicon contents, the amount of copper decreased. The decrease was 
due to the fact that in some outer portions of the metal in the internal oxidation 
zone, the solubility of copper in iron, about 8.5 pct, was not exceeded. As hypoth­
esized by Cox and Winn (_J), the reduced copper content of the steel matrix may be 
caused by solid fayalite reducing the outward diffusion rate of iron, upon which 
oxidation is dependent at the scale-steel surface. Simultaneously, the iron-rich, 
iron-copper particles tend to become entrapped in the subscale (fig. 11, steel B6) 
with increasing silicon contents by linking up of coalescing oxides at the outer 
portion of the internal oxidation zone. 

Much less copper was formed above 2,150° F (1,177° C) when molten oxides 
started to form on the steel surface by a eutectic reaction between fayalite and 
wustite (4, p. 59). Complete prevention of copper formation did not occur for 
O. 79 pct Si steel B6 at temperatures between 2,150° F (1,177° C) and 2,200° F 
(1,205° C), the melting temperature of fayalite. In contrast to the observations 
of Cox(!) at 2,012° F (1,100° C), the scaling rate increased at 2,200° F (1,205° C) 
and above, and only iron-rich, iron-copper alloys formed on the steel surface when 
molten fayalite was present. Iron-rich, iron-copper particles formed on the surface 
of steel B2, which contains 0.16 pct Si (fig. 12). The copper content of the iron­
rich phase is about 7.5 pct. With increasing silicon content, the copper content of 
the iron-rich phase became even less, as shown for steel B4, which contains 0.48 pct 
Si (table 3). Also, distribution of the elements in all scale zones is shown. In 
contrast, only copper formed on the surface of steel Bl, which contains 0.05 pct Si. 

TABLE 3. - Microprobe analysis of phases in scaling zones of steel B4 
when scaled at 2,200° F (1,205° C), percent 

Phase Cu Si Fe Mn 
Steel matrix •...•.••••...••.•..•.•...••.• 1.05 0.48 (1) 0.39 
Inner metal of Ioz 2 •••••••••••••••••••••• 1.05 .20 ( 1) .30 
Metal in mid-portion of IOZ .•.•...•...••• 1.05 <.04 (1) <,06 
Metal in outer-portion of Ioz .••••••••••• 5.7 .05 ( 1) .06 
Fe 2Si04 in inner scale .•••.....•••••••••• <.07 13.1 54 .46 
Iron prill in inner scale ...•.•••.••....• 7.5 <.04 (1) <.06 
FeO in inner scale ..••.•.•.••.•...••••... .06 <.12 76 .22 
Inner portion wustite layer.•.••.•••.•••• .06 <.04 76 .37 
Outer portion wustite layer .•.•••••••...• .87 <.04 74 .46 
Magnetite layer••.••••.•••..•..••••.•..•• 1.08 <,04 73 1.00 
Hematite layer.•••..••.•.•..•..•....•..•• <.07 <.04 69 <.06 
l Not analyzed. zInternal oxidation zone. 

The reasons for copper not forming on the steel surface in the presence of 
molten fayalite were not clear. Certainly molten fayalite would not increase the 
diffusion rate of copper and dissipate it into the steel matrix. Most probably 
the activity of molten fayalite is sufficient that copper as well as iron are dis­
solved in it and transported to the outer portions of the wustite layer into which 
the molten fayalite penetrates. And, the greater the fayalite content, th.e greater 
the depth of penetration. 

High copper contents in the outer wustite layer are shown in table 3. The 
molten oxides also tended to penetrate deeply along steel grain boundaries within 
the internal oxidation zone. These penetrators tended to completely encircle metal 
grains as scaling proceeded, especially in the steels with low silicon contents; 
for example, 0.2 pct. 
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(2) Aluminum (steel series II): Hercynite (FeA1 2 0 4 ) formed in the sub­
scale of steels containing aluminum. As with solid fayalite~ it also reduced 
the scaling rate of steel and promoted the formation of iron-rich alloys on 
the steel surface. However, complete prevention of copper formation did not 
occur up to the highest temperature investigated, 2,370° F (1,300° C). Below 
this temperature, melting of hercynite or a eutectic reaction between it and 
wustite does not occur (_i, p. 43). 

(3) Silicon plus Aluminum, Boron, or Boron plus Silicon and/or Aluminum 
(steel series III): This series of steels was made to determine if the melt­
ing temperature of the oxide phases formed in the subscale layer could be 
lowered substantially below the fayalite and wustite eutectic, 2,150° F 
(1,177° C). The amount of copper formed on the steel surface at temperatures 
between the melting point of copper and the melting point of the oxide phase 
and the difficulty of removing the copper at higher temperatures may then be 
less during continuous heating of ingots. 

Melting may occur at temperatures of 1,990° F (1,088° C) to 2,000° F 
(1,093° C) over _wide FeO contents in the Fe0-Al 2 0 3 -Si02 system (_i, p. 241) 
when Si02 and Al 2 0 3 are present at ratios of about 3.4 to 1 (fig. 13). These 
oxide ratios may be attained in the subscale when steel containing silicon and 
aluminum contents with ratios of about 3 to 1 are scaled. However, molten 
oxides were not observed below 2,100° F (1,150° C) when steel Bl7 of 
series III, containing silicon and aluminum in these ratios, was scaled. 
Lower temperatures were found to not occur because the Si02 + Al 2 0 3 content 
of the subscale was too large. 

Si0 2 
3 , 130° F 

FIGURE 13. -Wide FeO Composition 

Range in FeO-Al203-
S i 0 2 System When T em­
pera t ures of 1,990° F 
to 2, 100° F Occur at 

SiOi / Al203 Ratios of 
I,------- About 3.4. 
\ 
I 
I 
\ 

\ 

' ' ' 
FeO (Wust i te) 

2 ,498° F 
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FIGURE 14. -Absence of Copper on Surface of Stee I 
Conta.ining Boron and Silicon After 
Sealing at 2, 100° F (1, 150° C), X 500. 

Jo 

Excellent copper removal occurred in the steels Bl3 and Bl5, which con­
tain boron and boron plus silicon, respectively. The excellent removal of 
copper as iron-rich, iron-copper particles and the complex structure of the 
solidified boron-oxide phases in steel B15 after scaling at 2,100° F 
(1,150° C) is illustrated in figure 14. Further study of boron additions 
to steel was not pursued as carbon steels with over 0.007 pct Bare hot short 
above 1,922° F (1,050° C) because of a eutectic reaction between Fe and 
Fe 2 B (~_). Because of the excellent occlusion of copper by molten borates, 
the investigators conceived the idea t hat the same benefits may be achieved 
by coating steels with borax coating. This will be discussed later. 

Simulated Ingot Heating Studies of Copper Steels Containing Silicon 

The steel surfaces were subjected to all the temperature zones discussed 
under "Isothermal Scaling Studies." When solid fayalite forms, copper is 
occluded in the subscale below its melting temperature. Above this temper­
ature, 1,980° F (1,083° C), but below the melting temperature of fayalite, 
copper tends to wet and adhere to the steel surface. This tendency is reduced 
with increasing silicon contents. Above the melting temperature of fayalite, 
2,150° F (1,177° C), an iron-rich, iron-copper phase, not copper, forms on the 
steel surface, even with quite low silicon contents. 

During preliminary simulated-heating studies, it was obvious to the 
investigators that reduction of the amount of copper formed on the steel sur­
face between the melting temperatures of copper and fayalite could be accom­
plished by reducing the amount of scaling. Less scaling could result from 
reducing the heating time and oxidizing potential of the atmosphere between 
these temperatures. However, neither of these variables can be readily 
controlled in pusher-type furnaces as presently designed. In soaking-type 
furnaces, both of these methods could be used; however, reducing the heating 
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period is not very feasible if large ingots are heated. Reduction of time 
means higher atmospheric and ingot-surface temperatures, which result in large 
thermal gradients in the ingots and may in turn cause internal ruptures. 
Reducing atmospheres would be more easily applied. But this approach is also 
undesirable commercially because the burning efficiency is reduced. No 
attempt was made during subsequent studies to use atmospheres without excess 
oxygen at any temperature or to reduce the heating time employed between the 
melting points of copper and fayalite. 

The silicon contents of steel series IV, V, and VI (table 2) and the 
heating conditions necessary to prevent copper from forming on the steel sur­
faces on heating to 2,370° F (1,300° C) per pusher or soaking-pit furnace 
operations are shown in table 4. As can be observed, the conditions necessary 
for a steel with a given copper content were not significantly different for 
either type of operation. Only 0.18 pct Si, a normal content in commercial 
steels, and a 2-vol-pct 0 2 content of the atmosphere were necessary for a 
0.56-pct-Cu steel for either type of furnace operation. Considerably more 
stringent requirements were necessary for 1.0-pct-Cu steels. 

TABLE 4. - Excess oxygen content of atmosphere and silicon content 
of steels of series III, IV, and V, on whose surfaces 
copper did not form when heated to 2,370° F (1,300° C) 

Steel Copper Furnace oxygen, Silicon, 
Heating furnace No. content, ±1.0 vol pct pct 

pct 
Pusher-type, 2-hr heating time .... Cl2 1.02 9 0.79 

Cll 1.05 9 1 .58 
C6 .80 2 .27 
Cl .56 2 .18 

Soaking-type, 8-hr heating time ... Cl2 1.02 2 .79 
Cll 1.05 9 .58 
C7 .84 2 .58 
cs .83 9 .19 
Cl ~56 2 .18 

1Necessary to hold for 1 additional hour at 2,370° F (1,300° C) to remove 
copper. 

The copper formed on steels containing <0.28 pct Si and 1 pct Cu was 
especially difficult to remove when continuously heated above 2 ,200° F 
(1,205° C). The copper tended to collect at the root of molten oxide 
stringers that formed along the steel grain boundaries, as illustrated in 
figure 15 for steel C9. The deep copper penetrations were removable but only 
by increasing the scaling time above 2,200° F (1,205° C). 

Whether or not copper formed on the surfaces of the steel specimens 
placed adjacent to each other depended upon their fit. When together with 
their surfaces parallel, little scaling occurred and no copper formed. When 
separated enough to limit accessibility of these surfaces to the atmosphere, 
less copper formed on these surfaces when heated to 2,200° F (1,205° C) than 
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FIGURE 15. -Copper at Root of Molten Oxide String­
ers on Heating per Pusher-Type Sched­
ules, X 500. 

fully exposed surfaces, as expected. However, the copper tended to remain on 
the adjacent surfaces when heated to 2,370° F (1,300° C). These observations 
indicated that steel surfaces require full exposure to or complete exclusion 
from the oxidizing atmosphere when heating to rolling temperature ; this pre­
vented copper from forming on the steel. For these reasons, copper would tend 
to form on the contacting surfaces of ingots (whose surfaces are usually 
irregular) when heated in pusher furnaces unless they are separated. 

From the studies, it was concluded that surface hot shortness by copper 
could be minimized by (1) increasing the silicon content of the steel, 
(2) increasing the heating time and oxygen content of the atmosphere above 
2,200° F (1,205° C), and (3) allowing full exposure of the steel surfaces 
to the furnace atmospheres. 

Borax Coating Studies 

Because boron was found in the isothermal scaling studies to be an excel­
lent ingredient for preventing copper formation on the steel surface , it was 
decided to determine if the same benefit could be accomplished with coatings 
containing borax and possibly other ingredients. The authors expected that 
borax coatings would adhere to the thin scale present on steel ingots after 
they have been hot stripped from molds. On heating, the coating containing 
borax could react with the i ron oxide scale to form an iron borate and other 
iron oxide compounds which would stay on the steel surface as an inner scale 
during subsequent scaling. 

Originally, coating tests were performed on an Fe 1-pct Cu alloy. This 
alloy was selected so that performance of the coating could be evaluated by 
eliminating interferences from carbon, manganese, and silicon oxides formed 
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in the inner scale during scaling. The alloy was prepared in the same manner 
as the button-size alloys. Sections of the alloy were coated with powders of 
hydrous and anhydrous borax and borax glass. The powders were applied by a 
"salting" action after the sections were heated to 1,830° F (1,000° C) for 
1/2 hr. Afterwards, they were heated at 2,280° F (1,250° C) for 2 hr and 
examined metallographically. Copper was found on the surface when the alloy 
was coated with hydrous and anhydrous borax but not with borax glass. The 
structures with borax glass were similar to those shown in figure 14, but much 
coarser. 

Next, coated sections of the Fe 1-pct Cu alloy and steel C9 (containing 
0.28 pct Si and 1.09 pct Cu) were heated to 2,370° F (1,300° C) per simulated 
pusher operations as previously described. The coatings consisted of borax 
glass and borax glass plus 25 pct feldspar. The coatings were applied by 
salting at 1,470° F (800° C) or immersion of samples in melts heated in a 
crucible to 1,830° F (1,000° C) after scaling the samples for 1/2 hr at the 
same temperatures. Prevention of copper formation varied according to the 
type of coating, coating method, and application temperature. Fair results 
were obtained on the Fe 1-pct Cu alloy after coating with borax glass by 
dipping, but not by salting. The subscale produced vas very thin. Dip coat­
ings containing 25 pct feldspar gave better results. The greater viscosity 
imparted by the silica content of the feldspar prevented the coating from 
running off the ste·e1 scale until the coating could react with scale to form 
less fluid iron borates and silicates during initial heating stages. The best 
results were obtained when the same coating was applied to steel C9. The 
structures near the scale-steel interface were very similar to those illus­
trated in figure 14. Retention of borax as complex phases in the subscale 
was demonstrated by microprobe analysis, listed as follows: 

Phase color Content, wt pct Probable phase or 
Fe Si Na B 0 Mn complex 

Light brown 78.0 0.5 1.0 2.0 22.0 0.3 FeO. 
Steel gray. 64.5 .5 1.0 5.0 31.0. .2 Fe 4 B;:?07 • 

Dark•..•... 30.0 19.0 8.0 4.0 36.0 .9 Na2 ~•Fe0•2Si02 ·B 2 0 3 • 

Afterwards, coated sections of steel C9 were heated by a soaking-pit 
operation. The coating consisted of borax glass and borax glass plus 25 pct 
feldspar. The samples were applied by dipping or salting at 1,470° F (800° C) 
or 1,830° F (1,000° C), respectively, after scaling for 1/2 hr at these tem­
peratures. The subscales produced when heated to 2,370° F (1,300° C) were 
very thin, and complete copper removal was not observed at any of the condi­
tions used. Because of the initial temperature, 1,470° F (800° C), at the 
start of the simulated heating schedule, the investigators believed that the 
coatings were too thin and ran off the sample before the coating could react 
with the scale to form less viscous iron compounds. 

The effect of varying feldspar and silicon contents of borax coatings on 
simulated soaking-pit operations was then studied. Sections of steel C9 were 
scaled at 1,830° F (1,000° C) for 1/2 hr, and the coatings were applied at the 
same temperature by salting. Of the compositions studied, complete copper 
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removal was obtained with those borax coatings containing either 50 pct feld­
spar or 30 pct silica. 

Thus, copper could be prevented f rom forming on the steel surface during 
either simulated pusher or soaking-pit furnace operations by using borax coat­
ings. High silicon contents in the coatings, either as felds par or silica, 
were necessary to prevent coppe r formation when using soaking-pit furnacing. 
In contrast, borax glass alone would suffice for the pusher operation. Thus, 
the potential of using borax coatings to prevent the formation of copper was 
demonstrated. Borax coatings were effective for steels containing about 
1.0 pct Cu and 0.3 pct Si and as low as 2 pct excess in the furnace atmo­02 
sphere, whereas much higher silicon and oxygen contents were necessary when 
using silicon additions to prevent copper formation on the steel surface. 

SUMMARY 

The use of controlled steel silicon content or the application of borax 
coatings showed promise in preventing molten copper from forming on the sur­
face of steels containing up to 1 pct Cu when these steels were heated to 
2,370° F (1,300° C), a conunon temperature for rolling. By preventing copper 
formation during heating, surface hot shortness of the steel during rolling 
could be inhibited. Evaluations were based on metallographic studies. 

Initially, button-size alloys contai ning 1 pct Cu were isothermally 
scaled in air to determine the effect of temperature and steel composition 
on the location of copper, if formed, at the steel-scale interface. Below 
the melting temperature of the copper-rich, iron-copper alloy, 2,000° F 
(1,093° C) , the copper-alloy particles did not adhere to the steel surface, 
but at higher temperatures they wet the surface. For steels containing 
silicon additions, fayalite, formed on the steel surface by internal oxida­
tion, promoted the formation of iron-rich, iron-copper particles on the steel 
surface and reduced amounts of copper. Above 2,200° F (1,205° C), the melting 
temperature of fayalite, copper was prevented from forming by as little as 
about 0.2 pct Si, but at lower temperatur es complete elimination did not 
occur with up to 1 pct Si. Aluminum in place of silicon or in conjunction 
with it was not especially benef icial. Small amounts of boron, 0.04 pct, 
assisted in preventing copper formation, but steel is hot short with this 
amount of boron. 

Prevention of copper formation on steels containing silicon was found to 
be dependent upon the heating conditions and the silicon and copper contents 
of steels when heated per simulated pusher and soaking-pit reheating sched­
ules. As in the isothermal scaling studies, copper could not be completely 
prevented from forming during continuous heating up to 2,200° F (1,205° C). 
However, the copper formed below 2,200° F could be eliminated and its further 
formation prevented when heated to 2,370° F (1,300° C). For steels with 1 pct 
Cu, 9 vol pct excess oxygen in the furnace atmosphere and about 0.8 pct Si in 
the steel were necessary. Lesser oxygen and silicon contents were required 
for steels containing smaller copper contents. 
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Borax coatings also prevented copper formation after continuous heating 
to 2,370° F (1,300° C) by either simulated reheating schedule. After pre­
scaling the steel specimens to simulate scales formed on ingots during mold 
stripping, borax glass coatings and coatings containing feldspar or silica 
plus borax glass were applied at 1,470° F (800° C) and 1,820° F (1,000° C), 
respectively, using either sprinkling or immersion techniques. When starting 
at 1,470° F (800° C) to reheat the coated specimens per soaking-pit schedules 
to 2,370° F (1,300° C), a high silica content, either as feldspar or silica, 
of the borax coating was necessary to prevent its running off the surface 
before it reacted with the scale. A borax glass coating without silica was 
sufficient when using a pusher schedule. To prevent copper from forming on 
the surface, less stringent steel silicon contents and furnacing conditions 
were necessary with borax coatings than when only silicon additions to the 
steel were used. 

Studies on the use of silicon additions to prevent copper from causing 
surface hot shortness are being continued, with emphasis on the effect of cast 
structures. Mechanical properties of rolled steels containing up to about 
0.8 pct Si and 1.0 pct Cu in rolled and heat-treated conditions also are 
being investigated. 
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