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ABSTRACT 

Cu hot shortness due to increasing residual content within scrap can present challenges. Changes in atmospheric humidity 
during high temperature oxidation have been theorized to alter the steel/scale interface and promote scale adhesion, enhancing 
subsequent Cu penetration, but no direct correlation has been observed. In this work, 0.1C-0.25Si steels with 0.3Cu and 0.55Cu 
contents were studied using thermogravimetric analysis (TGA) at 1150 ℃ for 10 minutes in -28 ℃ and 35 ℃ dew point (DP) 
simulated air. Metallographic analysis to evaluate Cu separation during oxidation was conducted, and the steel/scale interfaces 
were observed using LOM. The oxidation behavior for both alloys in the -28 ℃ atmosphere was similar. The 35 ℃ DP 
atmosphere increased the parabolic oxidation rate of both alloys, and induced the linear-parabolic oxidation transition at a 
shorter time for the 0.3Cu alloy. No Cu separation was observed in the 0.3Cu alloy in the dry atmosphere, but discrete Cu 
particles and large Cu pools were found in the 0.55Cu alloy. The interfacial oxide became more adherent and contained a fine-
scale oxide, likely fayalite, for both alloys in the wet atmosphere. Cu separation was observed for both alloys, manifesting as 
finely dispersed Cu particles along the interface and occluded into the adherent scale. These results suggest that increased 
humidity in ambient air can alter Cu separation at 1150 ℃ compared to dry air via promoting occlusion due to Si-rich interfacial 
oxide formation which disrupts the agglomeration of liquid Cu at the steel/scale interface, potentially accommodating greater 
residual Cu content in Si-containing steels. 
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INTRODUCTION 

During the casting, reheating, or hot charging stages of steel processing, significant oxide or “scale” forms. The oxidation of 
steel containing Cu can lead to the phenomenon of Cu hot shortness, where solute Cu locally enriches at the steel/scale interface 
and phase separates into a liquid at sufficient concentrations1–4. This liquid Cu-rich phase can penetrate along austenite grain 
boundaries and cause surface cracks ranging from cosmetic to significant mechanical defects which can result in processing 
challenges during subsequent rolling operations5, 6. Cu hot shortness susceptibility and appropriate mitigation strategies have 
become an area of increasing interest as scrap-based steelmaking practices become more prevalent and gradually enrich noble 
residual contaminants, such as Cu and Sn, in the scrap stream7-10. Industrial decarbonization trends have popularized electric 
arc furnace (EAF) scrap steelmaking routes to reduce emissions, making scrap-related steelmaking challenges a major obstacle 
to overcome for the adoption of “green steel” practices11–13. 

Several factors contribute to the Cu hot shortness behavior of an alloy, primarily alloy composition, processing temperature, 
oxidizing time and atmosphere. The effects of varying oxidizing time and combustion gas atmosphere (reheat, hydrogen) on 
Cu hot shortness susceptibility in plain carbon steels have been studied extensively, but the effects of humidity variations in 
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atmospheric (ambient air) conditions on the Cu hot shortness behavior are less well understood14–18. Most work has focused on 
the effects of varying H2O resulting from varying fuel/air ratios in combustion furnaces, but less work has been done with high 
O2-high H2O atmospheres19–23. Research by Kim and Lee suggest that increased water vapor content can promote a more planar 
steel/scale interface during oxidation, promoting Cu-rich liquid contact with the base metal24. This is theorized to exacerbate 
Cu hot shortness, as a rougher interface may promote occlusion of the liquid into the scale, minimizing penetration along grain 
boundaries25, 26. In this work, the effects of varying atmospheric humidity on the oxidation behavior and subsequent Cu hot 
shortness response of 0.1C steels containing 0.25 wt pct Si with 0.3 and 0.55 wt pct Cu additions were investigated. Testing 
was conducted at 1150 ℃ for 10 minutes in -28℃ and 35℃ dew point (DP) simulated air to simulate conditions during 
reheating or tunnel furnace equalization and holding. 

EXPERIMENTAL PROCEDURE 

Experimental Alloys 
The compositions of the experimental materials tested in this work are presented in Table 1. A base alloy composition of 0.3Cu- 
0.1C-1Mn-0.25Si was selected for this work to investigate the effects of atmospheric humidity on a Si-killed dual phase steel. 
A relatively high base Cu level was selected to promote Cu separation. 0.55Cu was selected for the elevated Cu condition to 
simulate an alloy produced from highly Cu-contaminated scrap. Each alloy was melted in a laboratory induction furnace and 
cast as ingots. Samples were then machined from the as-cast condition, avoiding the centerline of ingots. 

Table 1 – Alloy Compositions (wt pct) 

Alloy C Mn Si Cu Ni N P S B 

Base 0.099 1.03 0.24 0.28 0.005 0.0016 0.005 0.0004 0.0003 

+Cu 0.099 1.01 0.23 0.55 0.005 0.0024 0.005 0.0004 0.0004 

Thermogravimetric Analysis Procedure 
A schematic depicting the TG setup used for all the isothermal oxidation experiments is shown in Figure 1(a). The TG hot-zone 
was a 3 cm long section of the 2 cm diameter cylindrical alumina furnace. Temperature was measured via a K-type 
thermocouple located within the hot-zone, directly adjacent to the sample. Gas composition was measured by mass flow 
controllers before entering the chamber where the N2 and O2 streams blend. Nitrogen gas was introduced along the column to 
prevent back flow of the oxidizing gases. The N2 and mixed N2-O2 gases were combined before entering the reaction zone to 
minimize convective effects. The H2O content was measured at the chamber inlet and exit. The TG samples were 14 mm long, 
4.5 mm wide, and 2.5 mm thick with a 2 mm diameter hole for fixturing, shown in Figure 1(b). Duplicate tests were conducted 
to verify the oxidation response. Samples were polished with 600 grit SiC paper and cleaned in acetone prior to testing. 

  

(a) (b) 
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Figure 1. (a) Schematic diagram of the TGA setup used for the oxidation experiments. (b) Geometry of each sample. 
The nominal geometry depicted was used to calculate the initial surface area of each sample. The small hole was used 

to suspend the sample from the balance. Machined dimensions (mm) are indicated. 

Chemically dry air was produced by blending pure N2 and O2 streams in an 80:20 ratio to generate the dry air atmosphere. The 
measured DP for this final gas blend was -28 ℃, or a H2O partial pressure of 0.46 hPa. Humidification was performed by 
flowing the O2 stream through a Peltier cooler filled with heated water to humidify the O2 stream. Initial O2 humidification was 
oversaturated in H2O to then dilute to the target DP when blended with the N2 stream. The high humidity (wet air) condition 
had a DP of 35 ℃ or 56.5 hPa H2O. This condition was specifically chosen to investigate ambient atmospheres during 
steelmaking with high H2O content. 

Samples were hung from a Pt wire connected to a separate balance to measure mass change during oxidation. Heating to 1150 
℃ was conducted under 100 standard cubic centimeters per minute (sccm) of N2 and held for 10 min. Gas flow was then 
swapped to the oxidizing gas mixture under the same flowrate, and the sample was allowed to oxidize for 10 min. The dry and 
wet gas blends were flowed through separate lines during heating, stabilization, and oxidation to prevent condensation in the 
gas lines or oversaturation in the Peltier cooler. The total gas flow rate was kept above 4.2 cm∙s-1 to prevent oxygen supply 
limitations during the tests27, 28. H2O content and temperature were measured continuously throughout the test. The samples 
were cooled under a N2 stream after each test, and the samples were removed from the chamber once fully cooled. Mass data 
was recorded at 10 Hz. 

Microstructural Analysis 
The oxidized samples were mounted in carbon-impregnated epoxy with one of the wide faces of the sample positioned as the 
viewing plane and examined around the sample perimeter. Samples were manually polished to a 1 μm finish, etched with 2 pct 
nital, and imaged via light optical microscopy (LOM) using an Olympus® DSX500. Low magnification images were taken 
from eight locations around the sample perimeter to measure the final external oxide thickness grown during the tests. 

DISCUSSION 

Oxidation Rate Data 
The oxidation rates of the Base and +Cu alloys in -28 ℃ DP (dry) simulated air and 35 ℃ DP (wet) simulated air were measured 
using TGA at 1150 ℃ for 10 min. The measured mass increase over time data was normalized over the initial sample area, and 
the resultant oxidation data are presented in Figure 2. 

 

Figure 2. Mass change per surface area as a function of oxidation time for the Base and +Cu alloys oxidized at 1150 ℃ in 
simulated dry (-28 ℃ DP) and wet (35 ℃ DP) air for 10 min. Two tests were conducted to generate the average curve for 

each test condition. 

Similar, rapid linear oxidation rates were observed for each alloy and atmosphere, confirming that O2 supply limitations were 
not hampering initial oxide growth. The +Cu alloy in both atmospheres and the Base alloy in the dry atmosphere underwent 
the linear to parabolic transition at similar times, suggesting the latter test sample grew an oxide layer with differing diffusion 
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kinetics. Linear to parabolic oxidation transition is controlled by the rate-limiting kinetic step during oxidation, so a shorter 
linear regime suggests that the diffusion through the oxide layer became rate limiting more rapidly for the Base alloy in the wet 
atmosphere than the other alloy/atmosphere pairs. 

The shape of the parabolic regimes was similar for both alloys in the dry atmosphere, with a low and constant growth rate that 
did not change throughout oxidation. Similar final masses were obtained, with the +Cu alloy growing slightly more oxide than 
the Base alloy. The final masses and similar linear to parabolic transition times suggest the external oxide structure was likely 
similar for these alloys. The final oxide scale was minimally adherent to the underlying steel for both alloys in the dry 
atmosphere, with significant scale spallation occurring during metallographic preparation. 

Parabolic oxidation in the wet atmosphere was significantly higher for both alloys compared to the dry air condition, and a 
larger discrepancy between the alloys was observed. The +Cu alloy grew a larger oxide mass than the Base alloy, but had a 
slightly lower parabolic oxidation rate. This is due to the +Cu alloy undergoing the linear to parabolic oxidation transition at a 
later time such that this alloy spent more time in the linear (more rapid) growth regime. The Base alloy transitioned from linear 
to parabolic oxidation more rapidly than the +Cu alloy, but had a slightly higher parabolic growth rate. It is unclear why the 
difference in oxidation transition or parabolic growth rates were observed, as additions of Cu are not expected to dramatically 
impact the overall oxidation kinetics of steel29. The parabolic oxidation rate of the Base alloy also appeared to increase slightly 
during oxidation, indicating a potential change in kinetics due to the emergence of a more rapid diffusion pathway compared 
to the initial oxide structure at the onset of parabolic oxidation. Scale adherence after testing was notably higher than the final 
oxides grown on either alloy in the dry air condition, but no visual differences were observed. 

Oxide Structure and Steel/Scale Interface Morphology  

Dry Atmosphere 
Micrographs of the steel/scale interfaces for the Base and +Cu alloy oxidized in the dry air condition are shown in Figure 3. 

 

Figure 3. Representative LOM micrographs of the steel/scale interfaces for the (a) Base and (b) +Cu alloys in the 
dry air condition after oxidation at 1150 ℃ for 10 min. An oxide gap was observed continuously across the 

interfaces of both alloys. Cu separation was not observed in the Base alloy, but pockets of occluded Cu were 
observed in the +Cu along the steel/scale interface. 

A porous, bilayer oxide structure was observed for both alloys. Interfacial oxide structure was similar between the Base and 
+Cu alloys, with minimal oxide directly attached to the base metal. A continuous steel/scale gap was found across the entire 
interface of each sample, noted in Figure 3(a), which may have formed during oxidation or upon cooling via unequal scale and 
base metal contraction. The ratio between the three Fe oxides present in the scale suggests that the gap was present for some 
significant time, as the ratio between FeO and Fe3O4 is lesser than pure Fe30. The presence of this gap during oxidation would 
decrease the parabolic oxidation rate for both alloys, which agrees with the similar and low rates observed in Figure 2. 
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Cu separation was observed in the +Cu alloy. Discrete particles of Cu were found along the steel/scale interface, with occluded 
Cu occurring where regions of oxide were in contact with the base metal underneath the steel/scale gap, as shown in Figure 3(b). 
Regions of Cu contact with the base metal suggest that some degree of Cu penetration and subsequent hot shortness would be 
possible for the +Cu alloy but not the Base alloy in the dry atmosphere. In addition to regions of dispersed Cu, some larger Cu 
agglomerations were observed in the +Cu alloy, shown in Figure 4. Large localized Cu buildup may be due to accelerated local 
oxidation or greater steel/scale contact, but no change in oxide thickness or structure were found in these regions. Increased Cu 
thickness may be due to a pooling phenomenon, where large Cu volumes have a tendency to pool to reduce the surface tension 
of the Cu liquid, without the presence of interfacial oxides to restrict Cu movement. 

¶

 

Figure 4. Local Cu buildup observed in the +Cu alloy after oxidation in the dry simulated air atmosphere. Cu 
pools were found in multiple locations where a gap was present during oxidation between the external scale and 

the steel/scale interface. 

Wet Atmosphere 
Micrographs of the steel/scale interfaces for the Base and +Cu alloy in the wet air oxidation condition are shown in Figure 5. 
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Figure 5. Representative LOM micrographs of the steel/scale interfaces for the (a) Base and (b) +Cu alloys after 
oxidation for 10 min at 1150 ℃ in the wet air condition. Good steel/scale adherence was observed across the 

interfaces of both alloys. Small regions of occluded Cu were found in the Base alloy, while both occluded Cu and 
regions of dispersed Cu along the steel/scale interface were observed in the +Cu alloy. 

The external oxide structure for both alloys was significantly different in the wet air condition. Example micrographs for the 
Base and +Cu alloy are shown in Figure 6(a) and (b), respectively. The scale appeared porous, but with a thinner outer Fe3O4 

layer compared to the dry atmosphere Figure 6(a)), a large middle FeO layer, and a region of oxide not present in the dry air 
condition. This local oxide appeared to increase steel/scale adherence along regions of the surface where it was present, as seen 
in Figure 6(a). The feature length and structure suggest this region is composed of one or more oxide phases not present in the 
dry air condition. Based upon the alloy composition, these fine-scale oxides are Si-rich, confirmed by EDS point scan analysis, 
and likely contribute to the change in oxidation kinetics observed for the wet air condition. This oxide is likely fayalite, Fe2SiO4. 
The continuous gap observed in the dry air condition was no longer found. A discontinuous interface gap was present, visible 
in Figure 6(b), with less interfacial oxide present in these regions. 

Cu separation was observed in both alloys in the wet air condition. Cu separation behavior was observed as occluded Cu in the 
Base alloy, Figure 5(a), and as finely dispersed along the steel/scale interface in the +Cu alloy, Figure 5(b). More Cu phase was 
present in the +Cu alloy compared to the Base alloy. No regions of large Cu pooling or agglomeration were observed. This 
difference in Cu distribution compared to the dry air condition is likely due to the large difference in interfacial oxide 
morphology between the atmospheres. Good steel/scale adherence and the presence of a finer-scale interface oxide correlated 
strongly with the presence of finely dispersed or occluded Cu in this condition. Finely dispersed Cu was not observed in the 
dry air test condition, which did not exhibit steel/scale interface adherence. 
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Figure 6. External oxide structure for the (a) Base and (b) +Cu alloys after oxidation for 10 min at 1150 ℃ in the 
wet simulated air condition. Regions with good steel/scale adherence exhibited the large interfacial structure shown 

in (a), while regions with a steel/scale gap resembled the structure shown in (b). 

External Oxide Thickness Measurements 
Final oxide thickness measurements for the Base and +Cu alloys from both atmospheres are shown in Figure 7. Measurements 
were taken from four locations in each of eight micrographs around the surface perimeter alloy and test condition. 

Both alloys exhibited comparable final oxide thickness to each other for a given oxidizing atmosphere. The Base alloy grew a 
slightly thicker oxide in the dry atmosphere while the +Cu alloy grew a slightly thicker oxide in the wet atmosphere, but the 
alloy composition did not appear to significantly contribute to changes in oxide growth for a given oxidation condition. The 
similar final oxide thickness is surprising for the wet atmosphere considering the relatively different parabolic oxidation rate 
and final mass gain observed in the wet air condition, Figure 2. 

Larger variability in final oxide thickness measurements were found for the wet air condition for both alloys, suggesting the 
higher DP contributed to a more inconsistent oxide final structure compared to the lower DP condition. This is likely due to 
gap formation between the external scale and the steel/scale interface, either during oxidation or during cooling of the dry air 
samples. The absence of this gap and the presence of the fine-scale, likely Si-rich oxide in the wet atmosphere are probably 
large contributors to the dramatic increase in final oxide thickness. The significantly thicker final oxide for the wet air condition 
suggests greater Cu supply to the steel/scale interface during oxidation, as more base metal has been transformed to oxide to 
form this thicker layer. 
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Figure 7. Oxide thickness measurements for the Base and +Cu alloys after oxidation in dry (-28 ℃ DP) and wet (35 ℃ DP) 
air for 10 min at 1150 ℃. A significant increase in oxide thickness for both alloys was found with increasing atmospheric 

humidity. 

CONCLUSIONS 

Alloys containing appreciable Si and Cu undergo a dramatic change in oxidation behavior when exposed to 35 ℃ DP air 
compared to -28 ℃ DP air at 1150 ℃ for 10 min. The parabolic oxidation rate increases substantially and there is a change in 
the linear to parabolic oxidation transition. Additions of 0.25 wt pct Cu to an alloy containing 0.3Cu-0.25Si did not impact the 
oxidation behavior in -28 ℃ DP air, but did alter the behavior in 35 ℃ DP air. Cu separation was observed in alloys in the 35 
℃ DP air, while the Base alloy did not separate Cu in the -28 ℃ DP air conditions. Increasing DP promoted the formation of 
a fine-scale Si-rich interfacial oxide, likely fayalite, which contributed to the separated Cu collected as dispersed particles along 
the interface rather than large pools. The 35 ℃ DP air tests grew thicker oxides than the -28 ℃ DP air tests, suggesting the 
higher DP promotes a greater supply of Cu to the steel/scale interface. Increasing Cu supply contributes to greater liquid Cu 
volume available to penetrate along the austenite grain boundaries. The wet atmosphere promoting greater occlusion for the 
same alloy composition suggests that wetter atmospheres may require lesser alloy additions to promote the same degree of 
occlusion, and drier oxidation conditions may necessitate greater alloying to offset the formation of Cu hot shortness due to Cu 
pooling at the steel/scale interface. 
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