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Abstract: 

Decarburization is a well-known kinetic process involving the loss of near-surface carbon from 

steel during exposure in air at elevated temperatures. Because of its detrimental effects on the 

mechanical properties, corrosion resistance, and wear resistance of steel, it is desirable to gain 

knowledge of the response of a particular alloy steel to a decarburizing environment and 

temperature. The aim of the present study is to develop such databases for 440A stainless steel 

and 1075 plain carbon steel by making comparisons between the decarburization responses of 

these two types of steel in a heat treating furnace environment. The primary difference between 

these two types of steel is the presence of chromium in 440A steel at a concentration of 13.05 

wt%. Therefore, the effect of chromium on decarburization depth in a steel of a given initial 

carbon concentration was effectively determined in this study. Samples of 1075 and 440A 

stainless steel were obtained in the form of sheets. The samples were cut into 1 inch squares (645 

mm
2
), and heat treated at 800°C, 900°C, and 1000°C in air. The samples were held at the target 

temperature for two hours and were air cooled after the dwell period was completed. 

Metallographic analysis and micro-hardness testing were carried out on all six of the samples and 

calculations were made to obtain a theoretical depth of decarburization. This allowed for 

comparison of such values to experimentally measured depths of decarburization. Two analytical 

methods were used; a Fourier analysis and an error-function-based solution to Fick’s second law 

for diffusion in a semi-infinite slab. The analysis revealed that the depth of decarburization in 

1075 steel was significantly higher than that in 440A stainless steel at all three testing 

temperatures. The austenite region of 440A steel does not begin until temperatures above 

1000°C. Chromium is a ferritizer and stabilizes ferrite, shrinking the region of austenite stability. 

Carbon it an austenitizer, stabilizing austenite. However, chromium forms stable carbides at 

elevated temperatures, reducing the austenite stabilizing effect of carbon and the amount of 

carbon that is available to diffuse to the surface of steel. These combined effects delay the start 

of the austenite region to higher temperatures and limit observed the depth of decarburization in 

440A steel. Although the Fourier analysis of decarburization takes into account the thickness of 

the sample, while the error-function-based solution to Fick’s second law does not, neither 

method is sufficient to accurately predict the depth of decarburization in 440A steel. Therefore, it 

is useful to obtain information of various types of stable-carbide-forming steels experimentally to 

gain understanding of a particular steel alloy’s response to a decarburizing environment.  
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Introduction: 

Decarburization involves the removal of near-surface carbon from steel at elevated temperatures 

within the austenite phase region. It remains a persistent problem during high-temperature heat 

treatments carried out in industrial operations, such as forging and rolling. As a result of near-

surface carbon loss from steel at high temperatures, the surface of the steel has a lower hardness 

and tensile strength. The fatigue resistance and wear rate are also adversely affected by 

decarburization. Machining operations are often necessary following heat treatments to remove 

weakened near-surface material from the steel [1].       

That being said, it is important to understand the process of decarburization the different types of 

steel during heat treating and hot-working operations. It is well known that diffusion coefficient 

follows an Arrhenius relationship, and is exponentially dependent upon temperature. Different 

alloying compositions can also greatly affect the decarburization response of a particular type of 

steel. Therefore, it is valuable to study not only the effect of temperature on depth of 

decarburization, but also the affect that stable carbide forming and additional alloying elements 

have on the decarburization response of a particular alloy.              

The present study focuses on two common types of steel: 1075 plain carbon steel, and 440A 

stainless steel. Both types of steel contain approximately the same concentration of carbon (see 

Tables A and B). However, it is common that stainless steels contain high concentrations of 

chromium, in comparison to plain carbon steel. The addition of 13.05 wt% chromium to the steel 

causes significant changes to the Fe-Fe3C phase diagram. This is due to the fact that chromium is 

a ferritizer. Although carbon is an austenitizer and normally extends the austenite region, 

chromium forms stable carbides that have higher thermal stability ranges than iron-carbide. 

Therefore, the phase regions of the Fe-Fe3C diagram will be shifted relative to that for plain 

carbon steel. The austenite region of 440A stainless stainless steel doesn’t begin until 

temperatures at or above 1010°C [2]. This results in microstructural differences between plain 

carbon steel and stainless steel upon cooling to room temperature at the same rate due to the shift 

of austenite region to higher temperatures in 440A steel. The following study compares the roles 

of these factors in decarburization response of both 1075 and 440A steel. The aim of the study is 

to develop databases for steels that are not accurately modeled using classical methods of 
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calculating decarburization depth, due to the presence of stable-carbide forming elements, and 

the shift in the austenite phase field.  

 

Procedure: 

Decarburizing heat treatments were carried out on samples of 1075 steel and 440A 

stainless steel at three testing temperatures. Tables A and B display the chemical composition of 

1075 steel and 440A stainless steel examined in this study. 

The 1075 and 440A steel samples (in the as-received condition) were in the form of 

sheets. The 1075 steel sheet had a thickness of 4.78 mm (0.188 inches), and the 440A steel sheet 

had a thickness of 1.59 mm (0.0625 inches). The Rockwell A hardness of 440A steel was 79 

HRA, and that of 1075 steel was 47 HRA in the as-received condition. The measured Vickers 

Hardness Numbers (VHN) for 1075 and 440A steel in the as-received condition were 183 and 

656, respectively. Samples were cut into 645 mm
2
 (1 in

2
) squares. The 1075 and 440A samples 

were heat treated together using a Eurotherm 2404 controller/set point programmer and a 

Lindberg tube furnace heating unit in air at 800C, 900C, and 1000C. After reaching the target 

temperature (800C, 900C, or 1000C), the samples dwelled for two hours. Samples were 

subsequently air cooled by removing them from the furnace immediately following two hour the 

dwell period. The six decarburization conditions carried out on the samples are shown in Table 

C. 

Table A: Chemical Composition of 1075 steel [3] 

Alloying Element Weight (%) 

carbon (C) 0.73  

manganese (Mn) 0.73 

molybdenum (Mo) 0.01 

phosphorus (P) 0.012 

silicon (Si) 0.24 

chromium (Cr) 0.19 

nickel (Ni) 0.03 
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sulfur (S) 0.001 

iron (Fe) Rem. 

copper (Cu) 0.03 

 

Table B: Chemical Composition of 440A stainless steel [3] 

Alloying Element Weight (%) 

carbon (C) 0.66 

phosphorus (P) 0.026 

manganese (Mn) 0.75 

sulfur (S) 0.002 

silicon (Si)  0.24 

cobalt (Co) 0.04 

chromium (Cr) 13.05 

vanadium (V) 0.04 

nickel (Ni) 0.11 

copper (Cu) 0.02 

iron (Fe) Rem. 

molybdenum (Mo) 0.03 

 

Table C: Decarburizing Heat Treatments Undertaken. 

Sample ID Material Temperature of  Heat 

Treatment (C) 

Atmosphere 

1 1075 800C air 

2 440A 800C air 

3 1075 900C air 

4 440A 900C air 

5 1075 1000C air 

6 440A 1000C air 
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After undergoing heat treatments, smaller samples were cut approximately 5 mm from 

the end of the heat treated 645 mm
2
 (1 in

2
) piece and were mounted in epoxy. After the epoxy 

cured, samples were polished starting with 200, 400, and 600 grit SiC sandpaper, followed by a 

diamond powder-coated polishing wheel, and finally a 0.3   alumina powder-coated polishing 

wheel. Following this step, the 1075 samples were etched with 2% nital, the 440A with Villela’s 

reagent. Micro-hardness testing was conducted on the 1075 and 440A steel samples using a 

Vickers micro-hardness testing apparatus. Using a 50gf load, 25-35 indents were made in the 

sample beginning at a location approximately 0.06 mm from the steel surface, and moving 

inward linearly at a distance that varied between 0.06 mm-0.10 mm horizontally between 

indentations. The spacing between indentations, however, was constant within a given row of 

indentations. The Vickers Hardness Number (VHN) for each indent was determined using the 

standard formula for calculating Vickers hardness values. Metallographic analysis of the samples 

was carried out using a LECO Olympus PMG 3 inverted microscope. Micrographs were taken at 

50x to 1000x magnification. The microstructure and decarburization pattern were analyzed using 

AnalySIS


 software, and comparisons were made between decarburization patterns in all six 

samples. 

Micro-hardness Data Results: 

After undergoing heat treatments, samples were subjected to Vickers micro-hardness testing. The 

Vickers micro-hardness profiles for 1075 plain carbon steel and for 440A stainless steel are 

shown in Figures 1-6. Figures 1, 3, and 5 show the hardness profile for 1075 plain carbon steel at 

the three heat treating temperatures. The depth of decarburization increased substantially with 

increasing temperature. Figures 2, 4, and 6 display the hardness profiles for 440A stainless steel 

at three temperatures. Sample 2 (800°C, 440A steel) did not show a significant decarburized 

region, Samples 4 and 6 showed slightly larger regions of lower hardness at the surface. Table D 

displays the measured depths of decarburization in all six samples. These values were estimated 

by viewing the hardness profiles in Figures 1-6. Table E displays the predicted depths of 

decarburizations for these samples. The predicted values were determined by using a Fourier 

series approximation of decarburization, shown in Appendix A. Additional predictions were 

made using the error function-based solution of Fick’s Second law, also shown in Appendix A. 
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This equation is independent of sample size, while a Fourier analysis of decarburization depth 

takes into account sample thickness.  
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Figure 1: Plot of Vickers Hardness Number (VHN) vs. the distance from the steel surface for 1075 

steel heat treated at 800°C in air. 
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Figure 2: Plot of Vickers Hardness Number (VHN) vs. the distance from the steel surface for 440A 

stainless steel heat treated at 800°C in air. 
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Figure 3: Plot of Vickers Hardness Number (VHN) vs. the distance from the steel surface for 1075 

stainless steel heat treated at 900°C in air. 
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Figure 4: Plot of Vickers Hardness Number (VHN) vs. the distance from the steel surface for 440A 

stainless steel heat treated at 900°C in air. 
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Figure 5: Plot of Vickers Hardness Number (VHN) vs. the distance from the surface for 1075 steel 

heat treated at 1000°C in air. 
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Table D: Estimated depths of decarburization for samples 1-6 (see figures 1-6) 

Sample ID, heat treatment temperature: Estimated Depth of Decarburization (mm) 

(by inspection of hardness profile) 

#1: 1075 , 800°C 0.35  

#2: 440A, 800°C 0.12-0.15 

#3: 1075, 900°C 0.60 

#4: 440A, 900°C 0.27-0.30 

#5: 1075, 1000°C 1.65 

#6: 440A, 1000°C 0.25-0.29 
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Figure 6: Plot of Vickers Hardness Number (VHN) vs. the distance from the steel surface for 440A 

stainless steel heat treated at 1000°C in air. 
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Table E: Predicted Depths of Decarburization for samples 1-6 (see 

Appendix A for Calculations) 

 

Sample ID, heat treatment 

temperature: 

Calculated Depth of 

Decarburization (mm) 

(Using Fourier Analysis
1
) 

Calculated Depth of 

Decarburization (mm) 

(Fick’s Second Law) 

#1: 1075 , 800°C 0.33 0.34 

#2: 440A, 800°C 0.33 0.34 

#3: 1075, 900°C 0.69 0.70 

#4: 440A, 900°C 0.69 0.70 

#5: 1075, 1000°C 1.23 1.27 

#6: 440A, 1000°C 0.73* 1.27 

1 
Fifteen to Twenty terms of Fourier series are necessary to obtain a sensible solution to depth of 

decarburization using Mathematica® software. 

*value at center of material, simulation doesn’t reach 0.98=C/C0 because of thin (1.59 mm) 

sample size 

 

Metallographic Results: 

Samples 1-6 were polished and etched for further analysis under an optical microscope.  The 

microstructures of samples 1, 3, and 5 (1075 samples) are shown in Figures 7-9. The 

microstructures of samples 2, 4, and 6 are shown in Figures 10-12. Higher magnification 

micrographs for all six samples are shown in Appendix B. 
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Figure 7: Near surface region of 1075 steel heat treated at 800°C. Magnification is 100x. 
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Figure 8: Near surface of 1075 steel heat treated at 900°C. The magnification is 100x. 
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Figure 9: Near surface of 1075 steel heat treated at 1000°C. The magnification is 100x. 
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Figure 10: Near surface of 440A steel heat treated at 800°C. The magnification is 200x. 
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Figure 11: Near surface of 440A steel heat treated at 900°C. The magnification is 200x. 
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Discussion of Results: 

In viewing the hardness profiles of the 1075 plain carbon steel samples, there is a distinct 

increase in depth of decarburization with temperature. The hardness profile of sample 5 (1075, 

1000°C) shows an almost linear increase in hardness from the surface to the middle of the 

sample in comparison to samples 1 and 3. The depth of decarburization in sample 5 reached a 

value of 1.65 mm, which is more than twice the depth of decarburization in sample 3. The 

diffusion rate of carbon in austenite was the controlling factor in decarburization at all three 

testing temperatures in the 1075 steel because alloying elements did not significantly limit extent 

of decarburization in this steel (by altering the phase regions). 

Figure 12: Near surface of 440A steel heat treated at 1000°C (unetched). The magnification is 200x. 

The sample appears in the unetched condition because etching resulted in poor visibility of 

indentations in micrographs. 
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In sample 2 (440A, 800°C) there is a very slight depth of decarburization, about 0.12-0.15 mm. 

At 900°C, the decarburization depth increased to approximately 0.27-0.30 mm. However, the 

depth of decarburization did not appear to increase any further at 1000°C. This behavior is due to 

the presence of chromium at a concentration of 13.05 wt% in 440A stainless steel, in comparison 

to 1075 steel, which contains 0.19 wt% chromium ( see Tables A and B). The presence of 

chromium substantially increases the hardenability of steel, or ability to form martensite upon 

quenching from above the critical temperature [2]. Figures B-4 through B-6 in Appendix B 

reveal that the 440A steel has primarily a tempered martensitic microstructure at all three testing 

temperatures. The high chromium content in stainless steel also reduces the total amount of 

carbon available for diffusion to the surface of steel during a high temperature heat treatment. 

Chromium forms stable carbides which dissolve in solution at higher temperatures and tie up 

available carbon during the diffusion process. Chromium is also a ferritizer. These combined 

effects delay the start of the region of austenite stability to higher temperatures, and even within 

this region, the stable carbides of chromium continue to form, thereby limiting diffusion of 

carbon to the surface. Despite the fact that 1075 steel and 440A steel have comparable carbon 

concentrations, this explains why the depth of decarburization in 1075 steel is significantly 

higher than that of 440A steel at all three heat treating temperatures.  

The issue of accuracy in predictions of expected depth of decarburization in alloy steels is 

relevant in the context of this study. Calculations of depth of decarburization are shown in 

Appendix A and the results of such calculations in Table E. Quantitative analysis of 

decarburization commonly involves the use of a solution to Fick’s Second law for diffusion in a 

semi-infinite slab. This equation takes into account the time involved in the diffusion process, 

and the diffusion coefficient for diffusion of carbon in austenite at a particular temperature. 

However, this equation does not take into account the thickness of the sample that is being 

decarburized. As a result, other methods of analysis can be used, such as a Fourier analysis, 

which takes into consideration the sample thickness, time, and diffusion coefficient when 

predicting an expected depth of decarburization. However, there are limitations in accuracy using 

both of these equations. This is because neither equation accounts for variations in carbon 

concentration and the presence or absence of additional alloying elements in certain types of 

steel.              

In comparing measured and calculated depths of decarburization for 1075 and 440A stainless 
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steel, comparable results are obtained by using Fick’s second law versus a Fourier analysis, 

especially at 800°C and 900°C. However, both analyses significantly overestimate the 

experimentally measured depth of decarburization at all three testing temperatures for 440A. As 

mentioned above, this discrepancy is due to the presence of the high concentration of chromium 

in stainless steel. As mentioned previously, chromium is a ferritizer which reduces the extent of 

the austenite region. Carbon is an austenitizer, but its austenite stabilizing effects are reduced 

because chromium forms stable carbides at high temperatures which limit the extent of the 

diffusion of carbon to the surface of stainless steel. These carbides also shift the phase regions of 

the iron-iron carbide phase diagram due to their high thermal stability, making it more difficult to 

predict what phase(s) will be present at a given temperature and what the resulting austenite 

decomposition phase(s) will be (upon rapid cooling). Austenitizing temperatures for 440A 

stainless steel, for example, are in the range of 1010-1065°C [2]. Therefore, large scale 

decarburization is not expected to begin below this temperature range. Within the austenite 

region, however, chromium carbides will continue to impede carbon diffusion to the surface, 

limiting depth of decarburization even above 1065°C. 

In the 1075 plain carbon steel samples, a Fourier analysis predicted a depth of decarburization to 

be about the same are Fick’s second law for all three testing temperatures. Because this is a low-

alloy steel, the measured depths of decarburization are quite similar to the predictions given by 

the error-function based solution to Fick’s second law and the Fourier analysis.  

In the 440A steel, Fick’s second law is in close agreement with the Fourier analysis predications 

at the two lower testing temperatures. However, at 1000°C, the Fourier analysis is closer to the 

observed depth of decarburization than the error-function based solution because it incorporates 

the thickness of the 440A sample. The predicted depth, 0.73 mm, is less than the value 

corresponding to half of the thickness of the sample.  

The resulting microstructure of the 1075 steel upon quenching in air varied amongst all three 

samples. Since the concentration of carbon in 1075 steel is close to eutectoid composition, a 

continuous cooling diagram for eutectoid steel was used to make predictions about the relative 

amounts of martensite and pearlite that would form from austenite. By viewing this diagram, it 

was determined that an air quench in approximately 60 seconds would produce increasing 
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amounts of pearlite upon cooling from the higher heat treating temperatures. As shown in 

Figures 7-9 and B-1 through B-3, the microstructure of samples 1 and 3 consisted of about the 

same amount of pearlite, mixed with martensite, and some retained austenite. Sample 5, (1075 

steel, 1000°C) however, contained the highest amount of pearlite, in addition to a pro-eutectoid 

cementite phase, shown in Figure B-3.This increased amount of pearlite in sample 5 accounts for 

the slightly lower hardness of micro-hardness indentations in samples 5, in comparison to 

samples 1 and 3. Figures 7-9 also show a distinct region of ferrite, in the near surface region, 

signifying that nearly complete decarburization occurred in this region. This means that the 

carbon concentration within this near-surface region was below the solubility of carbon in ferrite. 

Figures 10-12 and B-4 through B-6 show the microstructure of the 440A stainless steel samples 

(samples 2, 4, & 6). Based on initial macro- and micro-hardness testing results, the as-received 

condition of the 440A steel was assumed to be martensitic. The ability of the 440A steel, which 

has 13.05 wt% chromium, to form martensite (be heated to a temperature within the ϒ-loop) can 

be explained by the presence of carbon in steel. Carbon and nitrogen extend the austenite loop to 

higher concentrations of chromium, enabling martensite to be formed in stainless steel upon 

rapid cooling from temperatures within the austenite (ϒ-loop) region. Heating the steel to 800°C, 

900°C, and perhaps even 1000°C began an annealing process, effectively tempering the steel. 

This is evident in Figures B-5 and B-6, where relatively large carbides are visible. The carbides 

that precipitated at 800°C (sample #2) appear to be smaller and more evenly dispersed than those 

precipitated at 900°C (sample #4). Even larger carbides formed at 1000°C, as shown in Figure B-

6, due to the ability of 440A steel to form carbides at higher temperatures. 

It should be noted that a relatively thick, stable oxide layer formed on the surfaces of all 1075 

samples (1, 3, and 5) during heat treatments. This layer can be seen in Figures 7-9 and appears to 

be of approximately the same thickness in all three samples. This oxide scale was not considered 

to be a part of the decarburized depth when micro-hardness measurements were made. In the 

440A steel samples (2, 4, & 6), a very slight oxide scale was present on each of the samples, but 

was not uniform along the entire sample. Again, this oxide scale was not considered to be a part 

of the decarburized depth in the stainless steel samples. 
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Summary and Conclusions: The following observations were made as a result of this study: 

(1) It is generally expected and observed that temperature has the largest effect on the extent 

of decarburization. In 1075 steel, there was a steady increase in depth of decarburization 

between the three heat treating temperatures. However, in the case of 440A stainless 

steel, decarburization at all testing temperatures was quite limited, suggesting the 

possibility of the chromium content becoming the controlling factor in the 

decarburization process for this particular stainless steel. This is because the chromium 

shifts the start of the austenite region up to about 1010°C, resulting in very limited 

diffusion below that temperature. This shift is due to the fact that chromium is a ferritizer, 

which tends to shrink the region of austenite stability, while carbon is an austenitizer, 

stabilizing austenite. However, the austenite stabilizing effect of carbon is reduced 

because chromium forms stable carbides at elevated temperatures, tying up available 

carbon from diffusing to the surface of steel. This results in a vast difference in the 

decarburized depth at a given temperature for 440A and 1075 steel, which have 

approximately the same initial concentration of carbon. 

(2) There are several shortcomings involved in using both Fick’s Second law and the Fourier 

analysis to estimate depth of decarburization in highly-alloyed steels. Fick’s second law 

applied to a semi-infinite slab does not take into account sample dimensions or the 

composition of the particular alloy steel, and therefore its predictions are quite inaccurate 

for highly alloyed steels and thin samples. The Fourier analysis takes into account the 

thickness of the sample, however, the predicted depth of decarburization still 

overestimates the actual depth of decarburization in highly-alloyed steels by not taking 

into account stable-carbide forming elements and the presence of other alloying 

additions. It is therefore important that heat treatments are carried out and databases are 

developed to experimentally determine anticipated depths of decarburization for different 

types of high and low alloy steels. 
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Future Work:  

With the results of this study in mind, it would be interesting to study the effects of additional 

alloying elements on decarburization in another type of stainless steel with a similar chromium 

concentration, but with one or more additional alloying elements present in relatively high 

concentrations.  This alloying element could be another stable carbide forming element. It would 

also be valuable to study decarburization at slightly higher testing temperatures, such as 1100°C, 

since the decarburization in 440A stainless steel does not begin to take place on a large scale, 

presumably until at least 1010°C, which is starting temperature of the austenite phase region [2]. 

Below this temperature, both the formation of chromium carbides and low diffusion coefficient 

will limit the extent of decarburization. 
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Appendix A: Calculations of Predicted Depths of Decarburization 

Table A-1: Diffusion coefficient and activation energy for carbon diffusion in austenite [4] 

Temperature Do Q D 

800°C 2.3 x10
-5 

m
2
/s 148 kJ/mol 1.43x10

-12 
m

2
/s 

900°C 5.9x10
-12 

m
2
/s 

1000°C 1.94x10
-11

 m
2
/s 

 

A general form of a Fourier series used to predict decarburization is shown below: 
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A Fourier series approximation for decarburization is shown below as typed into 

Mathematica® software: 

 

 

For diffusion in 440A stainless steel at 800°C, for example: 

Set C(x, t)/Co=0.98   

h= 1.5875 mm   

D=1.43x10
-12 

m
2
/s 

t=120 min=7200 sec 

x= depth at which a particular fraction of the initial carbon concentration is reached 
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This approximation can be used to estimate the depth at which any fraction of the original carbon 

content is reached. The thickness of the sample is represented by h, x represents a particular 

depth within the sample, and t is the heat treating time.  

Using Mathematica® software, x can be determined for given values of C/C0. The value of x 

corresponding to C(x, t)/C0=0.98 was chosen as the predicted depth of decarburization for each 

of the testing temperatures. Fifteen to twenty terms of the Fourier series were necessary to obtain 

accurate results for the predicted depth of decarburization using Mathematica® software. 

 

Fick’s Second Law Prediction: 

(Cx – C0)/(Cs-C0) = 1-erf(x/(2(Dt)
1/2

) 

 Then set 0.98= Cx/C0 = erf(x/(2(Dt)
1/2

)  to solve for the depth at which 98% of the original 

carbon content is reached. 

x/(2(Dt)
1/2

 = 1.7 

For example, at 800°C, D=1.43x10
-12 

m
2
/s, t=7200 seconds, and the calculated depth of 

decarburization is x= 0.34 mm. 
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Appendix B: Additional Metallographic Images at 1000x magnification 

 

 

 

 

 

Figure B-1: Microstructure of 1075 steel heat treated at 800°C. Magnification is 1000X. 
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Figure B-2: Microstructure of 1075 steel heat treated at 900°C. Magnification is 1000X. 
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1/2

 

 

Figure B-3: Microstructure of 1075 steel heat treated at 1000°C. Magnification is 1000X. 
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Figure B-4: Microstructure of 440A steel heat treated at 800°C. Magnification is 1000X. 



33 
 

 

 

 

 

 

Figure B-5: Microstructure of 440A steel heat treated at 900°C. Magnification is 1000X. 
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Figure B-6: Microstructure of 440A steel heat treated at 1000°C. Magnification is 1000X. 
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