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ABSTRACT 

A modified hydrogen-reduction method yielded accurate values for the t otal 
oxygen content of several plain carbon steels, including steels that contained 
small amounts of alumina and silica, but yielded low results when larger amounts 
of alumina were present. The method was not applicable to the det ermination 
of the oxygen content of open-hearth iron because of inability to separa te surface 
and body oxygen in this m aterial. 
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I. INTRODUCTION 

The determination of oxygen in iron and steel and its significance 
to manufacturers and users of these materials have been matters of 
interest to metallurgists for many years. A variety of analytical 
methods have been developed, but the relative merits and accuracy 
of many of the methods are still controversial questions. The report 1 

of results obtained in the recent cooperative study of methods for the 
determination of oxygen in steel, sponsored jointly by the National 
Bureau of Standards and the American Institute of Mining and 
Metallurgical Engineers, emphasizes the difficulty of obtaining con­
cordant results by different methods and, in many cases, by different 
operators using the same method. It is evident that further attention 
must be devoted to this problem both in perfecting the various methods 
and in studying their limitations before complete reliance may be 
attached to determinations by anyone method. 

One of the methods that appears promising is a modified form of 
the hydrogen-reduction (Ledebur) procedure. In the original Ledebur 
method the sample was exposed to the action of hydrogen at tempera­
tures above 900 0 C; the amount of water vapor recovered from the 
exit gases was used as a measure of the amount of oxides reduced by 
the hydrogen and hence of the amount of oxygen in the steel. It 
was found that low recoveries of oxygen were obtained by this pro­
cedure because the carbon of the iron or steel samples enters into the 

I J. O . Thompson, H . C. Vacher, and H . A . Bright, Trans. Am. Inst. Mining Met. Engrs.US, 246 (1937); 
J. Research NBS 18, 259 (1937) RP976. 

79 
71531-38-6 



80 Journal oj Research oj the National Bureau oj S.tandards [Vol.!l 

reduction reactions, and the exit gases therefore contain appreciable 
amounts of CO and CO2 as well as water vapor. Procedures were 
devised for the determination of the oxygen combined as carbon 
oxides in addition to that combined as water, which materially 
increased the amounts of oxygen recovered from samples of iron and 
steel. In the early work it was believed that the use of milled samples 
or drillings was impracticable because of the presence of appreciable 
amounts of oxygen in the form of surface films. This trouble was 
avoided through the use of solid samples to which antimony and tin 
were added to form alloys that were molten at the temperature of the 
determination. Although this procedure eliminated the errors due to 
surface oxygen, it introduced another source of error because of 
possible reduction of the refractory boat which contained the molten 
sample. 

In 1934 Brower, Larsen, and Shenk 2 described a modification of the 
Ledebur method that appears to be a decided improvement over the 
older procedures. The modified procedure, however, has not as yet 
been widely adopted; the data of the cooperative analysis 3 included 
only one set of determinations by this procedure. The present work 
was undertaken to obtain more information about the modified 
hydrogen-reduction procedure, particularly in regard to the repro­
ducibility of its results in the hands of different operators and the 
comparison of its results with those obtained by other methods of 
analysis. 

II. MODIFIED HYDROGEN-REDUCTION PROCEDURE 

The essential features of Brower, Larsen, and Shenk's procedure 
are the use of a finely milled sample, the removal of surface oxygen 
from the millings by a preliminary heating in hydrogen at 500 to 5500 

C, and the use of high-frequency induction heating to maintain the 
sample at 1,200 0 C for the determination of the "body" oxygen of 
the millings. 

The construction and operation of the apparatus illustrated in 
figure 1, were essentially as described by Brower, Larsen, and Shenk. 
Electrolytic hydrogen, from a cylinder of compressed gas, is passed 
through a preliminary purification train to eliminate moisture and 
oxygen from the gas before it comes in contact with the sample in the 
furnace tube. The rate of flow of hydrogen is indicated by bubbler 
tubes and is maintained at approximately 30 ml per minute. Back 
diffusion of air is prevented by sulfuric acid bubblers, at all exits. A 
trap containing about 2 cm of mercury prevents the development 
of excessive gas pressures within the apparatus. 

The sample consists of approximately 20 g of fine millings placed 
in a perforated Invar bucket and suspended in the center of the vertical 
furnace tube. With purified hydrogen passing through the apparatm, 
the furnace tube and contents are heated to 500 to 5500 C, by means 
of a resistance furnace, a.nd are maintained at this temperature for 
90 minutes to remove the surface film of oxides and moisture. The 
hydrogen leaving the furnace during this operation usually is wasted, 
but, if a determination of surface oxygen is desired, the exit gases may 
be passed through suitable absorbents to recover the water vapor 
formed by reduction of the oxides. 

I T. E. BrowQr. B. M . Larsen, and W. E. Shenk, Trans. Am. lnst . Mining Met. Engrs. 113,61 (1934). 
3 SQe footnote 1. 
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After "stripping" the surface oxygen from the sample, the resista.nce 
furnace is replaced by a high-frequency induction coil, and the temper­
ature of the sample is raised to 1,2000 0 and is maintained at this 
temperature for 90 minutes to accomplish the reduction of the "body" 
oxygen in the millings. The water vapor produced by the reduction 
reactions is absorbed by phosphorus pentoxide in a weighing tube. 
The stream of hydrogen is subsequently freed from sulfur compounds 
and passed over a nickel-thoria catalyst maintained at 2600 0, whereby 
the carbon oxides are quantitatively converted to methane and water 
vapor, the latter being absorbed in phosphorus pentoxide. The sum 
of the gains in weight of the two phosphorus pentoxide tubes furnishes 
a measure of the oxygen liberated from the oxides of the steel. 

The efficiency of the nickel-thoria catalyst and the absorbents is 
checked periodically by a run in which a weighed amount of crystal-
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FIGURE I.-Sketch of the hydrogen-reduction apparatus. 

A, mercury trap; B" B" sulfuric acid bubblers C" C" soda-lime tubes; D, platinized silica catalyst; E, 
anhydrone tube; F" F" phospborus pentoxide drying tubes; G, fused silica furnace tube; B" B" pbos· 
pborus pentoxide weighing tubes; 1, anhydrous copper sulfate on pumice stone; J, nickel·thoria catalyst. 

line calcite (Oa003), contained in a platinum crucible, is heated 
gradually to 900 0 0 with the hydrogen flowing through the apparatus. 
Under these conditions the calcite is decomposed with the evolution of 
water vapor, carbon monoxide, and carbon dioxide which can be 
recovered in the analytical train in the same manner as during a 
determination on a sample of millings. The recovery of 95 percent 
or more of the theoretical amount of oxygen from the calcite indicates 
satisfactory performance of the apparatus. 

Blank determinations on the whole apparatus, with the empty 
invar bucket at the operating temperature, are made periodically. 
The blank correction is quite constant at 0.0003 g of water for a de­
termination of 90 minutes duration. The time required for a com­
plete determination, including the preliminary flushing and the 
removal of surface oxygen, is approximately 5 hours. 
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III. EXPERIMENTAL 

Determinations of oxygen, by the modified hydrogen-reduction 
procedure, were made on milled samples of seven steels and one iron. 
The sample material was prepared in a milling machine that was set 
for a depth of cut of 0.003 inch, or less. The millings thus produced 
were between 0.005 and 0.008 inch in thickness, according to microm­
eter measurements. 

TABLE I.-Type and composition of the materials 

Composition (percent) 

Oxygen 
by 

hydro· 
Type of material Total gen-

C Si Mn S P Cr V AhO, SiO, oxy· reduc-
tion 

1;; 
gen (Brow· 

,t:l er aud 
S Lar-

'" seu) Z 
- - - - - ---- - -- - -

I Low-carbon, rimming __________ 0.03 0. 002 0. 31 0.036 0.011 0.004 <0.001 0.002 0.003 0.018 0.024 
2 Medium-carbon, high-manga-

nese, silicon-killed _________ __ .42 .26 1.15 . 025 .020 .022 < .001 .002 .009 . 017 .027 
3 Bessemer screw stock, semi-killed _____ _____________ ______ .12 .024 .72 .168 .101 .006 . 004 .002 .005 .017 .027 
4 Special, low - carbon, alumi-

num-killed .. _________________ .17 .09 .65 .029 .014 .008 . 001 .006 .002 .002 .008 
5 Low-carbon, silicon-killed ______ .22 .14 .45 .042 .020 .020 .001 .002 .016 .009 . 022 
6 Medium-carbon, silicon-killed_ .43 . 20 .47 .027 .014 .012 <.001 .002 .009 .007 .010 
7 Open-hearth iron, rimming _____ .016 .001 . 024 .022 . 011 .009 < . 001 .002 .002 . 106 .076 
8 Similar to Number 4,but higher in oxygen ____________________ .20 .03 .45 .033 . 014 .012 < . 001 . 030 .003 .017 .015 

The compositions of the seven steels and one iron are shown in 
table 1. They were the materials used in the cooperative analysis, 
and the figures for AlzOa, SiOz, and total oxygen are the best values 
derived from the results of more than two thousand analytical deter­
minations. The AlzOa and Si02 values were derived from the results 
of several different methods of analysis; the values for total oxygen 
were based on concordant results obtained by the vacuum-fusion 
method and in many cases were substantiated by results of other 
methods. Because of the number of analyses that were made and the 
variety of methods that were employed, and because the selected 
values are based on concordance of results obtained by several dif­
ferent methods, the AI20 a, SiOz, and total oxygen contents of these 
steels can be stated with an unusual degree of certainty. The values 
given in table 1 are close approximations of the actual contents of 
AlzOa, SiOz, and total oxygen, i. e., they are accurate values within the 
customary limits of tolerance of such determinations and are more 
reliable than determinations by a single operator or by a single 
method. The last column in table 1 lists the results reported by 
Brower and Larsen, in the cooperative analysis, for determinations 
by the modified hydrogen-reduction procedure. 

The values obtained in the present study of the hydrogen-reduction 
method are shown in table 2, together with results of determinations 
by the vacuum-fusion method. The latter were made to compare 
results on the current samples with those previously obtained on other 
samples of the same material, and to provide a means for direct 
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comparison of results by the vacuum-fusion and hydrogen-reduction 
procedures when all determinations were made by the same analyst. 
The apparatus and procedure employed for the vacuum-fusion deter­
minations differ from those described by Vacher and Jordan 4 in two 
respects (a) the two-stage mercury diffusion pump that evacuates the 
furnace has been replaced by a four-stage high-capacity pump and 
(b) the gases are determined volumetrically, by measuring the pres­
sure in the system before and after each absorption. 

TABLE 2.-Determinations of the oxygen contents of eight steels 

Oxygen Oxygen 

Steel Steel 
Vacuum- Hydrogen- Vacuum- Hydrogen-

fusion reduction fusion reduction 

Percent Percent Percent Percent 
L ........................ { 0.017 0.016 4 ......................... { 0.003 0.005 

.018 .015 .004 .005 

2 ................. . ....... { .017 { .019 5 .. ....................... { . 012 .009 

. 018 .013 . 011 .013 
.015 

6 .. .. ..... ........ . ....... { .007 .008 

{ 
.013 .007 .011 

3 ......................... { .017 .019 
7 ......................... { .110 .065 .018 .016 

. 013 .111 .062 

B ......................... { .017 .009 
. 018 .009 

The vacuum-fusion results are in excellent agreement with those 
previously obtained from other samples of these steels, confirming the 
uniformity of the materials and permitting comparison of results 
obtained from the current samples with the values established by the 
cooperative analysis. 

The results obtained in this investigation by the hydrogen-reduction 
method are consistently in better agreement with results by other 
methods than they are with those of Brower and Larsen who used the 
same method. We are unable to explain the apparent lack of repro­
ducibility of results by the modified hydrogen-reduction method, as 
indicated by lack of agreement between our results (table 2) and those 
reported by Brower and Larsen (table 1). Our apparatus and proce­
dure were patterned after theirs, but, on the same materials, their 
values for oxygen are considerably higher than ours. Further work 
is evidently needed to establish the reproducibility of results by this 
method and to explain the discrepancies between our results and those 
obtained by Brower and Larsen. 

Our determinations by the modified hydrogen-reduction method, 
for steels 1 to 6, inclusive, are in very good agreement with the total 
oxygen values listed in table 1 but the determinations on samples 7 
and 8 are lower than the total oxygen values. This indicates that the 
hydrogen-reduction procedure yielded correct values, although less 
precise than the vacuum-fusion determinations, for the total O:A-ygen 
contents of steels 1 to 6 in spite of the fact that some of the oxygen 
in each of these steels is combined as SiOz and A120 a• The data in 
table 1 show that most of the oxygen in steel 5 is present in the form 
of Si02 , whereas the greater part of the small amount of oxygen in 
steel 4 is combined as AlzOa• Recovery of all of the ox-ygen in these 

, H . C. Vacher and Louis Jordan. BS J . Research 7. 375 (1931) RP346. 
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two steels, and in steels 1, 2, 3, and 6, means that small amounts of 
Si02 and Ab03 are completely reduced by the hydrogen-reduction 
procedure. The method therefore is a total oxygen method, at least 
for these six steels. 

The data for steel 8 furnish further evidence of the reducibility of 
alumina in the hydrogen-reduction procedure, although in this case 
the amount of Ab03 is relatively large and the reduction is incomplete. 
The data in table 1 show that practically all of the 0.017 percent of 
oxygen in steel 8 is present as A120 3. The 0.009 percent of oxygen 
recovered by the hydrogen-reduction procedure must represent reduc­
tion of approximately half of the Ab03 in this steel. It appears, 
therefore, that the hydrogen-reduction procedure reduces some Al20 3 
but yields low results for oxygen in steels that contain considerable 
quantities of alumina. The size of the alumina particles presumably 
affects the rate of their reduction and the proportion of the total 
that is reduced; the finer particles would be more readily and more 
completely reduced than the larger ones. It would be expected that 
the reduction of large amounts of alumina would be less rapid and 
complete by hydrogen at 1,2000 C in the hydrogen-reduction method 
than by carbon at 1,6500 C in the vacuum-fusion method. 

The low results for open-hearth iron, sample 7, were unexpected. 
It is known that most of the large amount of oxygen in this material 
is present as easily reducible iron oxide, and it would be expected that 
the hydrogen-reduction method would yield its best results in material 
of this type. It was suspected that the low recoveries from this 
sample might be caused by loss of body oxygen during the stripping 
procedure that is supposed to remove only the surface oxygen. Con­
sequently experiments were undertaken to investigate this possibility. 

A determination of both the surface oxygen and body oxygen on a 
sample of millings from iron 7 gave 0.069 percent of surface oxygen at 
500 0 C, and 0.062 percent of body oxygen at 1,2000 C, making a total 
of 0.131 percent. Another sample of the same millings was briquet ted 
and analyzed for total oxygen by the vacuum-fusion method. The 
result, 0.138 percent of oxygen, shows good agreement between the 
two methods for determinations which in each case included both 
surface and body oxygen. If the vacuum-fusion value for oxygen in 
a solid sample (0.110 percent), is subtracted from the vacuum-fusion 
value for the milled sample (0.138 percent), the difference (0.028 
percent), is of the usual order of magnitude of values for surface 
oxygen from millings of the plain carbon steels that were studied in 
this investigation. The fact that, in the hydrogen-reduction method, 
0.069 percent of oxygen was removed at a stripping temperature of 
500 0 C and only 0.062 percent was subsequently recovered at 1,2000 C 
indicates that exposure of this iron to hydrogen at 500 0 C removes 
some of the body oxygen as well as the surface film. Even at 400 0 C 
the results for surface oxygen were high and for body oxygen were low. 
Therefore it was decided to study the stripping procedure over a 
range of temperatures for steels 1 (low-carbon rimming) , 4 (aluminum­
killed), 5 and 6 (silicon-killed), as well as for iron 7. The results of 
the determinations, in which the designated stripping temperatures 
were maintained for the regular period of 90 minutes with subsequent 
determinations of the body oxygen, are given in table 3. 
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TABLE 3.- Effect of stripping temperature on the determination of surface and body 
oxygen by the hydrogen-reduction method 

Steel 
Stripping Sum of sur-

Surface face and tempera- oxygen Body oxygen body ture oxygen 

°0 Percent Percent Percent 

L ___________ . ______________________________________ { 
400 0. 021 0.017 0. 038 
500 ------------ .015 · (. 018) ------------
550 ------------ .016 

--- -----~O37 700 . 018 .019 

, ................................................... ! 200 .OOS .014 .022 
300 . 037 . OOS .045 
400 . 029 .004 . 033 
500 ------------ .004 · (.002) .-._--------
500 ------------ . oo5 ------------
550 --------- - -- .oo5 ------------
700 .014 .008 . 022 

5 ___ - - __ - __ - __ - -- - -- - - - - -- - - - - - - __ - - - - - - - - - - __ - _____ j 3oo .022 . 007 .029 
300 . 024 . 006 . 030 
500 --- --------- . 01 3 · (.009) ----.-------
550 ------------ .009 - - -- .-.- ----
700 .017 . 015 .032 

6_ - ___ - ___ - - -- __ - - - - - - ____ - - - - - __________ - - - - - __ - -__ j 3oo .028 .009 . 037 
500 ---------.-- .008 · (.007) - --------- - -
500 ------------ .011 ---------- - -
7oo .00S .025 .043 
700 . 020 .022 . 042 

300 . 020 . oo6 .116 
400 - - -- -- ------ .083 ------- - - ---

7 ___________ ____ ___ ___ _________ ______________ ______ _ 400 -- -- --- ----- .083 ------- -- ---
500 . 062 .005 · (.106) .127 
500 .069 .062 .131 
7oo . 072 .053 .125 

• Figures in parentheses are the values from table 1 for the oxygen contents of these steels. These values 
represent the oxygen in the steel; they do not include surface oxygen. 

The relatively large surface area of these milled samples and the 
changes from day to day in the temperature and humidity of the 
atmosphere to which the millings had been exposed, might be ex­
pected to produce relatively large fluctuations in the values for surface 
oxygen from different samples. However, the values for surface 
oxygen lie quite consistently between 0.02 and 0.03 percent (except 
for iron 7) and the sum of body oxygen and surface oxygen stripped 
at different temperatures is fairly constant for each material. 

Comparison of the determinations of body oxygen in table 3 with 
the values for oxygen contents of these steels, from table 1, show that 
quite satisfactory values for body oxygen are obtained from steels 1, 
4, 5, and 6 after stripping the surface oxygen at 500 to 5500 C, as 
was recommended by Brower, Larsen, and Shenk. The data further 
show that surface oxygen can be satisfactorily removed from these 
steels at any temperature between 400 and 5500 C; stripping tem­
peratures as low as 3000 C may be used for steels 5 and 6, but 200 0 C 
is too low to remove the surface oxygen completely from steel 4, so 
that the subsequent determination of body oxygen is high. The 
surface oxygen may be stripped at 700 0 C from steel 1, but not from 
steels 4, 5, and 6. It might be anticipated that the use of too high 
a stripping temperature would lead to low recoveries in the subsequent 
determination of body oxygen at 1,200 0 C, because of reduction of 
some of the body oxygen during the stripping operation. However, 
this is not the case for steels 4, 5, and 6; for each of these and partic­
ularly for steel 6, stripping the surface oxygen at 7000 C is followed 
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by high results for body oxygen. A possible explanation for this 
behavIOr lies in the fact that all three of these are killed steels. It 
is suggested that, in heating the millings to 700 0 C, some of the sur­
face oxygen may react with metallic sihcon of steels 5 and 6, or with 
aluminum of steel 4, becoming fixed in a form that is not reduced 
until the temperature is raised to 1,2000 C. The combinations that 
comprise the body oxygen of these killed steels evidently are not 
reduced at stripping temperatures. 

For anyone of these four steels, therefore, the stripping operation 
can be conducted at any temperature within an appreciable range 
without seriously affecting the subsequent determinations of body 
oxygen. The data for iron 7, however, present a different picture. 
For this iron, with increasing stripping temperature there was a 
progressive increase in the amount of surface oxygen together with a 
progressive decrease in the amount of body oxygen subsequently 
recovered at 1,2000 C. The highest value for body oxygen was 
obtained when a stripping temperature of 300 0 C was used, but even 
in this case the results for body oxygen were too low. Attention is 
also called to the unusually large values for surface oxygen, 0.06 and 
0.07 percent, obtained from this iron at 500 and 700 0 C, in comparison 
with the usual value, 0.02 to 0.03 percent, for the surface oxygen of 
the four steels. These data indicate that a stripping operation at 
500 0 C not only removes the surface oxygen but also reduces appre­
ciable amounts of the body oxygen in open-hearth iron. It is probable 
that FeO inclusions are exposed in the surface of the millings and that 
some of this exposed FeO is reduced simultaneously with the surface 
oxides, not only at 5000 C but at other temperatures as well. A 
stripping temperature at which the surface oxygen of this material 
could be satisfactorily separated from the body oxygen, could not 
be found. Consequently it appears that the modified hydrogen­
reduction procedure is not applicable to the determination of oxygen 
in open-hearth iron. 

IV. CONCLUSIONS 

The Brower, Larsen, and Shenk modification of the hydrogen­
reduction method yielded accurate results for the total oxygen con­
tents of six plain carbon steels of the following ranges of composition: 
Carbon, 0.03 to 0.43 percent; silicon, 0.002 to 0.26 percent; manganese, 
0.31 to 1.15 percent; and sulfur, 0.025 to 0.168 percent. The oxygen 
contents of these steels lie between 0.002 and 0.018 percent. 

The fact that accurate values were obtained for silicon-killed steels 
indicates the reduction of some silicates by this method. Small 
amounts of alumina also were reduced but, for aluminum-killed 
steels that contain appreciable amounts of alumina, the hydrogen­
reduction method gave low results for total oxygen. 

The method is not applicable to the determination of oxygen in 
open-hearth iron that contains relatively large amounts of easily 
reducible iron oxide, because of inability to separate the surface 
oxygen from body oxygen in this material. 

The precision of determinations by the modified hydrogen-reduc­
tion method for the determination of oxygen in steels, is usually of 
the order of ± 0.003 percent. 

WASHINGTON, April 22, 1938. 
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