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Hydrogen solubility in pure iron and iron based binary alloys have been measured in the 
temperature range 20 to 500 ~ C under hydrogen at atmospheric pressure. For pure iron, 
hydrogen solubility decreases as the temperature decreases until about 300~ and then 
increases reaching maximum at 80 ~ C. The maximum solubility at this temperature was 
about 0.9 ppm. This large value is thought to result from chemisorption of hydrogen at 
the grain boundary. The addition of alloying elements, Mo, W and Ni increased the 
temperature at which hydrogen solubility had its maximum and had no other effects on 
the trend of hydrogen solubility change as a function of temperature for pure iron. The 
higher heats of chemisorption of hydrogen onto Mo and W compared with Fe may be 
responsible for the change in temperatures. Other possible methods of trapping hydrogen 
in iron and iron based binary alloys are discussed. 

1. Introduction 
It is well known that hydrogen has a drastic effect 
on the mechanical properties of iron. The i ron-  
hydrogen system is also important, both from the 
point of view of the thermodynamic and from the 
kinetic studies of the interstitial solid solutions. In 
spite of the large extent of the research work on 
hydrogen behaviour in the iron-hydrogen system, 
a large degree of uncertainty and confusion still 
remains due to its complex nature in the low tem- 
perature range. Darken and Smith [1] discovered 
that the amount of hydrogen absorbed in cold- 
worked steel from acid solution at room tempera- 
ture is many times greater than that absorbed in 
hot-worked steel. They suggested that many lattice 
defects were produced by cold working and hydro- 
gen trapped in these lattice defects. So the amount 
of dissolved hydrogen in iron increases by cold 
working. 

After this suggestion, there were many investi- 
gations on the trap nature of the hydrogen dis- 
solution mechanism. Suggested trap sites are 
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microvoid [2, 3], dislocation [4, 5], stacking fault 
[6], two-phase boundary [7], grain boundary, etc. 
But many different trapping mechanisms and 
types of trap sites are suggested by different re- 
searchers. 

There are some investigations about the effect 
of alloying elements on hydrogen solubility in 
liquid iron [8], but there are few works available 
on solid iron. The effect of alloying elements on 
hydrogen solubility may be very different between 
liquid iron and solid iron because of the periodic 
nature of the lattice and Strain energies involved in 
solid iron. 

The purpose of this work is to determine the 
solubility of hydrogen in pure a-iron and to ob- 
serve the effect of the alloying elements, such as 
Mo, W, Ni and Cr on the hydrogen solubility in 
iron. Dominant trap sites and the effects of alloy- 
ing elements on the trapping mechanism are dis- 
cussed and a trap model is suggested from the 
experimental results. 
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T A B L E I Impurities of alloying elements and pure  ESPI iron* 

Element Fe Ni Cr M o  Si C O A g  M n  

Pure Fe t 5N 2 - - 1 - - 1 3 
Ni t 2 4N5 - - 1 - - 1 - 
Mot 10 - 10 3N5 - 10 280 - - 
Electrolytic iron 3N5 - - - 50 50 - - 50 
Cr - - 4N . . . . . .  

*Impurities of pure iron, electrolytic iron and alloying dements, in ppm by weight. 5N: 99.999%, 4N: 99.99%, 3N5: 
99.95% and 4N5" 99.995%. 
tPurchased from ESPI. 

2. Experimental procedure 
The specimen of  pure iron employed in this work 
was a 99.999% pure iron rod obtained from ESPI*. 
Other specimens with alloying elements, were 
made in an induction furnace under vacuum, 
adding the required amount of  alloying element to 
electrolytic iron to be within the a-range. The 
amount of  impurities of  pure ESPI iron and alloy- 
ing elements used are given in Table I. The final 
compositions of  the alloyed specimens manufac- 
tured in the laboratory are given in Table II. 

The alloyed ingots were annealed for 48h at 
l l 0 0 ~  to homogenize and then wer8 cut to 
pieces of  about 1 g weight, each in a cylindrical 
shape. Pure iron and alloyed specimens were 
vacuum annealed for 1.5 h at 900 ~ C to extract the 
residual hydrogen which may be strongly bound 
[3, 9] in the samples. The vacuum annealed speci- 
mens were charged with hydrogen in the tempera- 
ture range 25 to 500~ at 1 atm H2 pressure and 
quenched in liquid nitrogen Using the apparatus 
shown in Fig. 1. Hydrogen was charged for 3 h at 
the specified temperature. The contact time, 3 h 
was tabulated to reach constant hydrogen concen- 
tration throughout the specimen when the hydro- 
gen had a diffusivity of 10-6cm2sec -1 in s-iron. 
Hydrogen, 99.999% purity, from Matheson Co., 
was used for the above procedure. The amount of 
hydrogen in the specimen was analysed by hot  
vacuum extraction apparatus with 0.1 ppm senti- 

T A B L E I I Compositions of alloyed specimens. 

Composition Fe-Mo Fe-W Fe-Cr Fe-Ni 

Alloying element Mo W Cr Ni 
Wt % of 1.8 0-8 : 1.0 1.5 
alloying element 2.6 2.48 2.0 2.2 

3.35 3.8 3.0 3.2 
- 4 . 3  - - 

*Electronic Space Products Inc. 
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tivity (Loco Hydrogen Analyser). Since the 
adsorbed hydrogen at the external surface of  the 
specimen could not  be removed experimentally, 
the amount o f  adsorbed hydrogen calculated was 
substrated from the experimental values. The den- 
sity of  the specimen was also measured to deter- 
mine the amount of  microvoid present. 

3. Results and discussions 
3.1. Hydrogen solubility in pure iron 
Geller and Sun [9] have measured hydrogen solu- 
bility in pure iron above 400~ and reported the 
solubility as a function of  temperature under an 
atmospheric pressure of  hydrogen. 

C(ppm) = 42.7 exp(- -6500(ca l ) /RT)  (1) 

where C is solubility, R the gas constant and T is 
absolute temperature. Equation 1 represents 
lattice solubility of  hydrogen in pure iron because 
the trapping effect generally starts to show below 
300 ~ C. Fig. 2 shows hydrogen solubility in pure 
iron plotted against the reciprocal of  temperature 
at one atmosphere. It was found that this result 
agrees well with Geller and Sun's in the tempera- 
ture range 300 to 500 ~ C. However, below 300~ 
an abnormally high solubility was observed, quite 
different from that found when testing the data of  
Geller and Sun. Another distinct feature is that 
solubility shows a maximum value in the tempera- 
ture range 80 to 140~ when the hydrogen con- 
centration is 0.9 ppm. This value is much higher 
than the lattice solubility of  0.006 ppm obtained 
from Equation 1 at this temperature. So one can 
conclude that most o f  the hydrogen in this range 
exists in trapping sites. 

At this point, it is appropriate to review 
suggested trapping sites and trapping mechanisms 
carefully reflecting the results shown in Fig. 2. 
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Figure 1 Schematic diagram o f  
hydrogen charging apparatus 
(A) mercury manometer (B) 
specimen dropper (C) thermo- 
couple (D) specimen holder (E) 
aluminum (F) magnet (G) steel 
rod (H) spring and (I) liquid 
nitrogen. 

3. 1. 1. Hydrogen trapping in dislocations 
Since, as stated in the experimental procedure, the 
iron specimens used were fully annealed, one can 
assume that the dislocation density in the speci- 
men was 108lines cm -2. Assuming one H atom is 
trapped per Fe atom in the dislocation core, the 
number of trapped hydrogen atoms is 2.5 x I0 is, 
or 0.01ppm. This value is about one hundred 

times smaller than the peak value of hydrogen 
solubility in Fig. 2. The problem arises from the 
assumption of one H atom per Fe atom in the dis- 
location core. However, results of recent re- 
searches [10, 11] do not accept 100 H atoms per 
Fe atom in the dislocation core. From this one can 
conclude that trapping in the dislocation core does 
not effect the solubility of hydrogen in this range. 

Figure 2 Temperature depen- 
dence of hydrogen solubility in , l I 
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l~gure 3 General mode of transition between physical and 
chemical adsorption (1) physical adsorption (2) chemical 
adsorption (3) transition range (QI) heat of physical 
adsorption and (Q~) heat of chemical adsorption. 

3. 1.2. Hydrogen trapping in microvoids 
The density of a fully annealed specimen was 
measured to check the amount of microvoid 
present. The measured density was very close to 
the theoretical density of pure iron 7.87gcm -~ 
within experimental error. Therefore the amount 
of microvoid present is disregarded as a possible 
trapping site in this case. 

3. 1.3. Hydrogen absorption on the surface 
Fig. 3 shows the amount of adsorbed gas on the 
metal surface against temperature as given by 
Taylor '[12]. As the  temperature increases the 
nature of the adsorption phenomenon changes 
from physical adsorption to chemical, and at the 
transition point, a maximum value of adsorption 
appears. The trend of adsorption shown in Fig. 3 

is very similar to our results, which draws our 
attention to this behaviour. The surface area of the 
specimen is 1.5cm 2. Considering a roughness 
factor of the surface of 1.6, the actual area was 
2.4cm 2. Under the assumption that hydrogen 
forms a monomolecular layer on the whole surface 
of specimen, the specimen held 3.4 x 10 is hydro- 
gen atoms, or 0.015ppm. This value which is the 
maximum value obtained from surface adsorption 
is too small to explain our experimental value, so 
it is disregarded as a possible trap mechanism. 

3. 1.4. Hydrogen trapping in the grain 
boundary 

Werner and Davis [13] found a maximum solu- 
bility of hydrogen at 250~ in cold-roUed iron, 
and they explained the phenomenon as being due 
to chemisorption of hydrogen in the lattice defects 
of iron. Werner and Davis' work suggests chemi- 
sorption in the grain boundary as a possible trap- 
ping mechanism. Fig. 4 shows grain boundary 
structures, (a) represents the microstructure of 
pure iron rod as-received while (b), the microstruc- 
ture of sample specimen after the whole experi- 
mental procedure, shows grain growth and the sub- 
grain boundary developed during the experiments. 
The area of the grain boundary including the sub- 
grain boundary was measured under the micro- 
scope and found to be 160cm2g-lFe. In order to 
calculate the number of hydrogen atoms chemi- 
sorbed in the grain boundary the following 
assumptions have been made: 

( I )  The characteristic values of the chemisorp- 
tion of hydrogen in the grain boundaries, 0, Q and 
E a were assumed to be the same as those on the 
surface, since no data were available for hydrogen 
chemisorption in grain boundaries. 

Figure 4 Microstructure of the pure iron (a) before vacuum annealing and (b) after annealing, hydrogen charging and 
analysing (X 76). 
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(2) The area occupied by one Fe atom in the 
lattice site and in the grain boundary is the same. 

(3) One hydrogen atom is absorbed onto one 
Fe atom and the grain boundary is fully covered 
by hydrogen atoms. 

With the above assumptions and assuming that 
the grain boundary has two sides with are capable 
of hydrogen chemisorption, the number of hydro- 
gen atoms chemisorbed at the grain boundary is 
4 x 1017, or 1.6 ppm. If it is assumed that the 
coverage of hydrogen in grain boundary (0) is 0.6, 
the trapped hydrogen in the grain boundary will where 
be 0.9 ppm. 

If one could prove that the peak value occurs at 
80 to 140 ~ C under the above conditions, the mech- 
anism of hydrogen trapping at the grain boundary 
is reasonable, irA, at which maximum hydrogen 
solubilibity is observed will be estimated by 
utilizing adsorption theory. 

Adamson [14] derived equations for gas 
adsorption on metals by assuming that the rate is 
proportional to the number of gas molecules collid- 
ing on the surface and at active sites; and for 
desporption rate, proportional to the vibration fie- 
quency of gas adsorbed and the number of 
adsorbed sites on the surface, respectively, as given 
in Equations 2 and 3. 

dO Nao _O)2exp(_Ea/RT ) 
Ra - dt - ( 27rMRT) v2P(1 (2) 

where R a is adsorption rate, N is Avogadro's num- 
ber, Oo is area per trap site, P is hydrogen pressure, 
E a is activation energy of chemisorption at the 
grain boundary, R is the gas constant, T is absolute 
temperature, M is molecular weight of hydrogen 
and t is time of the experiment. 

R a = 102exp( - -Q/RT)exp ( - -Ea /RT)  (3) 
TO 

where Ra is desorption rate, To is mean stay time 
of gas atom and Q is heat of chemisorption at the 
grain boundary. 

From the adsorption characteristics shown in 
Fig. 3 one can assume that grain boundary cover- 
age (0) is dependent only on adsorption rate 
because the system does not reach equilibrium at 
T < irA. The amount of hydrogen chemisorbed at Fe 

Cr 
time t can be rewritten as Equation 4 by integrat- w 
ing Equation 2. Mo 

Ni 
f t  

0 -  (4) 
1 +fit 

where 

Nao 
f3 - ( 2rrMR T) I/2 P exp (-- Ea/R T). 

If T >  TA, the system attains equilibrium. 

R a = R d . 

Equating Equations 2 and 3, Equation 
obtained 

(5) 

6 is 

0 - (6) 
l + a  

NooP ] 1/2 
a = (2rrMRT)U2- r 1/2 exp (Q/2RT). 

Since the grain boundary coverage (0) should be 
the same at TA in Equations 4 and 6, the following 
relation is established 

f t  = (7) 

Substituting a and/3 into Equation 7, Equation 8 
is derived 

T~m exp (Q/2RT + Ea/RT) 
(8) 

_ [ N o o P  ] 1/2 
t/T1'2 

0 is already obtained from our data (0 = 0.6) but 
E a can not be obtained from data available in the 
literature. Accepting Adamson's [14] assumption, 
Q/2 + E a = Q*/2 at 0 = 0.6 where Q* is the heat 
of chemisorption at the grain boundary in the case 
of 0 = 0, Equation 8 becomes Equation 9 

1/2 [ N~ ] 
Tk/4exp (Q*/2RT) = /(2,MR),,= / , o �9 (9) 

L A 
Bikerman [15] compiled data of heat of chemi- 
sorption of hydrogen (Q*) on various metal sur- 
faces as shown in Table III. For iron, the heat of 
chemisorption is 34kcalmo1-1. As the heat of 
chemisorption in the grain boundary is assumed to 

TABLE III The heat of chemisorption of hydrogen Q* 
(0 -* 0) on a clean metal surface. 

Metal Q(kcal mol -~) 

32,36,34 
45 (24)* 
45 (46) 
40 (43) 
31(29) 

*Values in parentheses  are calculated f rom Pauling's equa- 
tion. 
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I~'gure5 Temperature depen- 
dence of hydrogen solubility in 
a-Fe adding Mo at latm H~ 
pressure. 

be the same as that of surfaces, substituting this 
value into Equation 9 gives TA = 8 0 ~ C. This agrees 
very well, with our experimental data which show 
maximum hydrogen solubility at 8 0 ~ C. 

Although many assumptions are involved in de- 
veloping a relation for TA, the chemical adsorption 
of hydrogen in the grain boundary can explain the 
abnormal behaviour of hydrogen solubility below 
300 ~ C. 

3.2. The effects of alloying elements on 
hydrogen solubility in iron 

Figs 5 to 8 are hydrogen solubility against 1/T 
plots for Fe-Mo, Fe-W Fe-Cr and Fe-Ni  alloys, 
respectively. 

In Figs 5 and 6, the T A and TB increase as alloy- 

ing elements Mo and W are added to the iron. T A is 
the temperature at which maximum hydrogen 
solubility is observed, and T B is the temperature at 
which the trapping effect begins. Equation 9 indi- 
cates that if Q* increases TA should increase. From 
Table III, one finds that the heats of chemisorp- 
tion of Mo and W are much higher than that of 
pure iron, resulting in higher TA and TB values for 
these cases. The peak values of hydrogen solubility 
should be proportional to the grain boundary area 
as suggested above. Fig. 9a and b shows micro- 
structures of Fe-2 .6wt%W and Fe-3.8wt%W, 
respectively. The area of the grain boundary is 
100 cm 2 g-l-Fe which is far less than that of pure 
iron, 160 cm 2g-l-Fe. This explains well the 
relatively low hydrogen solubility for these alloy 

Figure 6 Temperature depen- 
dence of hydrogen solubility in 
a-Fe adding W at latm H~ 
pressure. 
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~'gure 7 Temperature depen- 
dence of  hydrogen solubility in 
c~-Fe adding Cr at lat in H 2 
pressure. 

systems compared to that of pure iron. T A and 
TB for Fe-Cr  alloys are very similar to those for 
pure iron as shown in Fig. 7 except that the maxi- 
mum value is slightly lower. The heat of chemi- 
sorption for Cr of 45 kcal tool -1 and 24 kcal tool -x 
are reported (see Table III). 

If the medium value is taken, one may think 
that this value is very close to that of iron. Again 
observation of the Fe-Cr system is further sup- 
port for the hydrogen chemisorption mechanism 
in the grain boundary. 

In Fig. 8 hydrogen solubilities for Fe-Ni  alloys 
are given. T A and T B increase while Q* is less than 
that for pure iron. For this case the shifts of T A 
and T B cannot be explained by the above argu- 
ment. However, the low solubility at T A was due 

to small grain boundary area for these alloys. The 
grain boundary area for Fe-2.2Wt%Ni alloy in 
Fig. 9d was about 100cm2g-l-Fe which is much 
smaller than that of pure iron, 160 cm 2 g-l-Fe.  

4. Conclusions 
(1) For fully annealed pure iron, hydrogen solu- 

bility was measured at 25 to 500 ~ C at atmospheric 
pressure. The hydrogen trapping phenomenon 
starts at 300~ (TA) and the maximum solubility 
of hydrogen (TB) is observed at 80 ~ C. The amount 
of hydrogen was 0.9 ppm. The hydrogen trapping 
phenomenon is interpreted as hydrogen adsorption 
in the grain boundary. 

(2) Mo, W and Ni increase T A and TB while Cr 
does not change the critical temperatures. These 

Figure 8 Temperature depen- 
dence of hydrogen solubility in 
(~-Fe adding Ni at latm H~ 
pressure. 
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Figure 9 Microstructures of the specimen after vacuum annealing, hydrogen charging and analysing (a) Mo 2.6 wt%-Fe, 
(b) W 3.8 wt%-Fe, (c) Cr 2.0 wt%-Fe and (d) Ni 2.2 wt%-Fe (X 80). 

phenomena, except Ni, can be explained by the 

change of  heat of  chemisorption of  hydrogen by 

these elements. 

(3) The maximum hydrogen solubility is 

decreased by adding alloying elements, Mo, W, Ni 

and Cr. This is discussed through the reduction of  

the grain boundary area as alloying elements are 

added. 
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