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1.0    ABSTRACT 

The development of methods to control the diffusible hydrogen content during high strength 
steel welding was performed. The perfection of the use of irreversible weld metal hydrogen traps was 
demonstrated. Efforts have effectively alleviated the available diffusible hydrogen, and thus the 
susceptibility of hydrogen assisted cracking, by the use of ferro-yttrium additions to the welding 
consumable. The range of welding parameter for the most effective use of yttrium as a hydrogen 

getter was determined. 

The investigation of the influence of retained austenite on cracking susceptibility was also 
investigated. Issues regarding the amount of acceptable retained austenite and its tendency to release 
hydrogen upon changes of service temperature and stress were evaluated. 

The development of an advanced measuring apparatus for diffusible hydrogen content based 
on electronic, optical, and magnetic property measurements was investigated. The effort is searching 
for a rapid and accurate determination for both diffusible hydrogen content and distribution. This 
investigation used the instrumentation acquired during the DURIP grant program. Optoelectronic 
property measurements of color shifts in W03, which was attached to the steel in the form of a thin film 
detector, have successfully measured the diffusible hydrogen content of higher strength steel 
hydrogen contents. Preliminary results have also illustrated that both magnetic property and thermo 
electric (Seebeck) coefficient measurements can also be used to assess hydrogen issues in steel. The 
Seebeck coefficient appears to offer the most convenient and rapid determinations of diffusible 

hydrogen content. 
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3.0 INTRODUCTION 

High strength low alloy (HSLA) steels are known to be susceptible to hydrogen cracking. As the 
strength increases, so does the risk of hydrogen assisted cracking (HAC) after welding. The hydrogen 
assisted Cracking in HSLA steel welds is considered to take place when all the necessary conditions 
for cracking are satisfied simultaneously. These conditions include the combination of unacceptable 
diffusible hydrogen content, high restraint tensile stress, high hardness or a susceptible 
microstructure, and a temperature ranging between -50 and 100 °C (1,2, 3). The main goal to make a 
HAC resisting high strength steel weldment is to reduce the amount of diffusible hydrogen. Common 
practice to reduce hydrogen cracking in high strength steel welding is the pre- or post- weld heat 
treatment. This practice is cost intensive and, in some critical cases, not effective. Alternative methods 
based on metallurgical principles have been studied both for technological and economic merits. 

Irreversible weld metal hydrogen traps have been demonstrated to be effective in managing 
diffusible hydrogen content, and thus the susceptibility for hydrogen-assisted cracking. Ferroyttrium 
additions to the weld pool have significantly reduced the diffusible hydrogen content. The effort to fully 
characterize the influence of the welding parameters on yttrium transferability across the welding arc 
and on hydrogen trapping behavior in the weld deposition was performed. This information is 
necessary for a promising technological transfer from this R&D approach to the practical development 
of welding consumables. 

The efforts to characterize and model the role of retained austenite in the higher strength steel 
weld metal in storing and supplying diffusible hydrogen, as well as to assess the associated issue of 
mechanical integrity was performed. 

The successful efforts in developing a diffusible hydrogen sensor that increased the measuring 
efficiency by reducing test time and by allowing diffusible hydrogen testing were performed on the 
steel welds. Electronic property measurement techniques have shown that even further advances can 
be made for both rapid diffusible hydrogen content and distribution determinations associated with 
steel weldments. The Seebeck coefficient has been correlated to the diffusible hydrogen content in 
materials, allowing for very portable, but accurate, hydrogen measurements to be made on fabricated 
steel structures. The electronic property measurement equipment is now in place, resulting from our 
recent DURIP instrumentation grant received from the U.S. Department of Defense. 

4.0 METHODS DEVELOPED AT CSM TO MINIMIZE HYDROGEN 
DAMAGE BY HYDROGEN MANAGEMENT 

4.1 Fundamental Aspects of Hydrogen Trapping in Steel Weld Metal 

Hydrogen trapping is a phenomenon where various microstructural features in steel have an 
attractive interaction with hydrogen. Such an interaction is originated due to the energetically favorable 
condition for hydrogen to reside in the trap sites rather than in the lattice sites. As depicted in Fig. 1, 
the free energy of the hydrogen-steel system is lower as hydrogen atoms reside at the trap sites rather 
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than at the lattice sites. The attractive interaction can be quantified by the binding energy, which is the 
difference between the two free energy values shown in Fig.1 (EB= GL - GT). 
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Fig. 1. Illustration of energy levels for normal (lattice) sites (GO and trap sites (GT). 

The binding energy between a trap site and a hydrogen atom causes a partitioning of the total 
hydrogen between the lattice sites and the trap sites. This partitioning can be calculated by means of 
thermodynamics principles and represented by the equilibrium fractional hydrogen occupation at the 
trap site, or hydrogen concentration at the trap site. The temperature dependency of the equilibrium 
fractional hydrogen occupation, fa,t follows the Fermi-Dirac statistics, according to Eq. (1) 

req 
(T(t\) =   cLexp(-EB/RT) 
V K)f   l + cLexp(-EB/RT) Eq(D 

where cL, is the lattice hydrogen concentration, while R and T have their usual meanings. Temperature 
is denoted as T(t) to emphasis its time dependency, considering a transient condition such as that in 
welding thermal cycle. In equilibrium conditions, cL is equal to the solid solubility 9. The solubility 
equation reported by Quick and Johnson (4), which covers a broad range of temperatures (282 to 910 
°C), was selected: 

ö(r(0) = -^- = 0.00185^*exp(-3440/r(0) Eq(2) 

where pressure P is in atmosphere. For an open system, the variation of fa, with temperature, for 
various kinds of trap sites can be calculated, as shown in Fig.2. A trap with a high binding energy is 
capable to capture and to hold hydrogen atoms at higher temperatures than those traps having a 
lower binding energy. Hydrogen partitioning by a strong trap site occurs at high temperatures, during 
the course of welding cooling cycle. Such a partitioning can accelerate the reduction of diffusible 
hydrogen content in steel weldment, which therefore could minimize local accumulation of hydrogen at 
regions of stress concentration. 
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Fig.2. Equilibrium fractional occupation of hydrogen at trap sites, fa. 
Calculations was done for atmospheric PH2 = 0.0545 Pa. The binding 
energies for dislocation, AIN, TiC, Nd trap sites are 60, 65, 95, and 129 
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4.1.1 Theoretical Evaluation of Hydrogen Trapping 

A theoretical study has been conducted to calculate the variation of diffusible hydrogen during 

welding thermal cycles, when trap sites are present in steel weld metal. With these calculations, the 

role of strong trap sites to expedite reduction of diffusible hydrogen without an extensive heat 

treatment can be theoretically explored. Variation of diffusible hydrogen was assumed to be a result of 

hydrogen degassing out of weldments, in addition to hydrogen trapping by a prescribed trap site. 

During a thermal cycle, diffusible hydrogen in a weld sample always reduces by degassing out of the 

weld sample, during either heating or cooling, until its content reaches the solid solubility at a 

temperature of interest. Diffusible hydrogen degassing out of the weld sample is governed by Fick's 

equation: 

<?cL/a = v.(DVcL) Eq(3) 

There is a wide range of data for diffusion coefficients that have already been reported. The 

diffusion coefficients reported by Quick and Johnson (4) and by Nelson and Stein (5) is selected. In 

general, the diffusion coefficient follows the Arrhenius form of equation: 

The simplest numerical solution of Eq. (4) has been derived by Pavlick et. al [2] as 

Eq(4) 



dHL=-(HL-Heq\D.K.dt Eq(5) 

where, for rectangular shaped specimen   £=—+—+— to- . l      l      l  1.2 
„2       J.2       „2 a      b      c 

The early mathematical model for hydrogen capture and release by a trap site is the McNabb 
and Foster equation (5): 

a 
where, (ft is the fractional hydrogen occupation or the hydrogen concentration at trap sites (0 <<j>< 1), cL 

is the lattice hydrogen concentration (diffusible hydrogen), while K and p are the capture and the 

release rate respectively. Following Oriano (7)p = RcexA—-^ ' with R° and ET as the release rate 

1   XT)* 
constant and the activation energy for hydrogen release respectively. Also, K = K exp  with 

K° and Es as the capture rate constant and the activation energy for hydrogen capture respectively. Es 

and ET are related to binding energy EB by the equation Ef=EB + Es. 

During a welding cooling cycle, the hydrogen capture is the predominant interaction between 
hydrogen and the trap sites. In this study, Equation (6) was modified to establish the governing 
equation used for hydrogen capture during the cooling cycle. The mobility term was only represented 
by the capture rate .tf.expi-Es/RT), and driving force by cL\4*rfa as written below 

d<j> = iT.expf-M(^ -$)cL.dt Eq(7) 

Inclusion of the equilibrium concentration of hydrogen at trap sites ($>,) in the above equation is 
to ensure that capture of hydrogen ceases when the actual concentration is equal or higher than the 
equilibrium concentration. The capture rate constant, K°, was set equal to 100 lattice site/at H.sec and 
the activation energy for hydrogen capture, Es, equal to the activation energy for hydrogen diffusion in 
the lattice (Es= 7 kJ/mol). 

A typical calculation of partitioning of hydrogen during a welding cooling cycle is shown in Fig. 3 
for a trap site with a binding energy of 100 kJ/mol-H. An abrupt change of slope can be observed in 
the diffusible hydrogen content right after the martensite start temperature, Ms, of the weld metal. This 
abrupt change is because hydrogen transports in austenite and in ferrite are significantly different. In 
this study, Martensite start temperature was used to indicate phase transformation during the cooling 
cycle. The calculation should work as well for other transformation products, namely bainite and ferrite. 



This model showed that the diffusible hydrogen content (cL) of the weld metal containing traps is 

predicted to be lower than that of the steel without traps. The kinetics of hydrogen capture can be 

more clearly explained from Fig. 3.b., which shows the equilibrium trap occupancy f^), the actual trap 

occupancy ($, and the rate of hydrogen capture (dj/dt). The hydrogen capture rate depends both on 

hydrogen diffusivity and the driving force for hydrogen capture {fa-®- It can be seen that a sudden 

increase in the rate of capture always follows the occurrence of martensite phase formation, where 

both capture rate determining factors are maximized. 
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The model was developed to set a criterion and suitable conditions for the selection of traps that 

prevent HAC in high strength steel weldment. Proper trap additions should reduce the diffusible 

hydrogen rapid enough so that, during the cooling cycle, the diffusible hydrogen level at cracking 

susceptible temperatures (100-300 °C) is below the critical limit. The model demonstrates that this 

requirement can be achieved with proper combination of several factors such as martensite start 

temperature of the weld metal, trap-binding energy, trap concentration, and welding cooling rate. 



The diffusion of hydrogen in the austenite phase is very slow, so that the hydrogen cannot be 

effectively captured or removed from the weld metal until the martensite temperature is reached. The 

lower the martensite start temperature, the more time is available for the hydrogen to remain in the 

weld metal interstitial sites. However, low martensite start temperature also means that the available 

temperature range for effective hydrogen diffusivity and trapping in the ferrite phase becomes 

narrower, and the suppression of diffusible hydrogen content trapping becomes less effective. The 

extreme situation is depicted in Fig. 4 for the case of weld metal possessing a martensite start 

temperature of 300 °C. The advantage of using a trap with higher binding energy, i.e., higher capture 

rate, is then obvious for this very narrow temperature range. However, the employment of high 

binding energy traps for a high martensite start temperature weld metal can lead to a situation where 

the trapping capacity will be wasted in high temperature regions. This behavior can occur even when 

the hydrogen diffusivity provides a high potential for easy hydrogen removal from the weld metal. 

Therefore, the selection of hydrogen traps must consider other factors than just the weld metal or 

consumable alloying contents. 
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Fig. 4. Summary of diffusible hydrogen content at Fig. 5. Summary of diffusible hydrogen content at 
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hydrogen content is 15 ml/100g-metal. EB = 100 content is 15 ml/1OOg-metal. Ms = 400° C, EB = 100 
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Conventional hydrogen management usually applies proper heat treatment or sufficiently low 

cooling rate to provide easy hydrogen removal from the weld and to form a microstructure resistant to 

HAC. In the case of weld metal containing trap sites, a certain rate of cooling is also necessary to 

allow sufficient hydrogen capture time before the temperature reaches 100 °C. In the present 

calculation, the cooling rate is assumed to occur naturally and relatively fast, so that sufficient 

hydrogen removal by lattice diffusion alone cannot be obtained. The effect of cooling rate, shown in 

Fig. 5, appears to be similar to that of the martensite start temperature. A very fast cooling rate, such 

as a rate with Atm equal to one second, does not permit enough time for hydrogen to leave the weld 

metal or jump to trap sites. On the other hand, at a slightly slower cooling rate, the presence of traps 
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may yield a low diffusible hydrogen content at 100 °C and alleviate the tendency for weld metal HAC. 
This prediction shows the potential use of traps, substituting for the tight heat treatment procedure 
necessary for high strength steel welding. 

In summary, a trap site should have a high binding energy to allow rapid hydrogen capture, 
especially, in cases where the martensite start temperature is low. A high binding energy also 
minimizes release of hydrogen from trap sites during multi-pass welding. Depending on the 
concentration of trap sites and their binding energies, a minimum cooling rate, which depends on traps 
binding energy and trap density, is still required to achieve diffusible hydrogen content below the 
critical limit. However, this minimum cooling rate is still predicted to be faster than those rates of most 
conventional heat treatments used to prevent HAC in steel weld joints. 

4.1.2 Hydrogen Thermal Desorption Analysis 

Experimental evaluation of potential trap sites as well as assessment of their hydrogen trapping 
parameters can be done with hydrogen thermal desorption analysis. This measurement technique 
analyzes the release of hydrogen from various trap sites during a constant rate heating of the weld 
samples. The methodology applied in this analysis provides an easy way to evaluate a specific trap 
without excessive interference from other traps coexisting in the weld samples. As shown in Fig. 6 the 
apparatus comprises a temperature-controlled furnace and a fused silica tube wherein the weld 
sample is heated at constant rate heating and under constant argon carrier flow. The optimum argon 
flow through the fused silica tube, for the most heating rates applied, was found to be 10 ml/min. After 
leaving the fused silica tube, the sample gas (argon and hydrogen) is fed into a simple gas 
Chromatograph for quantitative analysis. In the gas Chromatograph, the gas sample enters the thermal 
conductivity detector (TCD). This detector produces a milli-voltage range output signal when a sample 
gas, with a different thermal conductivity than the carrier gas, passes through. 
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Fig. 6. Apparatus for the hydrogen thermal desorption analysis. 



As simply explained by the Fermi-Dirac thermo-statistics, upon a heating process, hydrogen will 

be released from the trap sites with a rate dictated by the derivative of the fractional occupation of 

hydrogen with temperature, as shown in Figure 7. The desorption rate of hydrogen from a weak trap 

will have a peak at a lower temperature than that of a strong peak. A typical hydrogen desorption from 

commonly known weak traps in steel, such as dislocations and microvoids, is shown, for 4 °C/min 

heating rate and 2.5 mm thick AIS11005 steel sample, in Figure 8. Dislocation and microvoids have a 

desorption peak around 150 °C and 400 °C, respectively. These peak temperatures are in good 

agreement with results reported by other investigators (8,9) 
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Fig. 8. Hydrogen thermal desorption ofAIS11005 steel (4 °C/min) 
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In order to trap hydrogen during welding cooling cycle, a strong trap has to be able to get to 

saturation high above 100 °C. From the equilibrium fractional occupancy, in Figure 2, the trap site has 

to possess a binding energy at least similar to that of AIN, which should have a desorption peak at 

least 500 °C, upon slow heating. 

The hydrogen thermal desorption of yttrium containing high purity iron weld metal is shown in 

Figure 9.a., while that for HSLA 100 steel weld metal is in Figure 9.b. Also shown in these figures are 

hydrogen desorption of reference samples (Ref in Fig. 9.a and HSLA base in Fig. 9.b), which did not 

contain yttrium. Both hydrogen thermal desorptions were obtained after the measurement of diffusible 

hydrogen. They show the presence of hydrogen desorption with peaks at 600 °C and at 800 °C at 

4°C/min (550 and 750 °C at 3°C/min). These desorptions indicate the presence of two kinds of strong 

trap sites in the weld metal. These desorptions also show that the reduction of diffusible hydrogen 

occurs because part of the total hydrogen was partitioned to the trap sites. Identification of the trap 

sites present in the weld samples with electron microscopy and X-ray diffraction analysis led the 

authors to a conclusion that the 600 °C desorption peak originated from Y203 inclusions and the 800 

°C peak from Fe2Y second phase. Details of the trap site identification are presented in another 

articles (10). 

The hydrogen thermal desorption analysis has shown the high binding energy of the rare earth 

metal associated trap sites, as indicated by high desorption peak temperature. It also shows the 

potential use of the rare earth metal additions to provide accelerated reduction of diffusible hydrogen 

during welding cooling cycle. However, evaluation of these trap sites needs to be further pursued to 

assess the kinetics aspects of hydrogen release and trapping of these trap sites. The binding energy 

only relates to the driving force of the hydrogen capturing, but not the rate. 
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600 ppm addition in the weld metal, (a), high purity iron base metal (4 °C/min) (b). HSLA naval steel base 
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During heating, hydrogen release from trap sites is the predominant process. Hydrogen capture 

may actually occur but to much less extent. Therefore, for a heating cycle, hydrogen release is 

predominant and Equation (4) can be modified and simplified as written below 
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d$ = Rc.exp 
Ej 

If )(t-<t>eM Eq(8) 

In the above equation, hydrogen release is governed by the mobility term F?.exp(-ET/RT) and 

the driving force (f-fieq)- 

A typical result of calculated hydrogen desorption is shown in Fig. 10.a., for a steel sample 

containing two kind of trap sites, with their respective 60 and 100 kJ/mol-H binding energy. This 

calculation, for a 5 mm thick sample heated at 4 °C/min rate, assumed the same release rate 

constants for the two trap sites, which was equal to 100 sec-1. The activation energies for hydrogen 

release, for both traps, were assumed to be 10 kJ/mol higher than the corresponding binding energies. 

The hydrogen partial pressure in testing atmosphere was set equal to a common atmospheric value of 

0.05 Pa (0.5 ppm). This calculation clearly shows that the peak of hydrogen desorption occurs at a 

higher temperature if the trap binding energy is higher. 

Fig. 10.b. shows the variation of equilibrium ^and actual ^ hydrogen concentrations at trap 

sites with temperature. Unlike in Fig. 2, the equilibrium concentrations $*, was calculated based on the 

actual (supersaturated) lattice hydrogen concentration cL, instead of hydrogen solubility 0, in Equation 

Eq (2). There is a large temperature lag between the equilibrium concentration and the calculated 

hydrogen desorption. The temperature lag becomes larger if the hydrogen release rate constant Rc is 

smaller. 
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Fig. 10. (a). Calculated hydrogen desorption of a steel sample containing trap sites with 60 and 100 kJ/mol-H 
binding energies. Heating rate at 4° C/min, rate release constant 100 sec'1, 5 mm thick sample, and 0.05 Pa 
hydrogen partial pressure, (b).Equilibrium (fe) and actual ($ trapped hydrogen concentrations during hydrogen 
desorption for trap I (60kJ/mol) and trap II (100kJ/mol). fa was calculated with diffusible hydrogen content (CL), 

instead of with hydrogen solubility (0). 

4.1.3 The Search and Identification of Potential Trap Sites 

Several researchers have proposed and explained the origins of hydrogen interaction with trap 

sites. One of the origins is elastic tensile stress field (11). Elastic tensile stress field is thought to be 
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the main origin of binding energy for dislocations and grain boundaries. Precipitates may also possess 

such an origin as a part of their binding energy, depending on the degree of coherency at their 

interfaces with the matrix. The rest of the values of binding energies, especially for precipitates and 

inclusions, originated form electronic interactions between hydrogen atoms and the trap sites. Troiano 

(12) gave one of the earliest explanations for such an electronic interaction. In his theory, the electrons 

of the hydrogen atoms will increase the electronic density state of the d bands of transition metals, 

increasing the repulsive forces between atoms. Any defect that introduces an electron vacancy in the 

iron d-shell electron level is thought to attract hydrogen to achieve local neutrality. For solute atoms in 

iron, attractive interaction with hydrogen will then exist when the impurity is located to the left of iron in 

the Periodic Table. On the other hand, solute atoms, which lie to the right of iron, will be characterized 

by repulsive interactions with hydrogen. Similar trends were also found for inclusions by Eberhart 

(13), using electronic structure calculations. Inclusions that contain transition metals far to the left of 

iron in the Periodic Table will be strong traps. 

Experimentally, the above hypothesis for electronic interaction between hydrogen and trap sites 

can be demonstrated in the light of hydrogen thermal desorption analysis. Fig. 11 shows the hydrogen 

thermal desorption of AIS11005 steel weld samples containing manganese and titanium respectively. 

The weld samples were prepared by using gas metal arc (GMA) welding and with addition of hematite 

(Fe203) powders. The addition of hematite was intended to as much as possible form oxides of 

manganese or titanium. The weld sample containing titanium released hydrogen at temperatures as 

high as 650 °C desorption peak, while the sample containing manganese did only up to 500 °C. This 

preliminary investigation demonstrated that titanium formed stronger hydrogen traps than manganese 

does. These results are in agreement with the hypothesis discussed above. 
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Fig. 11. Hydrogen thermal desorption of AISI 1005 steel weld 
samples containing manganese and titanium, respectively (4 
°C/min). The weld samples were GMA welded with addition of 
hematite powders. 

Titanium will certainly serve as a good candidate for a potential hydrogen trap site. Titanium 

carbide has been investigated by many researches and has been found to be a very strong trap site, 
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with a binding energy of 98 kJ/mol-H. On the other hand, titanium oxide, as the most probable form of 
titanium bearing inclusion in high strength steel weldment, has not been well investigated. Such an 
investigation will certainly beneficial for hydrogen management in high strength steel welding. 
Titanium also has a beneficial, but very sensitive, effect on the weldment mechanical integrity (14). 
Titanium oxide always reduces the Charpy impact transition; but a slight change in its content changes 
the transition temperature much more than some other oxides do. This change in transition 
temperature may indicate that slight change in titanium oxide content drastically change the weld 
microstructure. Among Ti02, Zr02, Al203, Ce02, and Y203 additions in welding electrode coatings, 
Y203 resulted the least change in the transition temperature. When added up 10 pet. additions, Y203 

maintained a constant transition temperature of approximately -35 °C. Besides titanium oxide, yttrium 
oxide is the only oxide addition that did not increase the weldment transition temperature (14). 

4.2 Rare Earth Metal Additions to the Weld Metal 

An experimental study to investigate the role of hydrogen trapping, especially strong traps, in 
high strength steel welding was carried out by adding rare earth metal to the weld metal. These 
additions were made during gas metal arc (GMA) welding using metal-cored wires. The selected rare 
earth metals were neodymium and yttrium, which were inserted into the metal-cored GMA-wire 
consumables in powder form of iron-neodymium and iron-yttrium compounds, respectively. The 
powder size selected for the wire manufacturing was between -35 to -70 mesh. 

Initial results were obtained from the measurement of diffusible hydrogen contents of the 
corresponding weld samples when GMA welded 0.5 pet. hydrogen contamination in the argon 
shielding gas. Welding parameters were adjusted for different wires to maintain a constant heat input 
of 1.5 kJ/mm. The diffusible hydrogen measurements were conducted according to the AWS 
specification (ANSI/AWS A4.3-93). 

Figure 12.a. shows the amounts of diffusible hydrogen of samples welded with selected wire 
consumables, each resulting 150 ppm neodymium and 600 ppm yttrium addition in the weld metal. 
The result for high purity iron base plate and mild steel wire formulation demonstrated the expected 
reduction of diffusible hydrogen relative to a reference weld sample, which was free from such 
additions. Up to 50 pet. reduction in diffusible hydrogen by 600 ppm yttrium addition in the weld metal 
was obtained. The content of the elemental addition in the weld metal was measured by the 
inductance coupled plasma technique after digesting about 200 mg weld sample with concentrated 

acid mix. 

Similar results were obtained when welding the same wires on HSLA 100 steel, as shown in 
Figure 12.b. Dilution of the alloying element from the HSLA 100 steel base plate was thought to 
reduce the transformation temperature from austenite to ferrite in the corresponding weld samples. As 
a consequence of the high solubility and the low diffusivity of hydrogen in austenite, higher content of 
diffusible hydrogen in the HSLA weld samples was apparent when compared to the high purity iron 
weld samples. However, the reduction capacity offered by 600 ppm. yttrium addition remained the 
same, which was 50 pet. 
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Fig.12. Diffusible hydrogen content of weld metal GMA welded with with mild steel 
formulated metal coned wires containing trap additions and 0.5 pet. H2 in argon 
shielding gas. (a), high purity base metal (b). HSLA naval steel base metal. 

Further diffusible hydrogen measurements using only yttrium added metal cored wire are shown 

for two levels (1000 and 2000 ppm) of addition in Figure 13. This set of measurements also utilizes 

welding parameters which yields 1.5 kJ/mm but with 0.1 pet. hydrogen contamination in the argon 

shielding gas. Figure 13 clearly shows the direct proportionality of diffusible hydrogen reduction with 

higher amounts of yttrium. Almost 90 pet. reductions can be achieved when welding with the wires that 

yield 2000 ppm in the weld metal. These results imply that addition of yttrium can be tailored to 

achieve a specific target value of reduction of the amount of diffusible hydrogen, as long as the other 

aspect of mechanical integrity of the weld joint is not severely affected. 

Fig. 13. Diffusible hydrogen content of HSLA steel 
weld sample GMA welded with mild steel 
formulated metal cored wires containing yttrium 
additions and with 0.1 pet H2 in argon shielding 
gas. 

Hydrogen Trap Addition in Metal Cored Wire (wt. %) 
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Diffusible hydrogen measurements have effectively demonstrated the potential use of a 
hydrogen trapping concept in the hydrogen management of high strength steel welding. However, this 
measurement cannot distinguish the performance of a strong trap site from a weak strong trap. The 
ice water quenching procedure stipulated by the AWS specification does not enable one to evaluate 
the hydrogen trapping performance of individual trap sites in the weld sample, especially above the 
critical hydrogen cracking temperature (100 °C). Any kind of trap will perform well in such a condition. 
The accelerated reduction of diffusible hydrogen that is expected from the use of a strong trap can not 
be evaluated by the simple diffusible hydrogen measurement. 

An ideal measurement technique for this study would be a continuous measurement of 
degassed hydrogen from the weld sample immediately after the completion of the welding process. 
However, construction of such a system will have to wait until a more versatile hydrogen detectors are 
ready for field welding use (15). 

Further evaluation of the rare earth metal additions was carried out in the light of hydrogen 
thermal desorption analysis. Hydrogen thermal desorption analysis was used to show that the 
reduction is directly associated with the hydrogen trapping of the rare earth metal additions in the weld 
metal. It also served the purpose of showing the strength of the trap sites in interest, as a direct 
indication of its capacity to provide accelerated reduction of the diffusible hydrogen. 

Yttrium addition was investigated because it is possible that variation of yttrium oxide content in 
weldment does not drastically change the microstructure. If this situation is true, yttrium addition can 
be tailored to achieve certain target of diffusible hydrogen reduction. The same expectation is, of 
course, true for titanium. Other aspects of beneficial effects from yttrium addition in steel have been 
sufficiently investigated (16,17) 

Hydrogen thermal desorptions of selected AISI 1005 steel weld metals containing various 
densities of yttrium oxide are shown in Fig. 14. The reference sample (C) did not contain yttrium. The 
variation of yttrium oxide densities in the yttrium containing weld metals (A and B) was obtained by 
varying the oxygen content of the GMA welding shielding gas, while maintained the same level of 
yttrium addition. Sample A was welded with pure argon gas and sample B with 2 pet. oxygen and 
argon balance. Three distinctive hydrogen desorption peaks were identified, which are 420, 600, and 
800 °C. 

To identify the origin of the three hydrogen desorption peaks in Fig. 14, the three samples were 
analyzed for their x-ray diffraction patterns. As shown in Fig 15, sample C only exhibited the diffraction 
pattern of iron matrix. Sample A showed the intensities of bec iron as well as Fe2Y second phase. In 
sample B, the intensities of Fe2Y second phase are reduced, while other intensities, which are belong 
to Y203, significantly emerged. A. Similar trend in amplitude variation was easily observed from the 
hydrogen desorption peak at 600 °C between the two samples. Briefly, it was concluded that Y203 

release hydrogen at 600 °C and Fe2Y does at 800 °C desorption peak temperatures. The peak at 420 
°C was most probably originated from micro-voids. 
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Fig. 14. Hydrogen thermal desorption of selected AISI 100 steel weld 
metals containing various densities of yttrium oxide trap sites, starting 
from zero (C:Ref.), to roughly 50 pet. Y203 and 50 pet. Fe2Ytrap sites (A), 
and finally to roughly 75 pet. Y203 and 25 pet. Fe2Y trap sites (B). 

Fig. 15. X-ray diffraction pattern from 
selected bulk AIS11005 steel weld samples 
in Fig. 14: (A), sample A (50 pet. Y203 and 
50 pet. Fe2Y trap sites ). (B).sample B (75 
pet. Y2Ö3 trap sites), and (C) sample C:Ref 

The high desorption peak temperatures observed from the yttrium containing weld samples, 

indicated that these corresponding trap sites are strong hydrogen traps. To implement the use of these 

trap sites in the design of welding consumables and practices, their hydrogen trapping parameters 

have to be assessed. Even though Fe2Y exhibited stronger trapping potential, further investigation 

focused only at Y203 because oxide is the more probable form that can be implemented in 

construction welding. 

4.2.1 Assessment of Hydrogen Trapping Parameters 

Kissinger's analysis (18) was used to obtain the activation energy for hydrogen release (ET). 

The useful equation which was derived in this analysis is: 
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where X is the heating rate, and Tc is the desorption peak temperature. This analysis deduced the 

activation energy for hydrogen release, ET, through the slope of an Arrhenius plot between In (A/Tc
z) 

and (1/TJ. The Arrhenius plot was generated after recording the hydrogen desorption peak 

temperatures (TJ of specific trap sites at different rate of heating (X). 

Five heating rates were applied to high purity iron weld samples containing yttrium to obtain 

sufficient data for the Arrhenius. Hydrogen desorption of the sample from three heating rates is shown 

in Fig. 16. The Arrhenius plot for each trap site in the weld sample is shown in Fig. 17. 
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Fig. 16. Hydrogen desorption of yttrium-containing high purity iron weld 
sample, for three different heating rates (2,4, and 6 °C/min) 
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An activation energy for hydrogen release (ET) of 85 kJ/mol-H was obtained for Y203. This value 

was used as starting point for subsequent curve-fitting based on numerical solutions of Equations (5) 

and (9). The curve fitting was done for the actual hydrogen desorption curve of weld sample that was 

predominated by Y203 trap sites, namely sample B in Fig. 14. The curve fitting was performed to 

assess a more accurate value of ET , as well as other hydrogen trapping parameters which affect 

hydrogen release during heating cycles. These parameters are the binding energy (Es) and the 

release rate constant Ff. A lengthy procedure and criterion has been formulated to minimize the 

interdependency of these parameters in the curve fitting process. The best curve fitting, with the 

corresponding hydrogen trapping parameters is shown with the actual hydrogen desorption in Fig. 18. 

The fitted curve did not cover the left hand side of the hydrogen desorption because this side 

overlapped with hydrogen desorption of micro-pores. Similarly, the right hand side overlapped with the 

Fe2Y desorption. 
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Fig. 18. Measured and calculated hydrogen desorption of Y203trap sites in AISI 
1005 steel weld sample, at 4° C/min heating rate (refined curve fitting). The 
calculation was done forET = 80 kJ/mol-H, EB = 70 kJ/mol-H, and F? = 60 sec 

The remaining hydrogen trapping parameters to be found were those parameters associated 

with hydrogen capture. The activation energy for hydrogen capture, Es, was easily deducted from the 

difference between ET and EB, which were already assessed {Ef=EB+Es). The final parameter, the 

capture rate constant (K°), was obtained by selecting a sample that contained mostly Y203 trap sites 

(sample B in Fig.). The sample was hydrogen charged at one atmosphere partial pressure of hydrogen 

and at 350 °C, for different times from 10 to 150 minutes. After charging, the sample was rapidly 

heated up to 1000 °C, for a hydrogen desorption measurement. In this measurement all hydrogen 

desorption was assumed to be coming from Y203 trap sites. A reference sample (C in Fig. 14) was 

also treated identically to provide a background subtraction for noises, particularly that came from 

micropores. The amounts of hydrogen desorption were the area under the hydrogen desorption curves 
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Fig. 19 shows the amount of hydrogen desorbed during rapid heating for the selected sample 

and for the reference sample at different annealing time. The amount of hydrogen concentration at the 

Y203 trap sites were approximated by subtracting the area of desorption curves, obtained from the 

Y203 containing samples (sample B), with that area from the reference samples (sample C). 

Mathematical description for the time dependence of hydrogen occupation at trap sites, such as 

that plotted in Fig. 20 can be derived by integrating Equation (9) with respect to time. 
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The values of the activation energy for hydrogen release, £s, and the equilibrium concentration 

at trap site fa (which is a function of binding energy, EB), as well as hydrogen solubility, cL = 9, have 

been determined. Therefore, the last trapping parameter, the capture rate constant (K°), can be 

deduced form the slope of -ln( fa-(p) plotted as a function of time. At T = 350° C (623K) and pH2 = 1 

atm., cL was calculated to be equal to 2.45x10-6 (at.H/lattice site), ^was 0.633, and exp(-Es/RT) was 

equal to 0.145. Assuming that hydrogen charging for 150 minutes saturated the Y203 trap sites up to 

fa equal to 0.633, the variation of In^^ at Y203 trap site as a function of time can be plotted in Fig 

20. The hydrogen capture rate constant K° at Y203 was then found to be equal to 345 (lattice site/at 

H.sec). However, if cL i6 expressed in at H/cm3 iron, the capture rate constant K° becomes 1.36x10"21 

(cm3/at H.sec). 

In summary, the assessment of hydrogen trapping parameters for Y203 trap site is listed in 

Table 1. Quantitatively,Y203 is still considered a good candidate for the purpose of safe welding 

conditions from HAC, despite the fact that its binding energy is not extremely high. The relatively low 

value of activation energy for hydrogen capture (Es), as well as high value for the hydrogen capture 

rate constant (Ff) would be more than enough to compensate the Y203 limitation in its value of 

trapping binding energy. One would better appreciate the potential of Y203 if its hydrogen trapping 

parameters can be compared with those of other inclusions. Unfortunately, only very limited numbers 

of investigators (19, 20) that attempted to assess complete information of such hydrogen trapping 

parameters. There are also many difficulties in this comparison because other investigators used 

different experimental techniques. In some cases, definition and basic assumptions of the trapping 

parameters differ among these investigators. 

Table 1. Summary of hydrogen trapping parameters 

Trap Sites 

Activation energy for hydrogen release (ET) 

Binding energy (EB) (minimum value) 

Saddle point energy (Es) 

Release rate constant (Rc) 

Capture rate constant (K°) 

Y203 

80 ± 5 kJ/mol-H 

70 + 5 kJ/mol-H 

10±5kJ/mol-H 

60±10sec" -1 

345 + 5 (lattice site/at H.sec) 
or lMxl^1_fem*/atKs©c)i„ 
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4.3 Influence of Welding Parameters on the Hydrogen Trapping 
Effectiveness of Rare Earth Containing Welding Consumables (In 
Progress) 

The development of welding consumables that introduce irreversible trapping elements into the 
weld pool to control the diffusible hydrogen has performed. This research has identified the effects of 
specific rare earth metal additions and demonstrated an ability to achieve very low weld metal 
hydrogen content, when introduced to weld pool in form of ferroaddition. Among these elements, 
yttrium was selected as the best candidate for trapping addition due to both its ease of 
manufacturability and its trapping irreversibility. Metal-cored wires with trapping additions have been 
made at CSM and have been evaluated for hydrogen control as function of the welding parameter. 
This work fully characterized the effects of voltage, current, travel speed, and polarity. As well as, the 
effects of oxygen levels on the yttrium transferability across the arc and on the resulting diffusible 
hydrogen content were investigated. Metal-cored steel wires containing various ferroyttrium contents 
were evaluated. Yttrium was found to form the oxide and/or yttrium oxy-sulfide in the weld metal, 
depending on the yttrium recovery and sulfur content. The metal transfer modes were observed and 
recorded during welding and mapped accordingly with the welding voltage and current as shown in 
Figure 21. Since hydrogen trapping as a time-temperature dependent process, it is essential to identify 
the welding process parameter space and which will allow for sufficient trapping without altering the 
steel weld metal properties. This work characterized the influence of the welding parameters on 
hydrogen trapping and defined the effective parameter range. 
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Gas chromatography was used to measure diffusible hydrogen contents of HSLA 100 steel 
welds according to the ANSI/AWS A4.3-93 standard. A range of heat input, from 1.4 to 3 kJ/mm, 
resulted a range of diffusible hydrogen content from less than one up to 4 ml of H2/100 g weld deposit. 
As shown in Figure 21, an optimum operating window is shown for welds with less than one ml H2/100 
g. Within this window, the spray mode is the predominant mode. In the spray mode, yttrium is quite 
effectively transferred across the arc. Thermal desorption analysis showed that these yttrium 
containing weld metals have trapped the diffusible hydrogen irreversibly. This correlation will assist in 
making the best welding parameter selection for these new hydrogen trapping consumables. 

4.4 Role of Retained Austenite in Hydrogen Management at High Strength 
Steel 

Extensive investigations have been conducted in crucial role of microstructure in hydrogen 
assisted cracking in HSLA steel weld metal (13, 21). It has been suggested that martensitic 
microstructure is most susceptible in hydrogen assisted cracking in weld metal. However, the effect of 
retained austenite (or M/A constituent) on hydrogen assisted cracking has not been studied. Certain 
amount of retained austenite is inevitable in HSLA steel weld metal because of the thermal cooling 
cycle of welding. The resulting retained austenite exhibits a low hydrogen diffusivity and high hydrogen 
solubility. However, the surrounding microstructure of HSLA steel weld metal, which are mixture of 
ferrite, martensite and bainite, has high hydrogen diffusivity and low hydrogen solubility. These 
differences in hydrogen transport behavior between retained austenite and martensitic microstructure 
may result in retained austenite becoming a strong intraphase hydrogen trap, either temporary or 
permanently. Nelson (22) suggested that retained austenite can potentially be a continual hydrogen 
source to martensitic matrix through its life time. Hence, an understanding of the role of retained 
austenite on HAC is necessary to design hydrogen cracking resisting HSLA steel weldments and 
welding practices. Furthermore, retained austenite was an unstable microstructure, and may transform 
to martensite with changes in service temperature and applied plastic strain. In this event, hydrogen 
previously trapped in retained austenite may result in very high diffusible hydrogen contents available 
in the adjacent martensitic microstructure. 

Some investigators (23, 24) clamed that hydrogen trapping in retained austenite can have 
beneficial role on hydrogen assisted cracking since austenitic microstructure act as a diffusional 
barrier to prevent hydrogen accumulation at crack tip. However, according to a previous investigation 
(25), TDA results for AISI type stainless steel and super duplex stainless steel suggest that this 
behavior is bulk hydrogen trapping, not a strong trapping between hydrogen and interfacial defects as 
shown in Figure 22. This result suggests that the retained austenite can be a reversible trapping site 

and have potential to easily become weak trapping site. 

23 



1000 

800 

600 

400 - 

200 - 

0 

Ar Flow Rate: 10ml/min 
Heating Rate: 4 "C/rnin 
Hydrogen Charging: 130 "C 24 hr 

= 550 °C 
600 

500 

200 400 600 

TEMPERATURE (°C) 

800 1000 

0- 
Q. 

Z 400 
g 
3 300 

o 
Ei 200 
z 
UJ 
O   100 
o 
a: 
°  0 
X 

AT FtowRate: lOrnVrrin 
Healing Rale :4°C/min 
HydrogenCharging: 130°C 24 hr 

AT = 450°C 

■ 

200 400 600 

TEMPERATURE ft) 

800 1000 

Fig. 22- Thermal desorption analysis results ofAISI type 304 stainless steel and duplex stainless steel samples. 
The AT represents the hydrogen evolution temperature. 

Extensive investigations have been conducted in crucial role of microstructure in hydrogen 
assisted cracking in weld metal (26). It has been suggested that retained austenite microstructure 
could be detrimental to the hydrogen assisted cracking of high strength steel weld since hydrogen is 
much more soluble in austenite than ferrite. Particularly, it is more serious if they transform to 
martensite under stress or if some of the hydrogen is diffuse into adjacent martensite, which is well 
known as most susceptible in hydrogen assisted cracking in weld metal. However, the effect of 
retained austenite (or M/A constituent) in high strength weld metal on hydrogen assisted cracking has 

not been studied. 

Previous investigation (27) revealed that retained austenite phase acts as strong hydrogen 
trapping site in dual phase steel (12 pet. retained austenite) and high strength steel weld metal. The 
TDA results are shown in Fig. 23 (a), (b). Since liquid nitrogen quenched weld metal sample has 
almost zero percent of retained austenite, no high temperature bulk austenite hydrogen peak is 
observed. By comparing two thermal desorption curves, it suggests that the hydrogen is released from 
much lower temperature since liquid nitrogen quenched weld metal does not have high temperature 
hydrogen trap. High solubility coupled with low diffusivity of hydrogen in austenite causes retained 
austenite to become supersaturated with hydrogen in the initial stage of cooling cycle. As a result, the 
potential for hydrogen assisted cracking is increased since surrounding microstructure (martensite, 
bainite or ferrite) has high hydrogen susceptibility. Also, Tsubakino et al. (26) confirmed that diffusion 
rate of hydrogen in high strength steel are influenced by the retained austenite which exists around 
bainitic ferrite plates. These studies suggest that hydrogen trapped in retained austenite will potentially 
have a continual source to martensitic matrix. Figure 24(a) shows the evolution rate curves of steel, 
which contains bainitic ferrite and 26 pet. retained austenite content. Figure 24(b) shows the evolution 
rate curve of type 304 stainless steel charged hydrogen. These results show that the curve 
corresponds to the release of hydrogen in retained austenite. 
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The retained austenite stability is the other concern since it can transform to martensite under 

stress or low temperature. Prioul et al. (28) observed hydrogen effusion during the martensitic 

transformation and confirmed that hydrogen is mobile at subzero temperature during the martensitic 

transformation in nickel steel exhibiting burst transformation behavior. The hydrogen effusion during 

the burst is shown in Figure 25. They measured hydrogen effusion during cooling to 170K for nickel 

steel. According to the result, no effusion could be detected between 300 and 226K during cooling at 

1.5 K/min. At 226K, a sudden release of hydrogen was observed. A previous investigation (25) 

revealed that martensitic transformation from unstable retained austenite changes trapped hydrogen 

transports behavior and may have significant effects on hydrogen assisted cracking since retained 

austenite can transform to martensite with changing in low service temperature and applied plastic 

strain. As a result of the hydrogen release from retained austenite microstructure, It is expected that 

the hydrogen is captured in weak traps. Dual phase steel was selected to observe the effect of 

retained austenite stability on hydrogen transport behavior. 
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Thermal desorption analysis was performed for dual phase steel samples, which were cold 

rolled 20 and 40 percent respectively as shown in Fig 26. The shifting of hydrogen evolution peak to 

the lower temperature for both samples was observed. In addition, the reduction of total amount of 

trapped hydrogen content was found. This situation was also observed in heavily cold rolled HSLA 

steel weld metal too. However, these cold rolled dual phase samples show more clear illustration of 

altering on hydrogen trapping phenomenon associated with retained austenite stability. 

Since hydrogen trapping in retained austenite has significant effects on hydrogen assisted 

cracking in weld metal, it is suggested to reduce the susceptibility of cracking, by finding the strong 

irreversible trap in retained austenite which can stop hydrogen leaking from retained austenite to 

martensitic phase. 

In real commercial applications, retained austenite transformation to martensite may occur 

when HSLA steel weldment is used in construction with severe cold condition. Also, when the HSLA 

weldments are experiencing cyclic loading, this condition leaves the residual strain inside of HSLA 

steel weldments. This residual strain drives a austenite to martensite transformation and a potential 

release of hydrogen. 
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4.5 Accomplishments 

4.5.1 Yttrium Control of Weld Metal Diffusible Hydrogen 

Yttrium additions into the a low carbon steel have been found to make a major reduction in the 
weld metal diffusible hydrogen content and thus demonstrating the concept of weld metal hydrogen 
trapping by using irrepressible interfacial hydrogen traps. The interfacial traps were identified as 
yttrium oxide and/or a yttrium-Iron intermetallic phase. A major reduction of weld metal oxygen also 
occur during welding requiring careful control of the content of the yttrium addition to the welding 
consumable if the weld microstructure is not going to be significantly altered. 

4.5.2 Influence of Welding Parameter on the Hydrogen Trapping effectiveness of 
Rare earth addition 

The effectiveness of yttrium ferroadditions to the flux cored arc welding consumable on reducing 
the diffusible hydrogen content in higher strength low alloy steels has been studied. The range of 
current, voltage, travel speeds, and heat input used in welding were investigated using a systematic 
variation in their variable. The parameter range, including cooling rate, where yttrium allows effective 
management of the diffusible hydrogen was determined and reported. Careful control of the resulting 
weld metal oxygen is necessary to allow for the desirable optimum microstructure and properties. 

4.5.3 The roles of retained austenite in hydrogen management of high strength 
steel weld metal 

The thermal desorption analysis was employed to observe the hydrogen trapping and 
detrapping behavior of retained austenite in high strength steel weld metal. Retained austenite was 
found to be an intraphase hydrogen trapping site which has relatively high binding energy. This 
hydrogen trapping in retained austenite can increase the potential susceptibility of HAC in high 
strength steel weld metal. When the plastic strain and reduced temperature were applied on 
hydrogen charged specimens, the thermal desorption analysis exhibited a shifting of hydrogen peak 
to lower temperature. By applying different amount plastic strains, the retained austenite transforms 
to martensite and alters the hydrogen detrapping behavior. Quenching to liquid nitrogen temperature 
eliminates the existence of the retained austenite and no significant high temperature peak for 
hydrogen trapping was found. This result suggests that microstructural transformation associated 
with changes in service conditions may result in high diffusible hydrogen content in the resulting 
martensite phase. Also, the existence of retained austenite means an under-estimation of the 
amount of remaining diffusible hydrogen, when determined from standard diffusible hydrogen 
measurement. As a consequence, the common methods to predict safe welding conditions from 
HAC become too optimistic. 
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5.0 ADVANCED METHOD TO MEASURE DIFFUSIBLE HYDROGEN 
AND HYDROGEN DISTRIBUTIONS 

With the increasing use of higher strength steels, the diffusible hydrogen content necessary to 
promote hydrogen assisted cracking (HAC) has become very small. This much lower diffusible 
hydrogen content level is approaching the uncertainty level of present diffusible hydrogen analytical 
practices, thus requiring the development of new analytical techniques. Efforts are being made to 
develop more sensitive and less time consuming methods for hydrogen. 

Knowledge of the hydrogen distribution in a steel weldment, in addition to the nominal diffusible 
hydrogen content, is of primary importance for determining its susceptibility to hydrogen assisted 
cracking. Present methodologies to measure total and diffusible hydrogen are destructive and require 
excessive testing times. The present methods also do not produce information about hydrogen 
distributions and cannot be applied to a welded steel structure. This ARO project has focused on the 
development of new methods for quantitative analysis of hydrogen in welded steels that will determine 
both the content and distribution of diffusible hydrogen. The ultimate goal was to design a simple yet 
reliable method for on site determination of diffusible hydrogen content and distribution. 

5.1 Present Welding Industrial Practice 

In analyzing hydrogen in steels the distinction is made between total, residual and diffusible 
hydrogen. Diffusible hydrogen is considered to be mobile at lower (< 100°C) temperatures, whereas 
the remaining residual hydrogen is trapped in the metal. Total hydrogen is the combination of the two 
fractions. Residual hydrogen can be retained through interaction with microstructural discontinuities 
(24) or by the formation of hydrides with alloying elements. 

Current methods for hydrogen analysis in welded steel therefore focus on measurement of the 
diffusible hydrogen content. The standard IIW method is the volumetric displacement of mercury (25- 
28). Results are reported as milliliters of hydrogen per 100g of deposited weld metal. 

Other liquids including glycerin and silicone oil have been used for the test but have proven 
unsatisfactory. A significant drawback is the required analysis time. The test is time intensive, taking 
up to 72 hours to complete or up to twenty days for the IIW method (29). 

A more modem method utilizing gas chromatography is also in use (30). Welded samples are 
placed in sealed containers and baked to release diffusible hydrogen. The evolved gases are 
transferred to a gas Chromatograph. The gases are then separated with a packed molecular sieve 
column and analyzed with a thermal conductivity detector (TCD). The analysis (including sample 
preparation) takes up to 24 hours. The gas chromatography method gives comparable results to 
measurements in mercury. 

5.2 Present Investigation and Accomplishments 
This investigation consisted of three phases. In the first phase various advanced methods for 

hydrogen determination were considered. The methods for total hydrogen determination primarily 



involved the use of laser ablation, where sample material was removed from the steel surface with a 
laser. The resulting evolved hydrogen was then measured using different types of detectors. For 
diffusible hydrogen determinations the hydrogen diffusing from the weld was captured directly and 
analyzed. The second phase of the investigation consisted of more detailed experiments on a suitable 
method determined in the first phase. This research led to the development of a diffusible hydrogen 
sensor based on the chemochromic reaction of certain transition metal oxides with hydrogen. The third 
phase investigated the use of electronic property measurements to determine the diffusible hydrogen 
content. The investigation attempted the use of the thermoelectric (Seebeck) coefficient to assess 

diffusible hydrogen content. 

5.2.1 Phase I: LASER ABLATION METHODS 

Non-uniform Distribution in Welds 

The non-uniformity of hydrogen content can be attributed to differences between the weld and 
base metal microstructures (31, 32) and to strain gradients associated with the fusion line (33). The 
relative amounts of hydrogen in the weld metal and the heat affected zone are therefore a function of 
the compositional differences between the phases and can result in a non-uniform distribution. To the 
steel fabricator, this compositional difference is a strength issue of undermatch or over matching of the 
weld deposit relative to the steel plate. 

Laser Induced Breakdown Spectroscopy (LIBS) 

In this investigation, welded steel specimens were transported to Los Alamos National 
Laboratory to evaluate the technique of laser induced breakdown spectroscopy (LIBS) for the 
determination of total hydrogen. The specimens were analyzed and a hydrogen emission line at 656.2 
nm was observed. A sharp increase in hydrogen was detected at the fusion line between the weld 

metal and the steel heat affected zone (HAZ). 

The apparatus for laser induced breakdown spectroscopy (LIBS) has been described in detail 
elsewhere (34). The method uses a Nd/YAG laser to ablate the sample surface. The excited atoms in 
the laser plasma emit light of characteristic wavelengths. The emitted light is captured with a fiber 
optic cable and analyzed by emission spectroscopy. 

The LIBS technique was successful in generating qualitative hydrogen distribution profiles in 
welded steel. However, quantitative reproducibility of the measurements was not satisfactory to 
establish an analytical practice for determining hydrogen distributions. It was therefore decided to 
investigate alternate methods of hydrogen detection while continuing the use of laser sampling. 

Laser Ablation/Gas Chromatography (LA/GC) 

Combining laser ablation (LA) with gas chromatography (GC) allowed for another analytical 
arrangement to measure hydrogen content and distribution.   The use of gas chromatography has 
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already been accepted in the standard method for measuring diffusible hydrogen (35). A laser 
sampler is interfaced to the column of a gas Chromatograph (GC). The sample surface is ablated with 
a laser. The evolved gases are swept into the GC using a stream of argon, which also serves as the 
carrier gas. The gases are separated in the column and analyzed with a thermal conductivity detector 

(TCD). 
Although LA/GC was successful in quantitative differentiation of hydrogen levels in different 

areas of the weld, resolution was poor due to the long ablation times required to produce a detectable 
signal. Sensitivity could be improved by using a different detector such as a Pulsed Discharge 
lonization Detector (PDD) with helium instead of argon carrier gas. A smaller customized sample 
chamber for maintaining samples at cryogenic temperature could also be incorporated. These 
improvements would undoubtedly increase the sensitivity of the method and possibly justify its use for 

total hydrogen determination. 

Laser Ablation/Mass Spectrometry (LA/MS) 

The principle of laser ablation was applied to the analysis of welded steels by the use of a mass 
spectrometer as detector. This technique has been used previously (36-44) on various materials 
including steel and titanium. Welded steel samples were ablated under high vacuum with a laser. The 
resulting gases were then transferred to a quadruple mass spectrometer that was optimized for 

hydrogen determination. 

For these experiments, the samples were welded with deuterium gas in place of hydrogen. The 
deuterium therefore acts as an ideal tracer and minimizes signals from other contamination sources. 
Normally the separate detection of deuterium is difficult, but a mass spectrometer optimized for trace 
analysis of hydrogen can distinguish between the two hydrogen isotopes. A custom made vacuum 
chamber was constructed and mounted to the stage of a laser microscope. The chamber and 
microscope were located in a refrigerated cold room maintained at -32°C. The sample chamber could 
be viewed outside the cold room by means of a digital camera and the stage moved by remote control. 
The energy from a Nd/YAG laser was directed onto the sample surface using fiber optic cable. The 
evolved gases were transported directly into the sealed ion source chamber of a quadrupole mass 
spectrometer through 1.6 mm stainless steel capillary tubing. 

The LA/MS technique was successful in generating qualitative hydrogen distribution profiles 
from welded steel. The data confirms the transformation theory of non-uniform distribution of 
hydrogen in welded high strength steels. The profiles imply that the compositional differences of the 
weld metal and base metal profoundly influence the final hydrogen distribution in the sample. The use 
of deuterium as a tracer assures that the signal is coming from the weld metal only and not from any 
other source. Of the methods investigated LA/MS is the most promising for the determination of total 

hydrogen distribution in welded steels. 
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5.2.1.1 Accomplishments of Phase I 

The use of laser energy for determination of total hydrogen distribution in welded steel was 
investigated using various detection methods. Ablation of material from the weld surface allowed 
determination of hydrogen levels in different areas of the weld face. The small amounts of material 
removed necessitated the use of a sensitive detector. The presence of organic material on the sample 
surface posed problems due to surface contamination. For these reasons mass spectrometry was 
most suitable as a detection technique. The high sensitivity of the instrument and its ability to 
distinguish between isotopes led to the use of deuterium gas as a hydrogen tracer, which minimized 
signals from other sources than the weld. Further research will likely produce a useful laboratory 
method for quantitative determination of total hydrogen distributions. Based on these findings the 

following conclusions can be drawn: 

1. Laser ablation/mass spectrometry (LA/MS) was determined to be the most suitable of the laser 
ablation methods investigated for analysis of total hydrogen distributions in welded high strength 

steels. 

2. The use of shielding gas containing deuterium for welded samples analyzed with LA/MS allowed 
for a better understanding of the role of surface contamination. 

3. Qualitative profiles generated using LA/MS confirmed the theory of non-uniform hydrogen 
distributions in welded steel as a function of differences in microstructural transformation. 

5.2.2 Phase II: OPTOELECTRONIC DIFFUSIBLE HYDROGEN SENSOR 

A sensor for measuring diffusible hydrogen content in welded steel which is based on the 
chemochromic reaction of certain transition metal oxides with hydrogen in air was investigated. The 
reaction is catalyzed by palladium or platinum, which adsorbs hydrogen on the surface and converts it 
to its atomic form. The hydrogen diffuses into the oxide and reacts to form an ion-insertion compound. 
The optical properties of the compound are altered and can be detected visually or spectroscopically. 

The chemochromic (color change due to a chemical reaction) material used was a thin film of 
tungsten (VI) oxide, W03. For the purposes of hydrogen detection the gas must be able to freely 
penetrate the film. A porous, tow-density film is therefore desirable; evaporative deposition provides 

films with these properties. 

The reaction of hydrogen and W03 in air is represented by the equations 

Pd + xH2 + x/402 + W03 <-> HxW03 + x/2H20 + Pd 

hv + W^(A) + W^B) -> W^A) + W^B). 

The reaction of W03 with hydrogen in the presence of a catalyst is well documented and 
sensors have been previously devised for detecting hydrogen (45, 46). The same concept was applied 
to detection of hydrogen evolving from the weld metal of high strength steel samples. The response of 

31 



the sensor to hydrogen diffusing from a weld was investigated by using a sensor housing designed for 
attachment to the welded specimen. The results indicated that the amount of hydrogen diffusing from 
the weld deposit was more than adequate for detection, the response curves the hydrogen from the 
weld deposit was still detectable by the sensor after a period of five hours. 

For these experiments HSLA 100 steel was gas metal arc welded using levels of 0.1, 0.5, 1.0 
and 3.0 pet. hydrogen in argon shielding gas. The specimens were welded in duplicate; one set of 
specimens was analyzed by the standard gas chromatography (GC) method to generate and report 
the results in ml/100 g weld metal. The other set was analyzed using the sensor. 

From the signoidal shape of the response curves, it was decided to attempt and correlate the 
slope of the curve to the initial concentration in the specimen. The steady state portion of the curve 
could be assumed to be proportional to the flux of hydrogen from the weld metal. To investigate this 
possibility theoretical curves were generated using an equation derived from the error function erf(x). 
The diffusion was assumed to occur from a semi-infinite plane sheet with a uniform initial 
concentration C0 throughout and a constant surface concentration of zero. Solutions were generated 
for different initial concentrations as a function of time. 

The slope of the response curve for each specimen was then calculated and converted to the same 
units using the calibration curve. The correlations were achieved between the GC results and the 
slopes of the sensor response curves, as well as with the theoretical curve derived from the diffusion 
equation. A statistical analysis was performed on the data set, and the residual standard deviation for 
the curve was found to be ± 0.00865 nl/min and had a correlation coefficient of 0.989. 

The fit to the theoretical data is quite good, especially when the non-uniformity of the weld 
deposits is taken into account. These results indicate that the sensor could be used as an analytical 
tool for diffusible hydrogen measurement in welded steel. A further modification could incorporate an 
array of fiber optic sensors for determination of diffusible hydrogen distributions across the weld from 

traditional type diffusible hydrogen specimens. 

Fiber OpNc Cable 

Sensor Head 

Adapter 

O-rlng 

Soft Rubber Gasket 

Fig. 27. Design for prototype diffusible hydrogen sensor. 

The configuration of the sensor consists of a rubber gasket seal that conforms to the curvature 
of the weld bead (Figure 27). The gasket is attached to a sensor assembly, which consists of a small 
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enclosed volume to capture evolving hydrogen from the weld metal surface, as well as an enclosure 

for a fiber optic cable. The cable is coated with a gasochromic material (W03 thin film) that undergoes 

a color change in the presence of hydrogen gas. The hydrogen must pass through a palladium 

catalyst to produce atomic hydrogen, which goes into the thin film. The change in the reflected light 

from the coating is proportional to the hydrogen concentration inside the sensor volume. 

To correlate the concentration of hydrogen desorption in the sensor to the initial diffusible 

hydrogen in the weld metal, the rate of hydrogen desorption is measured and adjusted for the surface 

area sampled. With the known diffusion coefficient of hydrogen in the steel weld, the initial 

concentration in the steel can be determined with an equation derived from the error function solution 

(47). A calibrated sensor will yield a response curve with the slope of the curve proportional to the 

diffusion rate, as shown in Figure 28. This rate can then be used to directly calculate the initial 

hydrogen concentration. 
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Fig. 28. Experimental hydrogen response curves for diffusible hydrogen sensor (gas metal arc 
welded HSLA 100 steel.) 

The primary advantage of this sensor is its ability to measure actual welds on structures. Arrays 

of sensors can be used to monitor hydrogen along the entire length of the weld with emphasis on high 

stress areas. The other major advantage is lower cost. The analysis takes considerably less time than 

traditional methods, only 30 min compared to 48 to 72 hrs by traditional mercury or Chromatographie 

techniques. The sensor itself is relatively inexpensive and could be made disposable. The major cost 

for the sensor is the electronics required for collecting and processing the optical data. This sensor 

has been described previously (48-50). 
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5.2.. 2.1 Accomplishments of Phase II 

1. An optoelectronic diffusible hydrogen sensor has been developed. The sensor generates 
results quickly, and allows analysis of an actual welded structure as opposed to a laboratory 

specimen. 

2. The sensor has been calibrated to yield quantitative results in ml/100 g weld metal as a 
function of hydrogen diffusion rates from the sample surface. A resulting effective diffusion 
coefficient of 7.5 x 10"5 cm2/sec provides a good fit to measured data. 

3. A patent application entitled "Method and Apparatus for Determining Diffusible Hydrogen 
Concentrations, NREL Patent #ProV/99-03 (2000)" was submitted. 

5.2.3. Phase III: Seebeck Hydrogen Instrument to Determine Diffusible Hydrogen 
Content and Distribution 

5.2.3.1. Nature of Hydrogen in Transition Metals 
The nature of hydrogen in an alloy can be related to both solution thermodynamics and solid- 

state physics concepts. The heat of mixing of hydrogen in the metal carries information as to whether 
an alloy is a major hydride former or whether the hydrogen is in solid solution. Hydrogen as an 
electron acceptor or donor can be correlated to whether a specific material has a hydride-forming 
tendency or hydrogen solubility behavior. 

Figure 29 illustrates the electron distribution for three cases (51). The left diagram is the 
electronic distribution for a transition metal with no absorbed hydrogen. The middle diagram is for a 
transition metal or alloy with electron donation from hydrogen absorption, with donated electrons 
primarily in the d bands. The right diagram illustrates donations to the d band, as well as some 
electrons becoming localized within the s, p band, causing the formation of a metal hydride. The right 
diagram exhibits the desired behavior for a hydrogen storage electrode for a reversible battery. 
The hydrogen interaction with a typical ferrous weld can be modeled with concepts illustrated in the 
middle diagram. 

PURE HYDROGEN METAL 
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Figu.29.  Electronic structure of hydrides (52). 
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In a solid solution made up primarily of those elements to the right of the middle of the transition 
metal series, the hydrogen atoms give their electrons to the d band and thus become mobile as 
protons in the lattice. This model agrees with most of the recent understanding of hydrogen transport 
in steels. This alteration of the d band can change the magnetic susceptibility and, vice versa, the 
magnetic field can alter the filling of the d states in such a way as to alter the solubility of diffusible 
hydrogen. These findings suggest that ferromagnetism could potentially influence the susceptibility to 
hydrogen-assisted cracking. 

The functional connection between the content of diffusible hydrogen and magnetism can be 
seen from two separate definitions of AG, the Gibbs free energy. The Gibbs free energy was defined 
as an energy operator to describe the external work. For chemical equilibrium which has no external 
work, AG = 0. For electrochemical equilibrium, AG = -nF E, where n F E is the external work, with n 
equal to the number of moles of electrons transferred by the half cell reaction, F is the Faraday 
constant, and E is the electrochemical potential. 

For a system experiencing a magnetic field, the external work will be AM B where AM is the 
change in magnetization and B is the magnetic flux density. It follows that a metal-hydrogen reaction, 
such as 

H2-+2H, Eq(ll) 

can be described by the equation relating AG to the activities: 

AG = AMB = AG°+RTlv 
HY E<I(12) 

where AG° is the standard state free energy of the reaction for equation (11), [PHJ is the partial 
pressure of hydrogen in equilibrium with the hydrogen in the metal, and [H] is the equilibrium hydrogen 
content in metallic solid solution. It is apparent that change in the diffusible-hydrogen content [H], can 
alter the magnetization AM. 

The Gibbs free energy is also defined as 

AG = AH- TAS Eq (13) 

where AH is the heat of solution for hydrogen in the metal, and AS is the entropy, which can be 
defined by Boltzmann's expression, 

AS = k In W Eq (14) 

where k is Boltzmann's constant and W describes the availability of sites for the hydrogen. For 
transition metals, where the hydrogen atom donates its electron to the d band, the donated electron 
alters the electron spin configuration and thus the material's response in a magnetic field. The 
changes in electronic configuration in the d band can alter AS and thus AG, resulting in a change 
AMB. 

From a negative value on the left side of the first row of the transition metals in the periodic 
table, AH increases in value as one proceeds across to approximately manganese, where AH 
becomes positive. A negative AH suggests that hydrogen is an acceptor of an electron from a metal 
atom, causing localization of the electrons between the metal atom and the hydrogen, and promoting 
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the formation of a metal hydride. As AH approaches zero and becomes positive, the hydrogen-metal 
interaction is one of hydrogen solubility. This hydrogen solubility is the result of hydrogen becoming an 
electron donor to the d band. This electron donor behavior allows the electronic and magnetic 
measurements to be correlated to the diffusible hydrogen content of the metal. Each transition metal 
or alloy will have its own specific characteristic range for change in magnetization with variation in the 
diffusible hydrogen content, but for that characteristic range it should correlate and standardize to the 
diffusible hydrogen content measurements. 

5.2.3.2 Electronic Sensor For Hydrogen 

The thermoelectric power coefficient (Seebeck coefficient) is determined from the ratio of the 
temperature difference and voltage. This coefficient is an intrinsic property of a material. A simple and 
flexible experimental apparatus consists of two massive copper probes maintained at different 
temperatures measured with thermocouples mounted in the probes (Figure 30). The potential 
difference is measured across the two copper probes. Good electrical and thermal contacts were 
provided between the sample surface and probes. The absolute thermopower (Seebeck coefficient) of 
the alloy material Sa can be determined from measurements as 

S = -^--& 
AT Cu Eq (15) 

where V is the Seebeck voltage measured between probes, AT is the temperature difference, and SCu 

is the well-calibrated Seebeck coefficient for copper. One of the blocks was maintained at room 
temperature and the other one at a temperature higher by 5 to 10 °C. The correlation of the Seebeck 
(thermoelectric) coefficient to the alloy hydrogen content allows a probe with two surface contacts to 
make a nondestructive hydrogen analysis of welds in fabricated structures. 

Wann copper probe 

Fig. 30 - Schematic sketches of the thermoprobe type Seebeck measurement. 

The Seebeck coefficient's value and sign in metallic alloys depend on the electron spectrum features in 
the vicinity of the Fermi level, such as the effective mass tensor, density of electronic states, and dominating 
scattering mechanism. In turn, the Fermi energy value (Fermi surface in t-space) changes with the change of 
electronic filling of the conduction band caused by the electron donation by the hydrogen atoms. 
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For example, for the parabolic spherical band and high degeneracy of the electron gas, the 
resulting Seebeck coefficient, S, is related to electron theory through the following expression, which holds for 
high carrier concentrations and (Ej~E0)/kT> 5; 

S = 
(   k\ 
±- <-H)& kTn 

Eg (16) 

where r is the scattering parameter determined by the dominant scattering mechanism, h is Planck's 
constant, k is Boltzmann's constant, n* is the free electron concentration, and me is the effective mass 
(51). From the free electron model, the electron concentration is directly related to the Fermi energy, 
and the effective mass describes the rate of filling of the energy states in k space at the Fermi energy 
level with increasing electron concentration. The effective mass can be described as: 

m =h2 d2E^ 
-l 

dk2 
J 

Eq (17) 

where k is the wave vector. The effective mass, me, describes the shape of the s, p, d bands that are 
in contact with the Fermi energy level. The shapes of the bands at the contact position offer a 
characteristic indication that can be measured with changes in the Fermi level due to electron donation 
from the hydrogen content. 
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Fig. 31 The variation of Seebeck coefficient with the amount of hydrogen stored in 

(Zro.53Tio.47) (Nio.82Mno.47Cro.22Vo.29)- 

Figure 31 illustrates the variation of the Seebeck coefficient with variations in the hydrogen 
content in hydrogen AB2 storage alloy: (Zro.53Tio.47)(Nio.82Mno.47Cr0.22Vo.29)- Similarly, Figure 32 
illustrates the changes in the Seebeck coefficient with variations in diffusible hydrogen content in Invar 
(Fe-36Ni alloy). The linear correlation makes the Seebeck coefficient measurement very convenient 
and sensitive for assessing diffusible hydrogen content. 
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Fig. 32. Correlation of Seebeck Coefficient with hydrogen content of Invar alloy. 

5.2.3.3 Accomplishments of Phase III 

1. Thermoelectric (Seebeck) coefficient measurements can be used to rapidly determine 
the diffusible hydrogen contents in high strength steel welds. 

2. Thermoelectric (Seebeck) coefficient measurements will allow diffusible hydrogen 
contents be determine on the actual welded structure and not just on test coupons 
used to quantify welding materials and practices. 

5.3 Design Requirements for a Rapid Weld Hydrogen Analysis 

The design requirements for the further development of apparatus for measuring electronic and 
magnetic properties are the following: 

1. The analytical hydrogen content sensor needs to be accurate and calibratable to hydrogen 
content as low as 0.1 ml per 100 g of metal (0.1 ppm hydrogen). 

2. Measurements must be consistent with measurements performed by using International 
Standard Organization (ISO) analytical procedures for weld metal hydrogen content. 

3. The analytical apparatus must be easy to operate and understood by technicians in welding 

workplace. 

4. The data must be easily acquired and stored electronically. 
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5. The data need to be interfaced directly to analytical software that can mathematically extrapolate 
short-term results into the final diffusible hydrogen content. 

6. The measurements must be able to be made directly on welds in the welded structure, as well as 

measured on test coupons. 

7. The equipment must be sufficiently durable and light weight to be conveniently used in the 

welding workplace. 

5.4 Assessment of the State of Hydrogen Development 

Measurements of electronic, optoelectronic and magnetic properties have been correlated 
directly to the diffusible hydrogen content in alloys. The theoretical connection between the diffusible 
hydrogen content and the fundamental understanding of the behavior of hydrogen in metals and alloys 
has been described. These concepts may lead to development of new advanced methods for 
hydrogen determination. The next step is the further development of durable hardware, establishment 
of procedures for welding technicians, development of practices for calibration, verification of 
consistency with results from ISO testing procedures, round robin testing, and personnel training. 
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