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1.0 INTRODUCTION 

Understanding the role of hydrogen and nitrogen in defense related structural alloys is the essential foundation for the 
proper processing, design, use and integrity management of many specialty alloys. These specialty alloys include high 
strength steel used in numerous defense applications and nitrogen strengthened stainless steel used in some foreign 
submarine hulls because of its high strength and low magnetic signature. However, the addition of hydrogen and nitrogen 
can be both beneficial and detrimental to the mechanical properties and integrity of metals and alloys. 

This final report describes beneficial attributes of experimental results during this contract period in structural materials. 
There are four activity areas and each activity area has tasks that are either completed and near completion. The four 
areas of activity include the following: 

• Thermoelectric Power (TEP) Measurements for the Sensing of Hydrogen in Alloys (Section 2.1) 
• Hydrogen as a Transient Alloying Addition (Section 2.2) 
• Hydrogen Management in Structural Alloys and Their Welds (Section 2.3) 
• Thennoelectric Power (TEP) Sensor to assess Soluble Nitrogen Content in Nitrogen Strengthened Stainless Steels 

(Section 2.4) 

Section 3 is the list of accomplishments. 

1.1 Hydrogen Behavior in Metals and Alloys 

When hydrogen is introduced to an alloy it becomes an electron acceptor or an electron donor depending on primary 
solvent elements. Elements to the left of manganese on the periodic table give an electron to the hydrogen atom and it 
becomes negative causing the negative hydrogen ion to stay very localized to the metal donor atom resulting in hydride 
fomnation. For elements to the right of manganese, hydrogen will donate its electron to the metal d-band and it effectively 
becomes a proton in the nature of hydrogen in an alloy, which can be related to solution themiodynamic concepts. The 
heat of mixing of hydrogen in the metal also cames information as to whether an alloy is a major hydride fonner or 
whether the hydrogen is in solid solution. A heat of mixing of hydrogen in solid solution, which is negative, suggests 
hydrogen as an electron acceptor promoting localization behavior or even hydride fonnation. A heat of mixing that is 
positive suggests that hydrogen is in solution. 

Hydrogen in the protonic state is known as soluble hydrogen, which usually has a high mobility. Hydrogen as a proton in 
the lattice has interactions with dislocations and thus change the mechanical behavior. It is this electron donor role for 
hydrogen that is the primary opportunity in this proposal because it offers the possibility for hydrogen to affect materials 
processing, influence alloy stability, and to allow electronic and magnetic property measurements to be used to rapidly 
assess alloy structure, properties, and stability. 

Figure 1 illustrates the electron distribution for three cases [1]. The left diagram is the electronic distribution for a transition 
metal with no absorbed hydrogen. The center 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 with the sp-band causing the fonnation of a metal hydride. The right 
diagram exhibits the desired behavior for a hydrogen storage electrode for a reversible battery. The middle diagram 
represents the situation of steel where the protonic hydrogen is behaving as soluble hydrogen. This solute hydrogen, if 
highly diffusible, is related with hydrogen assisted cracking in high strength low alloy steels (HSLA steels). It is this 
diffusible hydrogen that is assodated with the service life of gun barrels. 

The hydrogen interaction with most crystalline and amorphous transition metal alloys can be modeled with concepts 
illustrated in the center diagram. In a solid solution made up primarily of those elements to the right of the manganese of 
the transition metal series, the hydrogen atoms give their electrons to the d-band and thus become mobile 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 [2]. 
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Figure 1 - Electronic structure of transition metal alloy with the introduction of hydrogen [1]. 

1.2 Implication of Hydrogen Behavior 

Hydrogen exhibits both detrimental effects and beneficial opportunities as a solute in engineering alloys. Much effort has 
been given over the last fifty years to manage the detrimental effects. With better knowledge of the electronic and elastic 
interactions of hydrogen in materials, new opportunities are introduced for the enhancement of hydrogen behavior. 

1.2.1 Detrimental Effects of Hydrogen 

Hydrogen has been well known for its deleterious effects on steel weldments, such as the occurrence of cracking, 
particulariy occuning in welded steels with high hardenability. After welding, cracking typically occurs at some temperature 
below 93 °C (366 K), Immediately upon cooling or after a period of several hours. The time for cracking depends on the 
type of steel, the magnitude of the welding stresses, the hydrogen content of the steel weld and the heat affected zone 
(HAZ), and service temperature. Weld metal cracking, seldom occurs when the yield strength is below about 90 ksi (620 
MPa) and its cracking susceptibility has been reported to be proportional to the yield strength of the weld metal deposit. 
The resulting cold cracking problems have been termed hydrogen embrittlement, hydrogen induced cracking, cold 
cracking, hydrogen delayed cracking, or hydrogen assisted cracking (HAC). 

Hydrogen-assisted cracking is a very common problem encountered during the fabrication of high strength steel 
structures. With the advances in high strength low alloy (HSLA) steel processing, cracking has moved from the HAZ to the 
weld metal. The susceptibility to hydrogen-assisted cracking has been primarily related to the steel composition, 
microstmcture, and temperature. 

For better understanding of HAC for steel weldments, two classifications of hydrogen must be considered. Diffusible 
hydrogen is the mobile hydrogen that is available for diffusion to the tri-axial stress sites and is considered to potentially 
harmful for HAC. The residual hydrogen is the hydrogen that is trapped at specific sites in the microstmcture, preventing 
its transport. The prevention or control of diffusible hydrogen in the weld metal may reduce the susceptibility to hydrogen 
cracking. 

Current preventive measures such as pre- and/or post-weld heat treatment, proper electrode selection and handling, and 
edge preparation have been used to minimize the hydrogen concentration and stress level. Through these practices, 
HSLA steel welds can maintain acceptable levels of diffusible hydrogen content as low as two milliliters of hydrogen per 
100 grams of weld deposit. However, these practices require much effort, time, and expense. 

1.2.2    Hydrogen Management in Steel Weldments 

ARO sponsored research at CSM has offered new approaches to hydrogen management in steel weldments through the 
use of hydrogen trapping additions. The investigation of hydrogen trapping and welding parameters for a gas metal arc 
welding process using a hydrogen trap containing metal-cored electrodes was perfomied on high strength low alloy 
(HSLA) steel. The purpose of this study was to reduce and control the diffusit>le hydrogen content in the weld deposit and 
to further our understanding of the hydrogen trap behavior in welds, so that a practice of using weld metal traps to control 
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the diffusible hydrogen content and its distribution can be developed resulting in a new generation of welding 
consumables for defense related high strength steels. Effective control of weld diffusible hydrogen content has been 
achieved with the use of irreversible hydrogen traps in higher strength steel weld deposits. The benefit of yttrium addition 
as an irreversible hydrogen trap in the weld metal was observed by decreasing the diffusible hydrogen content in the weld 
metal to appreciable levels around one to two milliliter of hydrogen per 100 g weld deposit. In addition, the weld metal 
diffusible hydrogen content is affected by variations in welding parameters including voltage, current, travel speed, and 
oxygen contents, which also affects the heat input and metal transfer mode across the arc. The spray mode promotes 
more efficient transfer of yttrium to the weld deposit, resutting in less diffusible hydrogen, less than 1 ml/100g weld deposit, 
and higher trapped hydrogen in the weld deposit compared to the globular transfer mode. Much of the hydrogen trapping 
research was perfomied in the previous contract period. Hydrogen trapping research was drawn to a successful 
conclusion during the present contract period. A major review of hydrogen trapping in steel weld metal was invited and 
published in the International Joumal of Materials Review [7]. 

1.2.3     Beneficial Opportunities from Hydrogen 

An ARO sponsored investigation has demonstrated that hydrogen can increase the plastidty of hydrogen charged 
21/4 Cr-IMo steel during high temperature fomiing. This enhanced fomiability is strongly dependent upon the amount of 
hydrogen, as well as the strain rate. This enhanced fomiability can be explained by the difference in the mobility of 
dislocations. The positive effects of hydrogen on the plasticity at higher temperatures and the possible mechanisms which 
led to the distinct decrease in the compressive stress of 21/4 Cr-IMo steel and becoming comparable to iron are 
discussed in detail; taking into account flow and recovery as well as dynamic recryslallization [8]. 
A collaborative research effort between CSM, Dortmund University (Gemiany) and Ben Gurion University of Negev 
(Israel) also demonstrated similar advantages of hydrogen enhanced plasticity of Ti-Nb alloys. 

1.3 Nitrogen Behavior in Metal and Alloys 
When nitrogen is used as an alloying element, nitrogen enters the metal matrix as an interstitial atom where it is 
introduced into spaces or sites between lattice positions in the host metal. In the Fe-N matrix, the tetrahedral and 
octahedral sites provide interstitial sites for nitrogen. When the nitrogen atom occupies a tetrahedral site it causes 
displacement of four neighboring atoms, while the occupation of an octahedral site requires the displacement of six 
neighboring atoms. In the face-centered cubic lattice, the radius of the metal atom is r=a/2.28284 where a, is the lattice 
parameter [9]. 

The number of occupied interstitial sites in the metal lattice is much lower than the number of available interstitial sites. 
When nitrogen occupies an interstitial void, the nearest neighbor atoms are shifted, thus causing a displacement field or 
lattice strain. The superposition of these long-range displacement fields leads to a strained expansion in the entire lattice 
making it more difficult for neighboring interstitial sites to become occupied, thus resulting in a decrease in the nitrogen 
solubility to a level lower than is geometrically possible [9]. 

In steel, nitrogen atoms prefer to occupy only octahedral sites both in the a-phase and y-phase. The austenite phase has 
higher solubility, which is due to larger site sizes. Nitrogen prefers to occupy the octahedral voids because the occupation 
of a tetrahedral void requires outward displacement of all four neighboring iron atoms, whereas the irregular octahedral 
site can be occupied with the displacement of only two iron atoms parallel to the cube edge. This displacement of the iron 
atoms leads to lengthening of the lattice in the direction causing the lattice distortion or residual strain resulting in a 
change in the amount of d^ortjital overiap. The amount of d-ortDital overiap effects the electron concentration in the d- 
band by the Pauli-exclusion principle and thus altering the shape of the d-band. A change in the shape of the c^band 
results in a signification change in the effective electron mass and thus a change in the themrioelectric power coefficient 
(TEP) coeffident. 

Strain in the crystal lattice is not only caused by the ratio of atomic sizes, but strain is also due the nature of chemical 
binding between the metal and the interstitial atoms. The chemical binding occurs by nitrogen contribution of electrons to 
the 3d-band of the host metal. Therefore, the solubility of nitrogen relies on the availability of space for their p-electrons to 
be donated to the d-band. Nitrogen solubility decreases rapidly as the d-band in the metal host becomes increasingly full. 
This donor model is not likely woricable on the alloys made up of transition elements on the right side of the transition 
metal series where the heat of mixing is negative, but of a small magnitude [9]. 

1.3.1 Effect of Nitrogen Solubility on Weld Metal Nitrogen Content 
For austenitic iron, nitrogen solubility limit is approximately less than 0.03 wt. pet. as shown in Figure 2. Changes in 
nitrogen solubility occur due to alteration of alloy composition, crystal strudure, temperature, and N2 melt pressure. 
Alloying additions such as chromium, manganese, and molybdenum increase the nitrogen solubility while nickel, silicon, 



and carbon decrease the nitrogen solubility. German alloy 1.4565 has a nitrogen content of 0.458 wt. pet. prior to welding, 
which is beyond the saturation limit of face-centered cubic iron. However, alloying additions can either increase or 
decrease the nitrogen solubility. If the solubility limit is exceeded, the fomiation of brittle nitrides can possibly occur. 

Figure 2. Nitrogen content versus temperature of steel with the austenitic region 
highlighted in red. 

The nitrogen-alloy equilibrium can be best understood using the PCT (pressure-composition-temperature) diagram 
determined by Sieverts' analytical set-up. Figure 3 illustrates a schematic of such a diagram. PCT diagrams, which are 
commonly used for assisting hydrogen storage capacity in alloys, should be applied to the new nitrogen strengthened 
austenitic stainless steels to establish a clear understanding of what it means to alloy with nitrogen. 
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Figure 3: Schematic pressure-composition-temperature diagram for nitrogen. 

During welding, the solubility of nitrogen is not only affected by alloy additions, but also by weld parameters. Weld 
parameters such as the welding cunrent and the weld travel speed both affect the solubility of nitrogen in weld metal. With 
increasing current, the nitrogen concentration decreases and with increasing travel speed the nitrogen concentration 
increases. Nitrogen concentration can be influenced by weld parameters, which affect the size of the weld bead because 
as the area of the weld pool increases, the nitrogen concentration decreases. According to Kuwana, et al, for stainless 
steel, the nitrogen concentration almost doubles when the weld travel speed increased from 50 to 300 mm/min. The 
behavior is modeled as weld pool dwell time and size affects the nitrogen concentration for these high nitrogen alloys, 
which depend on nitrogen strengthening. Thus careful management of nitrogen to achieve the desired mechanical 
properties needs to be established and thoroughly understood. 



1.3.2 Beneficial Effects of Nitrogen 
Nitrogen is used as a solid solution alloying element for strength and conrosion resistance. Nitrogen can also be used to 
fonm carbo-nitrides as anotfier strengthening nnechanism in high strength low alloy steels. The higher the nitrogen 
concentration, the higher the tensile strength. 

The addition of nitrogen to austenitic stainless steels significantly improves the strength and the pitting resistance of the 
alloy and it may also improve the cryogenic toughness. Austenitic alloys may contain high levels of manganese resulting 
in an increase in nitrogen solubility. Nitrogen is also a valuable substitution for nickel being twice powerful as an austenite 
stabilizer at a much lower price. Nitrogen strengthened stainless steel offers non-magnetic structures for military use. 

1.3.3 Detrimental Effects of Nitrogen 
In welding of nitrogen strengthened stainless steels it is essential to avoid nitrogen losses, weld defects, and nitride 
precipitation, which could result in loss of conrosion resistance as well as mechanical properties. The influence of nitrogen 
in stainless steel welds is a complex and less studied phenomena than nitrogen in base metal. The two most serious 
problems associated in the welding of high nitrogen strengthened stainless steels are solidification cracking in the weld 
metal and liquation cracking in the heat-affected zone. Porosity is another problem associated with welding of high 
nitrogen stainless steels. Porosity in welds is attributed to nitrogen gas that escapes as porosity due to a difference in 
nitrogen gas solubility between molten and solid metals. Pore fomiation initiates in the interdendritic region, the same 
location as hot cracking. Existing hot cracking models suggest hot cracks initiate on interdendritic pores. 

In welding of austenitic stainless steels, which can normally accommodate significantly high levels of nitrogen in the metal 
matrix, nitrogen desorption to the arc atmosphere occurs leading to a decrease in weld metal nitrogen content upon 
solidification. The welding themnal experience can also promote nitride fomiation in the heat-affected zone also causing a 
reduction in nitrogen enhanced solid solution strengthening. A decrease in nitrogen content can be detrimental to the life 
of the weld, therefore a thermoelectric power surface-probe measuring scheme, which can conveniently determine weld 
nitrogen concentration, would significantly improve ability to guarantee integrity. 

2.0 SUMMARY OF THE IMPORTANT RESULTS 

This section discuss the summary of important woric completed during this contract. This work includes a thermodynamic 
interpretation of thermoelectric power to hydrogen content and the use of thennoelectric power to assess nitrogen content 
in alloys. Woric also includes the assessment of hydrogen content in structural alloys, hydrogen storage capabilities, 
hydrogen as an alloying addition, irreversible hydrogen traps, and hydrogen-assisted fonning. 

2.1 Thermoelectric Power Coefficient for Sensing of Hydrogen in Alloys 
Smart materials offer a solution to increase the reliability of technical systems and structures. Smart materials are 
materials that produce a measurable response with small stimuli allowing assessment of material properties that can be 
con-elated to structural integrity criteria. With the application of sound engineering, solid state physics concepts, and 
appropriate property characterization and conrelation, most structural alloys automatically t»ecome smart materials with 
the use of either active and/or passive electronic property sensors. The electronic materials industry has developed 
advanced analytical instrumentation for the rapid and accurate electronic property measurements, which have lead their 
research and assessed their product quality. It is now advantageous to use electronic property measurements to measure 
the electronic state of structural alloys to assess their stability and tendency for damage before significant defects arise. 
ARO funded a DURIP equipment grant for electronic measuring equipment for a CSM laboratory to measure electronic 
properties of structural alloys which has been significant contribution to research efforts. 

The thennoelectric power O'EP) analysis was used to measure the potential response to a small perturtaation in 
temperature between two locations; This perturiaation causes an electron flow resulting in a measurable potential 
difference. This cause and effect behavior is assessed by the TEP coefficient ^he Seebeck coefficient) between the 
differential voltage and differential temperature across these two locations. This coefficient provides a wealth of 
information about the alloy. The TEP coefficient is a function of the electronic scattering behavior, the electron 
concentration, and the effective mass of the electron in this alloy. All three of these factors are influenced by the solute 
content, lattice strain, microstructural changes, material processing and time-dependent phase transformation (including 
aging). The TEP coefficient is a valued property for microstructural assessment. Because alloy microstructure correlates 
directly to properties, the thennoelectric power coefficient is a rapid and effective way to assess alloy aging and 
microstructural changes that can potentially lead to significant defects and possible structural failure. 
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In metallic alloys, the value and the sign of the TEP coefficient depends on the electronic density of states features in the 
vicinity of the Fenni energy level and is dependent on the effective mass tensor, density of electronic states, dominating 
scattering mechanism, etc. In turn, the Fenmi energy value (Fenni surface in the k-space) changes with electronic filling in 
the conduction band due to the electron donation by hydrogen atoms. For example, for a parabolic band and high 
degeneracy of the electron gas, the resulting TEP coefficient, a, is related to the free electron theory through the following 
expression, which holds for high carrier concentrations and (ErEo)/kT > 5: 

"<*7>'< r + 
2 
'-](^](kTni-f) ^^||Arr«l3J| [1] 

where r is the scattering parameter detemiined by the dominating scattering mechanism, h is Planck's constant, k is 
Boltzmann's constant, n* is the free electron concentration, and me is the effective mass. From the free electron model, 
the electron concentration is directly related to the Fermi energy. 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=h' 
dk' 

[2] 

where k is the wave vector. The effective mass, me, describes the shape of the s, p, and d bands that are in contact with 
the Femii energy level. The shape of the bands at the contact position offers a characteristic signature of the state of the 
alloy that can be measured and assessed for lattice strain and phase stability. 

2.1.1 Themnodynamic Interpretation of TEP Correlation to Hydrogen Content 

Thermoelectric power Involves the generation of the Seebeck electromotive force, dV, under an applied temperature 
difference, dT. Thermodynamically the TEP coefficient can be related to external woric (similar to the electrochemical 
equation), as shown in the following equations: 

dG = VdP-SdT+ dn„-dW^ [3] 

where G is the Gibbs free energy, Vis the volume, P is the pressure, S is the entropy (lattice effects), 7is the temperature, 
HH is the mole of hydrogen, and Wext is the external worit. With dn moles of transported electrons and Faraday's constant, 
F, the chemical potential and magnitude of the worit of the charge carried by one mole of electrons under the temperature 
gradient is represented by: 

MH = '^1 dW^ = -nFdV [4] 

By substituting these temis into equation 3, the following equation can be obtained: 

dG = VdP-SdT + n^dn^ - nFdV [5] 

When the system is in reversible equilibrium, such that c/G = 0 and aP = 0 ,and dV= odT, then equation 5 becomes: 

0 = -SdT+/Judrijj - nFadT „, 

where a is the Seebeck Coefficient. Equation 6 can be converted into equation 7: 



a- 
nF    nFdT 

[7] 

For the reaction of hydrogen 2H -> Hz; then // = //„ +RT\R-—pi^\ resulting in 

a- 
nF 

Hu^ -\-RT\D. 
^H, Y dn, 1 
[Hf) nFdT) 

[9] 

For diffusil)le hydrogen « = driu and hydrogen gives its electron to d-ban6, such that 

DT=AT and a 
nF 

/JH^ +RTln 
P   Y  ^   ^ 

FAT [Hf 
110] 

where AT is the applied temperature difference l)etween contact probes. 

A schematic diagram of the TEP coefficient measurement setups used for this study are shown in Figure 4 (a) and (b). 
The temperature difference is measured between two reference blocks or probes. The TEP coefficient is the potential 
difference between the copper and the specimen divided by the temperature difference between the copper blocks 
(probes). The TEP coefficient of the alloy material, Sa. can be detemiined from measurements as: 

AT +(^Cu [11] 

where V is the Seebeck voltage measured between probes, AT is the temperature difference, and cccu is the well- 
calibrated Seebeck coefficient for copper. One of the copper blocks (probe) was maintained at room temperature and the 
other one at a temperature higher by 10 °C. 
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(b) 

Vtarm copper probe 
(T>Tro,„) 

Sample 

Figure 4. Schematic diagram of the TEP coefficient measurement system: Advanced TEP coefficient measurement with 
nano-voltmeter and temperature controller for both copper probes, (a) Illustrates the use of temperature controlled blocks 
and (b) illustrates use of temperature controlled copper probes. 

2.1.2 Assessment of Hydrogen Content in Structural Alloys 

Demonstration on Monel 500 and Invar 
In this investigation the effective use of TEP coefficient measurements to detemnine the diffusible hydrogen content in 
various alloys was evaluated. Hydrogen charged Monel K-500 and Invar (64-36 wt. pet. Fe-Ni) are described. Chemical 
compositions for these alloys are summarized in Table 1. This approach of using surface contact electronic property 
measurements to assess hydrogen content in an alloy is rapid and non-destructive. 

Tablel.   Chemical composition by weight percent for Invar and Monel K-500 alloys. 

Alloy C Si Mn P S Cr Ni 

Invar 
Monel K-500 

0.004 
0.13 

0.1 
0.25 

0.05 
0.75 

0.005 0.004 
0.01 

0.2 
0.15 

32.0 
66.5 

Alloy Nb Mo Al Ti Cu Co Fe 

Invar 
Monel K-500 - 

- 
2.75 0.60 Ba! 

5.5 Bal 
1.0 

To charge the hydrogen into the specimens, a high pressure gaseous hydrogen and high temperature charging system 
was built and used. Various combinations of temperature, pressure, and cooling rate control can be achieved with this 
charging system. Once hydrogen charging was completed, the hydrogen content was measured using a LECO RH-404 
hydrogen determinator. 

TEP coefficient measurements were examined for Monel K-500. Monel K-500 is an age hardenable nickel-copper alloy 
with excellent con-osion resistance, strength and hardness. It has been found that hydrogen assisted cracking occurs in 
Monel K-500 during naval service, especially in parts experiencing a cathodic corrosion protection. It has been recognized 
that a convenient and rapid non-destructive hydrogen content measurement technique is desirable to detemiine the 
critical load. The hydrogen content (or TEP measurement) was compared to a critical unacceptable value. 
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Figure 5.        The hydrogen content as measured by the hydrogen determinator for each charged Monel K-500 
specimens. Charging was conducted at 400 °C and 48 hours, followed by water quenching. 

All of the Monel K-500 specimens were annealed at 1073 K (800 °C) for ten hours in an argon atmosphere to achieve an 
identical initial condrtion. The charging was perfomed at five different pressure levels (25, 50, 200,400, and 600 psig) for 
48 hrs at 673 K (400 °C) to obtain different hydrogen contents for each specimen. The hydrogen content varied from just 
over 2 ppm for an annealed specimen up to 50 ppm for a 600 psig charged specimen. The results for total hydrogen 
content for each specimen is shown in Figure 5. Hydrogen contents increased steeply until reaching the charging 
pressure of 400 psig and then gradually increased up to 600 psig. The parabolic curve suggests that hydrogen content as 
a function of charging pressure follows Sieverts' law for hydrogen absorption in an equilibrium condition. The absorption of 
pressured hydrogen into the specimen can be described using Sieverts' Law: 

H = Kexp 
RT ^. 112] 

where H is the amount of absorljed hydrogen, AG is the standard free energy, K is a temperature-dependent constant, R 
is the gas constant, T is the absolute temperature and PH^ is the partial pressure of hydrogen in a hydrogen charging 
reactor. TEP measurements were made on Monel K500 charged to different levels of hydrogen content as seen in Figure 
6. With increasing hydrogen content, the TEP coefficient first increased and then leveled off at 10 ppm hydrogen. This 
behavior suggests that at 10 ppm a new phase was formed and the leveled region conresponds to a two-phase region. 

These results suggest that there are microstructural transfomiations occurring during hydrogen charging. It has also been 
observed that TEP coefficient is very sensitive to microstructural changes such as precipitation phenomena or solute 
concentration changes. Therefore, it is proposed that microstructural changes occurred for Monel K-500 specimens during 
charging. One hypothesis is the formation e-martensite due to hydrogen charging into specimens. The s-martensite 
formation occurs in austenitic stainless steels and has been observed by numerous researchers. Rozenak et al. [10] 
found hydrogen-induced phase transformation of the y-FCC phase to the E-HCP martensitic phase in an austenitic 
stainless steel. When hydrogen is introduced in austenitic microstructure, it decreases the stacking fault energy (SFE), 
which would change the array of stacking to "ABAB" (HCP structure). This effect results in hydrogen-induced e-HCP 
precipitation, and changes the TEP coeffident for low hydrogen content specimens. Other evidence for phase instability 
with hydrogen charging was found by Uwakweh et al. for cathodically charged stainless steels [11]. 

12 



I 

3-" 12-^ Jl 

Q.   -19.0 

'     '     1     ' 

a a+p j 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

".        ,       1        , 

: 

fl/M Hydrogen contents (ppm) 

Figure 6.  Correlation of TEP coefficient with PCT diagram for hydrgoen. The clear separation between the a and a+b 
region can be seen. 

With regular x-ray diffraction analysis, no significant difference between the x-ray diffractograms of the hydrogen charged 
specimens was observed. All specimens gave reflections of the a-phase, with a shift towards higher angles as shown in 
Figure 7a. However, if the amount of the phase fomned by hydrogen charging is very small, it can be detected only by very 
slow scan. It was decided to perform a long scan on the 200 psig hydrogen charged specimen (34 ppm hydrogen content), 
in which the detection of small phases was most likely. In the diffractogram with a slow scan (step size = 0.04 deg, 40 sec 
per step) obtained small peaks clearly seen in Figure 7b. Hence, the hydrogen charging resulted in a minor phase 
transformation. 

65 70 

Figure 7.        XRD diffractograms of a) fast scan and b) slow scan for the hydrogen charged Monel K-500. Charging 
condition: 200 psig, 400 °C, and 48 hours. 
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Figure 8. TEM images of 900 psig hydrogen charged specimen revealed nano- sized participates dispersed in the Ni 
matrix. 

As shown in Figure 7b, the small peaks, which appeared in the slow scan, were found to correspond to either NijH or CuH 
phase. The e-martensite phase was not observed according to X-ray diffraction results. Therefore, X-ray diffraction 
analysis suggests that hydrogen charging begins to form a hydride phase and deviation in the TEP coefficient curve can 
be explained with a hydride phase fomiation. 

TEM investigation of the 900 psig hydrogen charged specimen revealed nano sized participates dispersed in the Ni matrix 
(Fig. 8a). In a selected area electron diffraction (SAED) reflections of the Ni2H phase were identified (see inset in Fig. 8). 
The nano-sized participates were consistent with the Ni2H phase in the dark field image taken from one of the Ni2H 
reflections (marked by arrow). 

X-ray diffraction analysis suggests that hydrogen charging starts to fonn a Ni-hydride phase and deviation in the TEP 
coefficient curve can be explained with a PCT (pressure composition isothemi) with higher hydrogen content also 
suggested in Figure 6. The PCT diagram can divided into three regions, first (a), second (a+p), and third (P) in the first 
region, hydrogen is in solid solution and is called the alpha phase (a). The reaction of hydrogen absorbed in this region is 
1/2 H2(g) -^ H(M). The second region is two-phase region(a+p), the so called plateau region. In this region, there is the 
coexistence of solid solution and hydride phase. In the third region, hydrogen is in the fornn of a metal hydride and is 
called the beta phase (P) As hydrogen is charged from 50 psig and higher pressure at 400°C, the Ni2H phase starts to 
fonm, which con-esponds to the second region (a+p) of the PCT diagram as shown in Figure 6. However, an actual PCT 
diagram for Monel K-500 alloy is not known. 

2.1.3. Assessment of Hydrogen Storage Capability 

An investigation was perfonned that has very effectively used physical chemistry, modem physics, and microstructural 
science to bring new insight into the hydrogen behavior in AB2 and AB5 hydrogen storage materials [12]. This effort 
con-elated the results from pressure-composition-temperature diagrams (PCT diagrams), the classical chemistry approach 
to characterize these materials, with thenmoelectric power coefficient and magnetization analyses to offer a rapid and 
accurate assessment of a materials hydrogen storage capability through the use electronic property measurements. The 
ability to assess effective reversible hydrogen charging and discharging was further evaluated by correlating electronic 
property measurements with microstructural analysis. Microstructural analysis identified the proper microstmctural 
features offering fast hydrogen transport and significant hydrogen storage. The use of these advanced analytical tools 
allows for a more rapid method to select new hydrogen storage materials. 

ABg Allov Assessment 
Experimental AB5 and AB2 alloys of composition give in Table 2 were evaluated using TEP measurements to detennine 
the hydrogen content in the material. 
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Table 2: Chemical composition of AB2 and AB5 Alloys 

Alloy Type A B B/A Ratio 

Mg Zr Ti La Nd Ce Ni Mn Cr V Fe Al Co 
1 AB5 0.6 7.7 8.1 71.2 12.0 0.4 5.1 

2 AB5 8.3 8.3 59.2 6.7 5.0 12.5 5.0 

3 AB2 19.0 8.1 29.2 16.9 20.7 8.4 1.8 

4 AB2 30.0 3.3 20.0 46.7 2.0 

Alloy 1, (La-Ce)(Ni-Mn)5, and Alloy 2, (La-Nd)(Ni-Co-Mn)5, are of type AB5. Figures 9 and 10 show the hydrogen 
desorption curves detennined by gas chromatography. The initial hydrogen charges were 2.23 and 1.83 per fomiula unit. 
Desorption of diffusible (protonic) hydrogen, which most likely is present in the alpha phase, occurs at about 220 °C and 
110°C, respectively. The release of bound hydrogen at temperatures above 600 "C is indicative of hydride decomposition 
in Alloy 1. Both the low-temperature desorption and the absence of bound hydrogen would make Alloy 2 a good candidate 
for battery applications. 

Temperature (*C) 

Figure 9. Hydrogen desorption curve for Alloy 1 hydride as a function of temperature. 

Temperature (°C) 

Figure 10. Hydrogen desorption curve for Alloy 2 hydride as a function of temperature. 

The magnetization curves and the technical saturation magnetization as a function of hydrogen contents for Alloy 1 are 
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shown in Figures 11 and 12. (To convert magnetic field from units of Tesia to units of ampere per meter, multiply by 
107/411. To convert magnetic field from SI units of TesIa to CGS units of gauss, multiply by 104.) The technical saturation 
magnetization is the magnetization axis intercept of a line fitted to the high field part of the curve of magnetization as a 
function of field. An increase in diffusible hydrogen decreases the magnetization of Alloy 1. The DFEC number for Alloy 1 
is calculated as 6.51, whereas the number of electrons required to half-fill the d- and f-shells is 5.47. The reduction of 
magnetic moment results from electrons donated by the hydrogen atoms pairing with the unpaired electrons in the host 
metal. 

E 
< 

S    0 

Alloy 1; (Lao ^jCeo ^gMgg „XNio.85Mno.i4A'o.0O5)s.i 

H per Formula Unit = 0.1 O^,"''*''*'**'''*"''^ 

0.48 

^^           °-^^ 1.21 

^— 1  
a ' ' 2.23 

 ^ 

—"^^ 

Magnetic Field (mT) 

Figure 11.   Magnetization versus field for Alloy 1. 

H per Fonnula Unit 

Figure 12.  Technical saturation magnetization as a function of hydrogen content for Alloy 1. 

As hydrogen content increases, magnetization and hysteresis decrease. For Alloy 2, as a function of hydrogen content. 
Figure 13 shows the magnetization curves and Figure 14 shows the initial susceptibility near zero field (not corrected for 
demagnetizing factor) and high field susceptibility. Initially, the susceptibilities decrease as hydrogen increases, but then 
increase after the ratio of hydrogen to metal is 1. The susceptibilities decrease again when the hydrogen-to-metal ratio is 
greater than 2. The computed DFEC number of Alloy 2 is 6.48, also above the number of electrons to half fill the d- and f- 
band, 5.33. Therefore, a decrease in susceptibility is expected. The difference in the magnetic behavior between Alloys 1 
and 2 may depend on the details of the actual band structure of the alloys. 
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Magnetic Field (ttiT) 

Figure 13. Magnetization versus field as a function of hydrogen content for Alloy 2. 

2 4 
H per ABj, Formula UnH 

Figure 14. Initial and high field susceptibilities as functions of hydrogen content in Alloy 2. 

The room temperature Seet)eck coefficients and PCT isothemi of Alloy 2 are shown in Figure 15. The Seebecic coefficient 
of this alloy increases with an increase in hydrogen content until it reaches a plateau region, in which the two-phase 
reaction occurs, at a hydrogen content per fonnula unrt of about 1, and increases again at the transition from the two- 
phase region to the single-phase hydride region. In the first stage, each hydrogen atom provides an electron to the host 
material, which changes the Femii energy level of the material. In the plateau region, lattice expansion occurs as the 
bound hydrogen fomis a hydride, and the added electrons from the hydrogen have less of an effect on the Fermi energy. 

2 3 4 5 

H per AB, Formula Unit 

Figure 15. The themoelectric power (Seebeck coefficient) at 25 "C and the PCT diagram at 75 "C of Alloy 2 as functions 
of hydrogen content. 
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AB? Alloys Assessment 
Unlike Alloys 1 and 2, Alloy 3, which is AB2 type, has a main hydrogen desorption peak at 680 DC, as shown in Figure 16. 
The Initial hydrogen charge was 0.91 per fomiula unit. This result indicates that most of the hydrogen in Alloy 3 is stored 
as bound hydrogen, with a little amount of diffusible hydrogen indicated by peaks at lower temperature. In contrast, the 
hydrogen desorption curve of Alloy 4, shown in Figure 17, shows a main peak at 220 DC, which is in the diffusible 
hydrogen range. The initial hydrogen charge was 4.10 per fomiula unit. The relatively large amount of released hydrogen 
per gram of Alloy 4 is due to its low molecular weight and its large initial hydrogen content from gas-phase charging. 

Temperature (°C) 

Figure 16. Hydrogen desorption curve for Alloy 3 hydride indicating the release of hydrogen only at a high temperature of 
about 680 X 
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Figure 17. Hydrogen desorption curve for Alloy 4 hydride indicating the release of hydrogen at 220 °C 

Magnetization curves and the initial susceptibilities of Alloys 3 and 4 are shown in Figures 18, 19, 20, and 21. Both the 
change in hydrogen content and the change in susceptibility of Alloy 3 are relatively small compared with Alloy 4. The 
calculated DEC number of Alloy 3 is 4.23, which is less than the number of electrons required to occupy a half-shell. 
Therefore, if hydrogen gives additional electrons only to the d-she//, the initial susceptibility should increase with the 
amount of hydrogen. However, the initial susceptibility curve for Alloy 3 shows that hydrogen has almost no effect on the 
initial susceptibility (Figure 19). Since Figure 16 shows that Alloy 3 holds hydrogen as bound hydrogen, the transfer of an 
electron from the host metal and the fomiation of the hydride bonding band may dominate and not affect the magnetic 
moment. (A reduction of the Femni energy during hydride formation was reported for LaNis [13].) 

On the other hand, the initial susceptibility for Alloy 4 increases with diffusible hydrogen (Figure 21). The computed DEC 
number of Alloy 4 is 4.27, also less than the number of electrons required to occupy a half-shell. Thus, rt seems that 
electrons from diffusible hydrogen enter the conduction band and increase the magnetic susceptibility. 

18 



■O.08 
-«00 

Magnetic Field (itiT) 

Figure 18. Magnetization as a function of applied field as a function of hydrogen content in Alloy 3. 

H per ABj Formula Unit 

Figure 19. Initial susceptibility of Alloy 3 indicating no significant change in susceptibility as hydrogen content increases. 
Error bars represent the random uncertainty in the magnetization curves. 
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Figure 20. Magnetization as a function of applied field as a function of hydrogen content in Alloy 4. 
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Figure 21. Initial susceptibility of Alloy 4 indicating an increase of susceptibility as hydrogen content increases. 

For AB2 alloys, the room temperature Seebeck coefficient of Alloy 3 decreases as hydrogen content increases as shown 
in Figure 22. Conversely, the thennoeleclric power of Alloy 4 increases with hydrogen content as shown in Figure 23. The 
marlcedly different dependence of the Seebeck coefficient on hydrogen content is likely due to the different fomns of 
hydrogen (bound hydrogen for Alloy 3 and diffusible hydrogen for Alloy 4) in the alloys. 

The TEP measurement on these AB2 and AB5 hydrogen storage materials illustrates that a rapid electronic property 
measurement can replace the slow and tedious TCP measurement in the assessment of reversible hydrogen storage 
capability. 

0.1      a2      0.3      OA      OS      D.e      0 7      O.B      as      1.0 

H per ABj Formula Unit 

Figure 22. Room temperature Seebeck coeffident as a function of hydrogen content in Alloy 3. 

H per ABj Formula Unit 

Figure 23.  Room temperature Seebeck coefficient as a function of hydrogen content in Alloy 4. 
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2.2 Hydrogen as a Transient Alloying Addition 

Use of Hvdrooen as an Eledron Donor to Transition Metal Allovs in the Assessment of the Influence of Small Alloy 
Addition on Properties ^ ^   ^ ,„.     r^u   ^   ^      *u 
With changes in the atomic spacing as experienced in amorphous structures and the degree of order of the structure, the 
d-band is altered in both filling and morphology. For transition metal amorphous alloys, changes in the amount of d-orbital 
overlap between atoms affects the nature of exclusion principle violations and the fomnation of the d-band. The changes rn 
interatomic spacing will result in changes in the d-band morphology and electron filling. Such changes can be followed by 
magnetic and electric property measurements. The Thermoelectric Power (TEP) coefficient, also known as the Seebeck 
coefficient is a function of the electron concentration, the effective mass of the electron at the Fenmi energy level, and an 
electron scattering factor. The last two of these factors, the effective mass and the scattering factor, respond to changes 
in the structural arrangement of the alloy, the tendency for phase transfonmations or phase stability of the alloy, the 
degree of alloying aging, etc. 

2.2.1 Invar Investigation ^ .   .  rxu       . //-xcx «* i„w„r 
Invar has the lowest thennal expansion of all metals and alloys. The mean coeffiaent of thennal expansion (CTE) of Invar 
from 20 -100 °C is less than 1.3 x 10-^°C"\ It has been established that a low CTE is possible over a wide temperature 
range due to the interaction between phonons and magnetostriction. The TEP coefficient measurements were also 
conducted to observe the changes in electronic properties of Invar with hydrogen charging. In this investigation hydrogen 
was used as a transient alloy addition, which afters the d-band filling and shape allowing for quick assessment of Invar 
property changes with alloy additions of increased valence. Both hydrogen and alloying elements of higher valence than 
iron and nickel donate electrons to the d-band. By charging Invar to different hydrogen contents and the electronic, 
magnetic and elastic property measurements. This concept of using transient alloy addition alloy stability and property 
assessment can be easily established without the need to prepare a large number of alloy heats to make this assessment. 

Hydrogen content measurements of charged Invar specimens after 15,30, and 60 hours were conducted at a pressure of 
20 psig The result of CTE variation as a function of temperature for 2, 3.1, and 5.4 ppm hydrogen containing specimens 
were shown in Figure 24. The hydrogen was used as a transient alloy addition for Invar. It is apparent that hydrogen 
addition increases the lattice strain and thus the CTE. This result is the supporting evidence of lattice strain when 
hydrogen exists in metal. 
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Figure 24. Measured Coefficient of thennal expansion (CTE) as a function of temperature for Invar specimens containing 
various hydrogen contents. 

Figure 25 illustrates the changes in the TEP coefficient with variations in hydrogen content of Invar specimens. The TEP 
coefficient decreased lineariy with increasing hydrogen content. This linear con-elation makes the TEP coefficient 
measurement very convenient and sensitive for assessing diffusible hydrogen content for various alloys. SpecificaNy, 
alloys with an FCC microstructure can absort) fairiy large amounts of hydrogen, which can be measured with the TEP 
coefficient measurement technique. The TEP coefficient data obtained for Invar shows that small changes in hydrogen 
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contents are also measurable. The results indicate that hydrogen content can be easily determined using TEP coefficient 
measurement technique with a proper calibration procedure. 

^ 

i 
o 

£ a o 

p-r-    1     1     1     1     i     1      1     1     1 -1—1—r' ■   '   '   1   1   1 

10.4 Invar (Fe-36Ni alloy) 

10.8 

{^ 
1 ^>  

.11.2 

-.     .     1     ,     .     .     .      1     .     .  1 -J—t- 
4 6 

Hydrogen contents (ppm) 

Figure 25.      Correlation of TEP coefficients with hydrogen content for Invar (Fe-36Ni) alloys. 

Changes in the d^band shape is caused by induced strain due to the addition of hydrogen into the lattice. When hydrogen 
is dissolved in many metals, it occupies interstitial sites in the host lattice causing displacements of the metal atoms from 
their regular sites. This displacement results in changes in shape of this d-band. Hydrogen begins to pull the adjacent two 
host metal atoms apart resulting in fewer electrons overlapping. When fewer electrons overlap, the energy level of the d- 
band lowers accorcling to Pauli's exclusion principle, resulting in the nan^wing of the d-band. The TEP coefficient can 
detect the changes due to d-band slope change or the effective mass. 

2.2.2 Hydrogen Assisted Forming 
Enhanced formability in both 21/4 Cr-1 Mo steel and TiNb alloy with the use of dissolved hydrogen during the defomnation 
process has been demonstrated. 

2.2.2.1. 2 1/4 Cr -1 Mo steel 
The influence of hydrogen on the mechanical properties, especially the yield and flow stress of iron and steels, was 
investigated quite extensively. However, there are still many controversies on whether hydrogen causes hardening or 
softening. Hydrogen was long thought to be detrimental to most engineering materials. As was reviewed [14], it appears 
that the yield and flow stress of iron are inaeased by hydrogen and the hardening considered to be solution hardening 
due to hydrogen. Softening was reported only occasionally [15-17]. Kimura, Matsui et al. [18,19] investigated extensively 
the influence of hydrogen in high purity iron and its alloys in a temperature range of 77 K to near room temperature. Their 
main conclusion was that the softening and/or hardening effect due to hydrogen is strongly dependent on the impurity of 
the investigated material and the interaction of hydrogen with impurities. Recently Dong and Thompson [20] confirmed 
this data by measuring thenmal activation parameters. However, an increased understanding e.g. of titanium and titanium 
alloys [21-25] has demonstrated that hydrogen can become also a powerful tool in improving processing and 
microstructure/mechanical properties. 

Hydrogen induced processing turned out to be very interesting especially for the fabrication of iron and steel. The aim of 
the following discussion is to present recent results on the improved hot fomnability of high strength 2 1/4 Cr-1 Mo steel in 
comparison with Amnco iron after hydrogenation. 

The investigations were perfonned on commercial Annco iron and 2 1/4 Cr-1 Mo steel. Both materials were annealed at 
500^ for three hours (in the following identified as as-received) before hydrogen charging and compression testing. EDS 
analysis showed small amounts of trace elements (e.g. Si, S, Cr, Mn, W) for Annco iron and significant amounts of Si, Mn 
and Ni for 2 1/4 Cr-1 Mo steel. The microstructure was studied by optical microscopy (OM) and transmission electron 
microscopy (TEM: Philips CM200). For optical microscopy polished specimens were slightly etched with 
2% HNO3 / ethanol. TEM specimens were prepared electrochemical thinning in a solution of 5% perchloric acid and 95% 
acetic acid at 15°C. 

After grinding Annco iron and 21/4 Cr-1 Mo steel were charged eledrolytically with hydrogen in a 2:1 glycerine-phosporic 
acid electrolyte at 55°C and a current density of i = 18 A/m^ low enough to avoid charging damage in these materials. 
Since hydrogen diffusion at RT in the investigated Amnco iron and 21/4 Cr-1 Mo steel is very fast and significant 
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desorption of hydrogen atter the hydrogenation had to be avoided for the following mechanical testing, all samples were 
quenched and stored in an acetone-dry ice bath. Chemical and electrochemical coating of the surface with a 
supersaturated copper sulfate solution and afterwards with a solution consisting: nickel sulfate, boric acid, ammonium 
chloride (8:1:1) at a current of about 0.5 A turned out to be very effective to retain hydrogen even during the compression 
testing The hydrogen content was measured by a LECO hydrogen detemfiinator. Compession tests were perfonned with 
uncharged and hydrogenated samples at strain rates of 5 %/s and 10 %/s at 650X using a Gleeble 1500. Since this 
temperature had to be reached at very high heating rates in order to reduce hydrogen loss fluctuations of the temperature 
of+10X as well as of the recorded stress have to be taken into account analyzing the true strain-stress curves. 

Effect of Hydrogen on Mechanical Stability 
The influence of hydrogen on the compressive mechanical properties, especially the yield and the flow stress of Annco 
iron and 21/4 Cr-1 Mo steel was investigated at 650°C for different strain rates of 10 %/s (fig. 26) and 5 %/s (fig. 27). 

Comparing the stress-strain curves for uncharged Annco iron and 21/4 Cr-1 Mo steel at 650°C for strain rates of 10 %/s 
(fig. 26) and 5 %/s (fig. 27) it can be seen that increasing the strain rate increases the flow stress for both materials. 

Figure 28 and 29 reveal only a small, not significant increase of the compressive stress for Amico iron after hydrogenation 
up to 3.2 wt.ppm hydrogen and compression test at eSOX for strain rates of 10 %/s and 5 %/s, respectively. 
In contrast to the results for Amico iron it was observed that hydrogen has a tremendous influence on the yield and the 
flow stress of the high strength 21/4 Cr-1 Mo steel. At a strain rate of 10 %/s (fig. 26) and hydrogenation up to 4.5 wt.ppm, 
21/4 Cr-1 Mo steel exhibrted a slight decrease in the compressive mechanical properties. However, using a smaller strain 
rate of 5 %/s afler hydrogen charging up to 4.5 wt.ppm hydrogen (fig. 27) lead to a surprising softening effect down to the 
values of yield and flow stress of Armco iron. 
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Figure 26. True strain-stress curves of Annco iron and 2 V* Cr-1 Mo steel at 650°C for a strain rate of 10 %/s before 
hydrogen charging and after hydrogen charging. 
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Figure 27.   True strain-stress curves of Armco iron and 2 V* Cr-1 Mo steel at 650°C for a strain rate of 5 %/s before 
hydrogen charging and after hydrogen charging. 
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The influence of the hydrogen content on the tme strain-stress curve of 21/4 Cr-IIVIo steel at 650°C was investigated for 
the high strain rate of 10 %/s (fig. 28). Figure 28 shows that the yield and the flow stress decreased by up to 50 pet. with 
increasing hydrogen content. At a hydrogen content greater than or equal to 7.8 wt. ppnn the similar mechanical properties 
were observed as for armco iron. 
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Figure 28.  The influence of the hydrogen content on the true strain-stress curve of 2 1/4 Cr-IMo steel at 650°C for a 
strain rate of 10 %/s. 

Effect of Hydrogen on the Microstructure 
Optical microscopy of Armco iron and 2 1/4 Cr-IMo steel (fig. 29a) in longitudinal direction revealed a fenite structure for 
the former and a ferrite-pearlite structure for the latter. Figure 29 (a) and (b) show the microstructure of uncharged and 
hydrogenated (7.8 wt. ppm hydrogen) 21/4 Cr-IMo steel after compression at a strain rate of 10 %/s. By optical 
microscopy no significant differences between the uncharged and defomned in comparison to the hydrogenated and 
defomied material could be observed. TEM investigations of 2 1/4 Cr-1Mo steel (fig. 30) give additional infomation and 
allow possible explanations regarding the present mechanism during compression before and after hydrogen charging. 

In comparison to the as-received 21/4 Cr-IMo steel (fig. 30a) an increase in the dislocation density as well as the 
formation of a dislocation network, mostly in the ferrite, was observed after compression at 650X and a strain rate of 
10 %/s (fig. 30b). The observed higher compressive stress of 21/4 Cr-IMo steel might occur due to the fomiation of 
dislocations, dislocation networks as well as dislocation pile-ups at the grain boundaries of the fenite and ttie very fine 
lamellar peariite structure. Hydrogen charging up to 7.8 wt.ppm hydrogen and following compression resulted in a well 
developed cellular dislocation arrangements which are known from recovery or dynamic recrystallization processes. TEM 
bright field images (fig. 30c) show clearly the fomiation of small-angle grain boundaries. 

SPS*' 

a) b) 

Figure 29. Optical microscopy of 2 1/4 Cr-1 Mo in longitudinal direction: (a) uncharged after compression at a strain rate of 
10%/s and (b) hydrogen charged (7.8 ppm hydrogen) after compression at a strain rate of 10%/s. 

The decreasing strain rate, allows in as-received as well as hydrogenated Amnco iron and 2 1/4 Cr-IMo steel, longer time 
periods for recovery processes; thus leading to the observed softening effect. The high stacking fault energy, which can 
be concluded from the ability to fomi small-angle grain boundaries and the influence of the high temperature on the 
climbing, cross-slip mechanism of dislocations, and reduced Peieri's potential due to the hydrogen probably increasing the 
mobility of dislocations in 2 1/4 Cr-IMo steel. This behavior again should accelerate recovery processes leading to 
softening with increasing hydrogen content in 2 1/4 Cr-IMo steel. Such an effect is not observed in Amico iron probably 
due to an already higher mobility of dislocations without hydrogen. Further studies at lower temperatures are underway in 
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order to verify these assumptions. 

-I 

a) b) 

c) 

Figure 30. TEM of 2 1/4 Cr-1Mo steel (cross section): (a) as-received, (b) uncharged after compression at a strain rate of 
10 %/s and (c) hydrogen charged (7.8 ppm hydrogen) after compression at a strain rate of 10 %/s. 

2.2.3   Hydrogen induced plastic deformation in Ti-Nb Alloy 
CSIVI with the collaboration with scientists at Ben Gurian University (Israel) and the University of Dortmund (Gemiany) 
performed a similar investigation on hydrogen assisted fomning of alloys. The work and results are described in the 
subsections below. 

Alloying of Ti-based alloys with hydrogen has been used to modify the microstructure and improve mechanical properties 
[26] Hydrogen charging was perfomned electrochemically in a 2:1 glycerin-phosphoric acid electrolyte at high fugacities. 
Hydrogenation of Ti-Nb was found to exhibit a significant effect on the phase stability as well as the microhardness of Ti- 
Nb alloys. Hydrogenation of Ti-20 wt. pet. Nb led to precipitation of (Ti,Nb)Hx in the metastable a" matrix. In Ti-Nb alloys 
with 40 or 45 wt. pet. niobium, hydrogen stabilized the bcc p-phase, but destabilized the hep a-phase. With increasing 
hydrogen content an expansion of the lattice constant of the p-phase occurred, followed by the formation of (Ti,Nb)Hx. The 
influence of hydrogen on the microhardness of Ti-40 wt.pct.Nb and Ti-45 wt.pct.Nb shows only a minor effect, whereas Ti- 
20 wt.pct.Nb exhibits significant softening in response to hydrogen charging up to 3000 ppm. TDS showed that deuterium 
desorption strongly depends on the niobium content and the defomiation treatment prior or after charging. 
The obsen/ed results should provide further insight on the mutual effects and the resulting micromechanism of 
hydrogenation and defomiation in Ti-Nb alloys. The studies of sintered Ti-20 wt.pct. Nb and Ti-40 wt.pct. Nb, as well as of 
commercial Ti-45 wt.pct.Nb, showed a strong influence of hydrogen at high fugacities on phase stability and 
microhardness as well as on the thermal desorption of the hydrogenated Ti-Nb alloys which were defomried before or after 
deuterium charging. 

The microhardness of sintered Ti-20 wt.pct.Nb decreased significantly during hydrogenation at high fugacities. The 
observed softening might occur due to a change in the a'Vp ratio during the precipitation of (Ti,Nb)Hx as mentioned above. 

Microstructural investigations of Ti-40 wt.pct. Nb and Ti-45 wt.pct. Nb alloys reveal the bee p-phase as well as the diffuse 
ffl-phase. Cathodic hydrogen charging leads to stabilization of the bcc phase, but to destabilization of the hep co-phase. An 
expansion of the lattice constant of the ro-phase and the formation of (Ti,Nb)Hx could be observed in Ti-45 wt.pct. Nb. 

The microhardness showed only a minor change after hydrogenation for Ti-40 wt.pct.Nb and for Ti-45 wt.pct. Nb alloys. It 
is assumed that the minor decrease of the microhardness in Ti-45 wt.pct. Nb is due to the destabilization of the co-phase 
during hydrogen charging and the following increase due to the precipitation of (Ti,Nb)Hx. 

Thermal desorption analysis showed that desorption of deuterium in Ti-Nb (20-45 wt.pct. Nb) is influenced by the niobium 
content, most likely by the phases present. The desorption temperature increases with the niobium content. Defomiation 
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prior to deuterium charging led to an increased desorption temperature. One explanation for this influence could be that 
trapping sites fomied during the defomiation have a stronger affinity for deuterium and/or deuterium segregates at 
dislocation cores. 

Deuterium charging followed by defomiation of Ti-45 wt.pct. Nb, however, leads to a reduced desorption temperature, 
probably due to an increased amount of screw dislocations generated during the deformation of the hydrogenated co- 
phase [27]. 

2.3 Hydrogen Management in Structural Alloy Welds 
Hydrogen-assisted cracking is the most common cracking problem encountered during the fabrication of welded steel 
structures [28]. With the advances in high strength low alloy (HSLA) steel processing, cracking has moved from the HAZ 
to the weld metal. The susceptibility to hydrogen embrittlement has been primarily related to the steel composition, 
microstructure and temperature [29]. Current preventive measures such as pre- and/or post-weld heat treatment, proper 
electrode selection and handling, and edge preparation have been used to minimize the hydrogen concentration and 
stress level [25]. Through these practices, HSLA steel welds can maintain acceptable levels of hydrogen content as low 
as one to two milliliters of hydrogen per 100 grams of weld deposit. However, these practices require much effort, time 
and expense. 

For better understanding of HAC for steel weldments, two classifications of hydrogen must be considered. Diffusible 
hydrogen is the mobile hydrogen that is available for diffusion to the tri-axial stress sites and is considered to potentially 
harmful for HAC. The residual hydrogen is the hydrogen that Is trapped at specific sites in the miaostructure, preventing 
its transport. The prevention or control of diffusible hydrogen in the weld metal may reduce the susceptibility to hydrogen 
cracking. 

2.3.1 Hydrogen Trapping as a Method to Manage Weld Metal Hydrogen Damage 
It has been reported [30-32] that diffusible hydrogen can be suppressed by introducing selected rare earth metal and 
transition metal additions, as powder ferroadditions, to the weld metal to serve as hydrogen traps. These traps, in the 
form of oxides or cartx)nitrides, have high binding energies with hydrogen. Fundamental investigation has been done by 
Maroef [33] by using neodymium and yttrium as hydrogen trapping elements in iron and low carijon steel. The yttrium 
resulted in the most effective trap, due to its higher weld metal recovery than that of neodymium, thus reducing in the 
diffusible hydrogen content by forty percent of that of a steel weld made with no yttrium addition. 

Baune [34] investigated the use of cerium fluoride and cerium oxide in basic flux cored welding electrodes and showed 
that cerium fluoride had a slightly better effect in reducing the diffusible hydrogen content than cerium oxide. The cerium 
fluoride had the advantage of the fluoride reducing the activity of the hydrogen in the weld arc plasma which may 
contributed to the decrease in diffusible hydrogen as well as the high reactivity of cerium. However, arc characteristic 
behavior, i.e. arc stability, by the addition of these cerium compounds were not discussed. Pokhodnya [31] showed that 
the diffusible hydrogen content in the weld metal could be reduced by microalloying it with rare-earth hydride-fomiing 
elements. The redistribution of the diffusible hydrogen has decreased with increasing rare-earth content, conBsponding to 
an increase in residual hydrogen content. The oxy-sulfide fomri of the rare-earth compound was found to be the trapping 
inclusion in the steel weld metal alloyed with manganese, nickel, and molybdenum. 

Ebertiart [32] postulated an ortaital model to rationalize the effectiveness of traps in bcc iron. Throughout this model, it is 
argued that the binding energy of hydrogen to traps is largely determined through the Femii energy ortiital topology at the 
trap-bcc iron interface. Estimates of trapping efficiency for several inclusions in steel were conducted using this model. As 
a result, Ce203 was predicted to be the most effective trap followed by TiC, Y2O3, NbC, and finally M02C. Titanium 
cartDide has a binding energy of approximately 100 kJ per mole. 

The investigation first experimentally detemnined if hydrogen traps are effective in HSLA steel welding and evaluate the 
performance of each selected rare earth metal and transition metal hydrogen traps in HSLA weldments in order to reduce 
the susceptibility to HAC. The diffusible hydrogen measurement and the verification of these traps will be determined by 
gas chromatography, thermal desorption analyses, and metallographic techniques and XRD analysis, respectively. 

The first investigation was followed by studying effects of welding parameters on diffusible hydrogen levels in the 
advancement of hydrogen management. The influence of the welding parametersOncluding amperage, voltage, travel 
speed, and transfer mode, as well as the interrelationship) on the utility of hydrogen traps in managing diffusible hydrogen 
content is studied. 
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2.3.2 Irreversible Hydrogen Trapping in High Strength Steel Weldments 

The effectiveness of irreversible hydrogen traps in HSLA steel weld metal investigated to observe if the diffusible 
hydrogen content of a HSLA steel weld deposit can be reduced. The addition of neodymium in the HSLA steel metal 
cored wire shows a slight increase in the diffusible hydrogen content compared to that of the HSLA steel base reference. 
Because a neodymium rich intemietallic phase with iron does not exist, the difficulty of introducing neodymium as a ferro- 
neodymium powder is not practical and other factors such as the transfer behavior and themiochemical reactions may 
play an important txile for such a reactive element. 

2.3.2.1 Metal Core Wires 
Four types of in^eversible traps, titanium, vanadium, neodymium and yttrium, were used in the fomn of fenropowders that 
were fabricated at CSM. These powders were made by fomning the brittle intemietallic phase with iron and then crushed 
and sized by immersion in liquid nitrogen. Three content levels for each trap type were used to study the effect of the 
amount of traps available for hydrogen trapping. The mild steel sheath was made with three yttrium additions of 500,1000, 
and 2000 ppm. The HSLA steel sheath was made with neodymium (500, 1000, and 2000 ppm), titanium (200, 300, and 
400 ppm), and vanadium (200, 300, and 400 ppm). These metal cored wires were drawn to 0.0625 in. (1.6 mm) in 
diameter electrodes. 

2.3.2.2 Diffusible Hydrogen Measurement 
Diffusible hydrogen measurements were carried out following the ANSI/AWS A4.3-93 [34]. The weld specimens for this 
procedure were cut from HSLA 100 steel plate and were either mechanically milled or grounded to the dimensions of 12 
mm X 25 mm x 40 mm and measured to maintain tolerances specified in the standard method. High strength low alloy 
(HSLA) steel was supplied by the U.S. Steel Company and was used for all welding experiments as the base plate in both 
phases of this research. 

Once the weld specimens had been prepared, the specimens were hydrogen degassed at 600°C for at least six hours in a 
vacuum furnace. Any subsequent oxide formation was immediately dry ground. The specimens were weighed, recorded, 
and welded. After welding, the samples were ice quenched within five seconds of completion of weld for twenty seconds. 
The weld samples were then stored in a dry ice and acetone mixture (-72 "C). When all welds were made, the samples 
were dry sand blasted and the samples for diffusible hydrogen measurement were returned to the dry ice/acetone bath. 

The gas chromatograph method proposed by Quintana et al. was used for the measurement of diffusible hydrogen. The 
gas chromatograph method allows for lower levels of hydrogen detection to one part per million content due to the 
sensitivity of the themial conductivity detector used in gas chromatography. The sampling of the diffusible hydrogen gas 
from the canister required using a one milli-liter syringe to inject the gas sample into the gas chromatograph for analysis. 
The ambient temperature and barometric pressure were recorded for each measurement. Initially, a standard gas mixture 
of hydrogen and helium was tested to verify reliable measurements before the samples were tested. At least three 
injections were made for each sample in which results were in a good agreement and the pressure of each canister was 
checked for any leaking. 

The themnal desorption analysis was used to verify the high temperature trapping of hydrogen in the HSLA steel 
weldments. A four degrees per minute heating rate was used and the measurement was canied out to 1000 °C. 

2.3.2.3 Characterization of Hydrogen Traps 
The bromine method was used to extract non-metallic inclusion in the weldments. The bromine method is useful in 
recovering non-metallic inclusions in steel; the iron matrix is dissolved in the bromine solution, leaving behind the non- 
metallic inclusions. These inclusions were collected by filtering and then washed before analysis. A Phillips XRD machine 
was used and the resulting XRD spectral was used to Wentify the inclusions. 

Induced Couple Plasma (ICP) analysis was used to obtain the chemical composition of the weldments and metal core 
electrodes. ICP analysis samples are prepared by dissolving a small amount, about 0.1 grams, in a concentrated nitric 
acid solution. The solution is vaporized by plasma and detected by spectroscopy. The ICP method is useful when the 
material is completely dissolved, which may not be the case for certain oxides. 

2.3.2.4 Welding Parameters 
Iron fill metal-cored steel wire (plain carbon steel sheath) was made to serve as a base line wire. Iron fill metal-cored wires 
were made, containing four levels of ferro-yttrium (FeaY) content. The yttrium contents in the iron fill metal cored wire are 
approximately 0, 350, 3000, and 6000 ppm. Three levels were chosen to study the effect of welding parameters and trap 
content and the wire with no yttrium served as a baseline. Iron filled metal-core wires had a powder fill of about fifteen 
weight percent and AISI-SAE 1005 plain carbon steel sheath. Details of the tubular wire bench fomiing operation and 
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flux/powder flow characterization are discussed in anotlier reference. Powder flow characteristics, such as flow rate and 
composition, were perfomed on fenxj-yttrium powders with a size range l)etween 200 to 600 microns. Mass flow rate and 
sampling at thirty second intervals for composition distribution were perfonned and resulted in a unifom flow rate, as well 
as a uniform composition. 
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Figure 32. Metal transfer mode - weld metal diffusible hydrogen content plot on a GMA welded HSLA steel with HSLA 
steel metal cored steel wire containing 1600 ppm yttrium. 

A metal-cored wire with a HSLA steel composition was also fabricated with about 1600 ppm of yttrium and its chemical 
composition. The same standard procedure was used in phase one for the measurement of diffusible hydrogen. These 
wires were used to study the weld parameters on the diffusible hydrogen content for phase two of this research. The test 
matrix has been established to vary the heat input by varying the voltage while the current (wire feed speed) and travel 
speed remain constant. Voltages were chosen for much of the complete range where welding was possible. Similariy, the 
current was varied and the voltage and travel speed was held constant. The effect of travel speed was varied while 
voltage and current were held at a constant value. The effects of oxygen content, introduced through the shielding gas, 
was examined by using four levels of oxygen (0, 1,2 and 4 percent oxygen-balance argon). The metal transfer modes 
and resulting diffusible hydrogen contents with variation of welding current and voltage is shown in Figure 32. 

2.3.3. New Approach to measure diffusible hydrogen contents in HSLA steel weld metal 

To correlate TEP coefficient values with various hydrogen content levels in welds, measurements of actual diffusible 
hydrogen of welded HSLA steel with increasing hydrogen concentration in shielding gas were conducted according to the 
procedure detailed In ANSI/AWS A4.3-93, which is shown in Appendix A. The hydrogen content of the argon shielding 
gas was increased to a level of 6 percent by volume. The welding parameters were kept same as described in 
experimental procedures. 

The diffusible hydrogen content of the welds as a function of volume pet. hydrogen in the shielding gas is shown in Figure 
33. The result indicates that no detectable diffusible hydrogen was detected for 0 vol. pet. hydrogen in shielding gas. As 
volume pet. of hydrogen increase, the amount of diffusible hydrogen increases in parabolic function. Since the welding is 
conducted under controlled laboratory eondrtions, it appears that Sievert's law is valid. In Figure 34, the volume percent of 
hydrogen has been converted to partial pressures assuming ideal gas behavior and an overall pressure of one 
atmosphere around the weld. 

With results of correlation between diffusible hydrogen content and hydrogen vol. pet. in shielding gas, TEP 
coefficient measurements were conducted for welded HSLA steels with various hydrogen vol. pet. in argon shielding gas. 
After the welding, welded specimens were stored in liquid nitrogen until measurement began. Therefore, the initial sample 
temperature of measurement was around -150 °C and rose to room temperature. 
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Hydrogen in argon (Volime percent) 

Figure 33 Measured diffusible hydrogen content of 
weld metal as a function of hydrogen volume percent. 

Square net of the partial pressures of liydrogen, (P„_) 

Figure 34 Measured hydrogen content of weld 
metal as a function of the square root of the partial 
pressure of H2 above weld pool. 

TEP coefficient measurements of welded HSLA steel using 0 vol. pet. hydrogen and 6 vol. pet. hydrogen-atgon 
mixture are shown in Figure 35. One of the striking result is the large difference in TEP coefficient between 0 and 6 vol. 
pet. hydrogen at low temperature (about -140 °C) between two welded specimens. As specimen temperature increased to 
room temperature, TEP coefficient curves of two specimens approach almost the same value. The TEP coefficient value 
is not exactly same, and the reason for that is discussed in a different chapter. The result Indicates that TEP coefficient 
value is amplified when specimen temperature is lower than room temperature, and the differences increase as specimen 
temperature decrease. This amplification effect, which was not possible at room temperature, makes the use of TEP 
coefficient for hydrogen sensor very valuable. One other advantage of this low temperature measurement is that welded 
specimen storage in low temperature media, such as liquid nitrogen or mixture of dry ice and acetone, is that it is 
consistent with the standard procedures for diffusible hydrogen measurement according to ANSI/AWS A4.3-93. 

Other hydrogen contents, 1, 3, and 5 vol. pet. in shielding gas, were welded, and TEP coefficient measurements 
were conducted to correlate with diffusible hydrogen content. The results of TEP coefficient measurements of these 
welded specimens are shown in Figure 36. As diffusible hydrogen content increases, each TEP coefficient curve moves to 
a lower level, systematically. These results suggest that the plot of TEP coefficient as a function of either time or 
specimen temperature can be used to curve fit a standard plot to detemiine the resulting diffusible hydrogen content for 
steel weld metal. For example, field practitioners may take the TEP coefficient measurement device and measure the TEP 
coefficient value of actual welds in low temperature by recording a specimen temperature. The measured TEP coefficient 
value can be compared with a plot of the TEP coefficient as a function of time or specimen temperature, and basically 
Indicates the hydrogen content in the welds. This approach using TEP coefficient measurement at low temperature makes 
diffusible hydrogen content measurement much easier and faster. The time required for measurement is about thirty times 
faster as compared to conventional standard diffusible hydrogen measurement methods. 

Figure 37 presents the measured TEP coefficient as a function of specimen temperature. Each curve becomes 
more linear line when TEP coefficient was plotted as a function of sample temperature. These results indicate that each 
TEP coefficient curve represents amount of diffusible hydrogen in HSLA steel welds. Therefore, by recording both the 
TEP coefficient value and specimen temperature for diffusible hydrogen measurement practice, instantaneous amounts of 
diffusible hydrogen for weld metal can be obtained. 
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Figure 35 Measured TEP coefficient of welded 
HSLA steel with UHP argon gas (0 vol. pet. hydrogen) 
and 6 vol. pet. hydrogen-argon mixture in shielding gas 
for 79 minutes. Welding condition: 120 Amps, 1 mm/s 
travel speed, ice water quenching, and liquid nitrogen 
storage. 
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Figure 36 Measured TEP coefficient of welded 
HSLA steel with five different hydrogen content 
levels (0,1,3, 5, and 6 vol. pet.) in shielding gas for 
thirty minutes. Actual diffusible hydrogen content is 
shown in legend. Welding condition: 120 Amps, 1 
mm/s travel speed, ice water quenching, and liquid 
nitrogen storage. 

The TEP coeffidents of certain sample temperature, -60 and -40 °C, were taken and plotted as a function of 
diffusil)le hydrogen content. The results are shown in Figure 38 (a) and (b). The results indicate that TEP coefficient is 
relatively linear with amount of diffusible hydrogen in welded HSLA for both sample temperature of -60 and -40 °C. 
However, reproducibility of the TEP coefficient measurements for welded HSLA steel with 3 and 5 vol. pet. hydrogen 
additions in shielding gas was not poor. It appears that poor reproducibility of measurements mainly caused by 
experimental difficulties due to low temperature measurement. As soon as the specimen is placed in the measurement 
set-up, the temperature controllers are trying to maintain the differential temperature as 10 °C, and it takes about 5-10 
minutes to achieve stable differential temperature of 10 °C. Also, pressure of probes on specimens found to be very 
critical at low temperature. Thus, measurement technique as well as TEP analysis set-up needs to be developed for 
improved reproducibility of measurement. 

In addition, analytical hydrogen content sensor using TEP coefficient needs to be accurate and calibrated to 
hydrogen content as low as 0.1 ml per 100 g of metal (0.089 ppm hydrogen). This step is very challenging, but can be 
improved with the development of measurement set up and accurate calibration procedure. The other design requirement 
is that the analytical apparatus must be easy to operate and understood by technicians in the welding workplace, and the 
data must be easily acquired and stored electronically in a computer. The measurements must be able to be made 
directly on welds in the welded structure, as well as measured on test coupons. The equipment must be sufficiently 
durable and lightweight to be conveniently used in the welding workplace. 

According to experimental results, the sensor using TEP allows measurement of diffusible hydrogen content directly from 
a welded structure, eliminating the need for duplicate specimen coupons. The sensor generates the necessary analytical 
signal in less than fifteen minutes after cooling from liquid nitrogen, and can be calibrated to yield results in ml H2/IOO g 
weld metal. A design incorporating an array of sensors or a motorized sensor could be used to generate diffusible 
hydrogen distributions with a high resolution. 
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Figure 37 Measured TEP coefficient as function of 
specimen temperature for all five welded HSLA steel 
specimens. 
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Figure 38 Measured TEP coefficient as a 
function of hydrogen content vol. pet. in shielding 
gas at specimen temperature of a) -60 and b) -40 
°C. 

2.4.   Thermoelectric Power Sensor to Assess Nitrogen Content 

The results of total nitrogen content for plasma welds of stainless steel Alloy 1.4565 are shown in Table 2 for each 
different analytical technique used for the detemnination of total nitrogen content. A comparison of the results of total 
nitrogen content for each method indicates that there is no standardization for total nitrogen content detennination. 

Table 2 shows the results of measuring both the total nitrogen content and the interstitial nitrogen content of 
stainless steel Alloy 1.4565 utilizing the Leco nitrogen determinator and Beeghly's ester-halogen process. These results 
indicate that approximately two percent nitrides are present in the base metal Alloy 1.4565, with approximately 15-19 
percent of the nitrogen in the weld metal being fomned nitrides. Table 3 represents the themioelectric power coefficient 
indicating the interstitial nitrogen content present in weld pass or remelt weld pass in the autogeneous welding of stainless 
steel Alloy 1.4565. 

Table 2: Total nitrogen measurements from various analytical techniques for stainless steel Alloy 1.4565. 

# of Weld 
Passes 

1 

Total Nitrogen Content (wt %) 
Leco Nitrogen 
Determinator 

0.551 
0.5072 
0.6043 

Spark Emission 

0.403 
0.376 
0.391 

Micro-Kjeldahl 

0.5 
0.5 
0.49 

Table 3: Comparison of total nitrogen content, nitride content, and interstitial content for 
stainless steel Alloy 1.45(55. 

# of Weld 
Passes 

Weld Metal 
Total 

Nitrogen 
(wt%) 

Weld Metal 
Nitride 

Content 
(wt%) 

Weld Metal 
Interstitial 
Nitrogen 

(wt%) 

% Interstitial 
Nitrogen in 
Weld Metal 

% Nitrides in Weld 
Metal 

1 0.551 0.0822 0.4688 85.08 14.92 

2 0.5072 0.09541 0.4118 81.20 18.81 

3 0.6043 0.1178 0.4865 80.51 19.49 
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Table 4:   Interetitial nitrogen content from Beeghly process and thermoelectric power coefficient for 
stainless steel Alloy 1.4565. 

Interstitial Nitrogen Content 
# of Weld Passes Leco & Beeghly Process (wt%) Themioelectric Power (pV/C) 

1 0.4688 ± .0040 5.009 

2 0.4118 ±.0040 5.124 

3 0.4865 ± .0060 4.976 

Figure 39 is the themioelectric power coefficient as a function of total nitrogen content for plasma welded 
stainless steel Alloy 1.4565. Figure 40 is the results for stainless steel Alloy 1.4565 GTA welds showing the same trend 
(opposite concavity) of non-linear behavior. A linear relationship does not exist between the themnoelectric power 
coefficient and total nitrogen content for either plasma or GTA welded stainless steel Alloy 1.4565 welds. However, a 
linear relationship does exist for the Seebeck coefficient as a function of interstitial nitrogen content for all welds, which is 
shown in Figure 40 for plasma-welded stainless steel Alloy 1.4565. As the interstitial nitrogen content is decreased due to 
the fomnation of nitrides, the Seebeck coefficient consequently increases. 
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Figure 39 Themioelectric power as a function of total nitrogen content for plasma welded stainless steel Alloy 1.4565 with 
atgon-5% nitrogen shielding gas. 1,2, and 3 indicate the number of weld passes. 
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Figure 40:  Themioelectric power as a function of total nitrogen content for plasma welded stainless steel Alloy 1.4565 
with argon-5% nitrogen shielding gas . 1,2, and 3 indicate the number of weld passes. 
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An SEM image is shown in Figure 41 (a) of the austenitic plasma weld metal (three weld passes) indicating a dendritic 
cored solidification structure with an interdendritic region full of nitrides. Figure 41 (a) is then zoomed in to 1500x (Figure 
41 (b)) and a line scan is run to detennine the phases that make up the dendritic solidification. The line scan is perfomied 
along the arrow shown in Figure 41 (b). The line scan results shown in Figure 6.10 verifies the cored primary austenite 
solidification. 

(a) (b) 

Figure 41: (a) SEM image or stainless steel Alloy 1.4565 (triple plasma weld passes) at 800 X and (b) at 1500X. Note 
that yellow arrow corresponds to EDX scan line of the solute compositional profile shown in Figure 40. 

To detennine the composition of the interdendritic region, X-ray diffraction was used and the results are shown in 
Figure 6.13. The X-ray diffraction measurement on the residue from the nitride analysis indicates that there are dispersed 
fonmed nitrides in stainless steel Alloy 1.4565. 
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Figure 42: Scanning Electron Microscope energy dispersive x-ray analysis of plasma welded stainless steel Alloy 1.4565. 

33 



eoumli 

°2T1ieta 

Figure 43. X-ray diffraction scan of plasma-welded (triple pass) stainless steel Alloy 1.4565. 

The largest peak is hexagonal dose-packed FesN, which overlaps a hexagonal dose-packed CrN peak. These results 
show that nitrides do in fact fomri during welding of high austenitic stainless steel Alloy 1.4565, thus increasing the 
importance of analysis and characterization of nitrogen as an alloying addition. X-ray diffradion also verifies that the 
interdendritic chromium has reacted with nitrogen resulting in interdendritic chromium nitride fomiation. Adjacent to the 
chromium nitride, chromium is depleted, which could potentially lead to chromium sensitization. Chromium sensitization 
adjacent to the fomied nitrides may also promote pit initiation adjacent to the nitride, particularty in the interdendritic 
regions where the nitrogen content is high, thus promoting the fomnation of nitrides as shown in the micrographs in Figure 
40. 
A themiodynamic expression of equilibrium was applied to demonstrate the relationship Ijetween the Seebeck coeffident 
and nitrogen phases during homogenization. Making a correlation between all of the results presented was important for a 
thorough analysis. The results of the total nitrogen contents were inconsistent between different analytical techniques for 
stainless steel Alloy 1.4565 samples as shown in Table 2. Plotting themrioelectric power as a function of total nitrogen as 
in Figure 39. It became obvious that it was important to determine what was actually being measured in temns of nitrogen 
content. The solubility diagram of stainless steel Alloy 1.4565 showed that the nitrogen solubility is exceeded at 1500 "C, 
leading to the fomiation of nitrides during welding. Then applying Beeghly's ester/halogen method, a quantitative nitride 
content was found proving that nitrides had fomied during the solidification process. A second verification of the 
existence and type of nitrides fomied came from x-ray diffraction. From the scanning electron microscope images it is 
possible to see that nitrides fomied in the interdendritic region. Knowing that the equilibrium partition coefficient is less 
than one for nitrogen and most other alloying elements in iron resutting in segregation, which is verified in the SEM line 
scan across the weld (dendritic and interdendritic) shown. 
The modification of the Ellingham-Richardson diagram accounting for high nitrogen content and alloying elements present 
in stainless steel Alloy 1.4565 showed the thermodynamic order of fomation of nitrides with chromium being the first to 
fomi. The Seebeck coeffident as a function of total nitrogen content from Figure 40 and the interstitial nitrogen content 
from Figure 41 for plasma welded stainless steel Alloy 1.4565 experimentally agrees with the themiodynamic models are 
discussed (36). Speculating from the themiodynamic models, the Seebeck coeffident is extremely sensitive to 
microstructure. The interstitial nitrogen is constant in the dendritic region, so the only changes occurring during welding 
are the changes in the interstitial nitrogen in the interdendritic region. The Seebeck coeffident is monitoring the change of 
the interstitial nitrogen in the interdendritic region. 
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3.0 ACCOMPLISHMENTS OF THIS RESEARCH CONTRACT PERIOD 

• Thermoelectric power measurements have been demonstrated to be very capable, as well as a rapid and 
accurate method to assess the hydrogen content in austenitic type structural materials. The hydrogen content 
has been conrelated to TEP electronic measurements using non-destructive surface contact probes. These 
correlations have been made on austenitic steel, iron and monel 500. The monel 500 results showed that the 
hydrogen pick up due to cathodic protection of submarine propeller fasteners can be rapidly assessed by such 
non-destructive contact measurements. 

• TEP assessment of the diffusible hydrogen content in ferritic and martinsitic steels, which means that this 
technique can possibly replace the existing IIW hydrogen detemiination practice on welded coupons. Further 
development is needed to make this practice applicable to welded structures. The problem is associated with the 
rapid hydrogen transport in the ferritic, bainitic, and martinsitic steels. A practice is required that can integrate the 
amount of hydrogen coming out of the steel in a short period of time and then can use a diffusion derived 
expression to extrapolate this result to the amount of hydrogen desorbed in three days. The period is required in 
the IIW standarti for room temperature desorption. These developments may lead to a rapid surface contact 
method to assess hydrogen build up in gun barrels. 

• The use of hydrogen as a transient alloying addition was used as a method to assess the influence of a small 
variation in a specific alloy composition on a given property. Since hydrogen donates its electron to the (/-band in 
a manner similar to that of other alloying additions, the effed of certain alloy additions on a property can be 
assessed by diffusion of hydrogen into the alloy and perfomi property tests. In this research hydrogen additions 
successfully demonstrated that it could change the thermal expansion coeffident of Invar. This practice can offer 
major savings in time and expense in achieving the optimum alloy content for a specific property. 

• The use of a transient hydrogen approach to enhance the plasticity during alloy fonning was successfully 
demonstrated. Hydrogen was absortjed at elevated temperature into 2 1/4 Cr-1Mo steel and Ti-Nb alloys; the 
new reactive-refractory alloys. After hydrogen absorption these alloy were deformed at high temperature in 
compression. The fomied part is then given a vacuum hydrogen desorption at elevated temperature so not to 
leave hydrogen in the part which could cause hydrogen cracking at room temperature. The hydrogen-enhanced 
plasticity in 2 1/4 Cr-IMo steel exhibited a major reduction in the flow stress when loaded at an optimum strain 
rate. The 2 1/4 Cr-IMo steel showed plasticity more related to pure iron. 

• The use of hydrogen as a transient alloy addition was also evaluated on Ni-Ti alloys in a collaborative project with 
Ben Gurion University of the Negev (Israel) and the University of Dortmond (Gennany). Hydrogen enhanced 
plasticity was also experienced in these reactive-refi-actory alloys. With further development this practice of high 
temperature hydrogen enhanced foming may offer a means to forni alloys with limited plasticity. 

• The high temperature hydrogen enhanced plasticity is apparently associated with the enhanced mobility of the 
dislocations. In 2 1/4 Cr-1 Mo steels the dislocations appeared to easily move around classical dislocation 
pinning sites; i.e. the atmosphere of fine carlJide precipitate pinning sites. 

• TEP and magnetic susceptibility measurements were demonstrated as an effective practice to determine the 
hydrogen content in hydrogen storage materials, AB2 and AB5 types. This measurement practice can be applied 
in a manner that is used to determine the classical temperature-composition-pressure diagram associated with 
hydrogen content in materials. It was found to correlate well with infomnation found on TCP diagrams. Electronic 
measurement approach allows for a more rapid development of hydrogen storage alloys. This new practice offers 
a major accomplishment to the new Presidential Hydrogen Initiative. The evaluation of low temperature hydrogen 
storage materials, used in small power sources, needs both thermodynamic and kinetic data to find the optimal 
reversible hydrogen storage electrodes. The TEP measurements offer this capability. 

• The determination of interstitial nitrogen content in nitrogen strengthened austenitic stainless steel welds utilizing 
a non-destructive themrioelectric power surface contact probe has been demonstrated. The use of an ester- 
halogen digestion technique to detennine the nitrogen associated with nitrides in super austenitic stainless steel 
weld metal was developed and demonstrated. 

• High nitrogen steel welds were found to promote sensitization due to chromium depletion adjacent to the nitrides. 
The thermoelectric power coefficient is very sensitive to these nitrogen driven microstructural changes, but needs 
careful calibration to standards. TEP can be used as a rapid non-destructive technique to assess alloy 
composition, phase, and microstructure variations. 
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