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Section I 

INTRODUCTION 

The need for a relatively low cost, portable energy 

carrier to reduce dependence on oil, natural gas and other 

non-renewable energy sources has accelerated studies of 

hydrogen production and utilization. (l,Z) A major problem 

that will arise if hydrogen is to be used as an energy 

carrier is how to safely store and transport a gas which is 

known to severely degrade the mechanical properties of many 

conventional engineering materials. <3 , 4 ,S) This problem is 

compounded by the fact that hydrogen gas, due to its low 

density, must be used at about three times the pressure of 

natural gas if comparable energy densities are to be obtained 

for storage and transport. (6) Thus hydrogen gas pressures 

may exceed 17 MPa in many portions of the energy storage 

and distribution system. <7) 

The most obvious choice as a system for hydrogen transport 

and storage is the mild steel pipeline system which is cur-

rently used to transport and store natural gas. Hydrogen 

effects on steel are well known, however, much of the 

available literature is conflicting. Hirth reports that 

hydrogen causes softening in carbon steels due to increased 

mobility of screw dislocations, although in some instances, 

particularly in highly worked samples, hardening may also 

occur as a result of dislocation intersection and increased 

1 
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dislocation density. (B) In a study of medium carbon steels, 

Oriani and Josephic also report softening based on arguments 

similar to Hirth's and state that any hardening observed 

is due to absorbed interstitial hydrogen atoms (or ions). <9) 

It has also been reported in separate studies that hydrogen 

both raises and lowers the yield point of low carbon 

steels. (lO,ll) 

The embrittling effect of hydrogen has been widely 

studied and attributed to crack nucleation as a result of 

dislocation pileups. This in turn leads to release of 

atomic hydrogen and formation of molecular hydrogen which 

1 . . k b'l' . (12) v • • resu ts in microcrac sta i ization. •1any investigators 

disagree with this hydrogen gas pressure argument and there 

are numerous other models to describe the embrittlement 

process. The exact mechanism of hydrogen embrittlement is 

not known, but several, often contradictory, mechanisms have 

been proposed. For example, Beachem proposed that absorption 

of hydrogen increases the ease of dislocation motion or 

generation, or both, and assumed that this increase enhanced 

local plasticity. (l 3) Bastien and Azou, on the other hand, 

propose that hydrogen associated with dislocations either 

restricts their motion or provides localized hydrogen build 

up, leading to lattice embrittlement. <3) 

The existence of such conflicting mechanisms, all of 

which were developed to explain carefully obtained experimental 
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data indicate that important ffietallurgical parameters may 

have been overlooked in many experimental investigations. 

The neglect of these parameters could easily have led to 

the apparently conflicting results. The purpose of the 

research described in this thesis was to study the relative 

importance of two such metallurgical parameters, surface 

finish and available hydrogen supply, on hydrogen embrittlement 

of mild steels. Surface finish was controlled by standard 

metallographic specimen preparation techniques. Hydrogen 

supply was controlled by variations in cathodic charging 

current density (CCD). Cathodic charging involves electro-

lytic generation of hydrogen on the sample surface and 

variations in charging current density allows simulation of 

a wide range of hydrogen pressures. The results of this 

experimental study are presented and analysis of the data 

obtained are presented in this thesis. 

Section II 

LITERATURE REVIEW 

Experimental investigation of the effects of hydrogen 

on metals and alloys have historically concentrated on high 

strength steels. However, there is considerable available 

literature which describes the hydrogen compatibility of 

mild steels in various hydrogenous environments. These 

studies show that such compatibility is influenced by both 

the surface finish of the part and the concentration of 
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hydrogen in the alloy or the environment. In spite of these 

observations there are no comprehensive studies of the 

combined effects of surface finish and hydrogen exposure 

pressure or cathodic charging current density on the suscepti-

bility of mild steels to hydrogen embrittlement. 

A review of the literature related to the hydrogen 

compatibility of mild steels is summarized in the following 

sections which include: 

2.1 Hydrogen Embrittlement Mechanisms 

2.2 Effects of Hydrogen on Mild Steels 

2.3 Surface Finish Considerations 

2.4 Effect of Cathodic Charging Current Density 

on Hydrogen Compatibility. 

2.1 Hydrogen Embrittlement Mechanisms 

There are at least five distinct hydrogen embrittlement 

mechanisms which have been proposed by various investigators. 

These mechanisms include: 

(1) Absorption of hydrogen to increase the ease of 

dislocation motion. 13 

(2) Adsorption of hydrogen to reduce the surface 

energy of a crack face and thereby reduce the 

energy required for crack formation. 14 

(3) Absorption of hydrogen and interaction with the 

lattice to form a hydrogen rich phase which has 
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mechanical properties which differ from the 

metal lattice. 15 

(4) Internal precipitation of hydrogen as a gas. 

(Although the gas could be considered a hydrogen 

rich phase, no interaction with the metal 

1 . . . d) 12 attice is require . 

(5) Absorption of hydrogen to cause a significant 

reduction in the cohesive strength of the lattice. 16 

Hydrogen absorption is necessary for at least four of 

h f . d h . d 0 . · 22 h d h t e ive propose mec anisms an riani as argue t at 

the surface energy mechanism is similar to the decohesion 

mechanism. If this is the case, absorption is necessary 

for any of the listed mechanisms to be operative. Because 

of this argument, most investigators will agree that absorption 

of hydrogen is a necessary precursor to hydrogen embrittlement, 

regardless of the operative embrittlement mechanism. 

The conclusion that absorption of hydrogen increases the 

ease of dislocation motion was proposed by Beachem. 13 This 

"embrittlement" model is really a hydrogen enhanced local 

plasticity argument. Hydrogen is proposed to increase both 

the dislocation mobility and injection rate, particularly at 

the crack tip. This increases crack tip plasticity and results 

in enhanced crack propagation by very ductile mechanisms. No 

embrittlement is thought to have occurred although the local 

plasticity reduces the overall or macroscopic strain to 

fracture. Such enhanced local plasticity (softening) has 
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been observed by several investigators; however, it should 

also be noted that hardening or reduced plasticity effects 

have been observed. 11 The enhanced plasticity argument 

has been approached from thermodynamic arguments based on 

Onsager's Reciprocity Theorem's and the observation of 

h d b d . 1 . 18 H . . y rogen transport y is ocations. owever, many investi-

gators observed both hydrogen induced hardening and softening 

depending upon the metallurgical condition of the test 

samples, thus overall acceptance of the enhanced plasticity 

argument is doubtful. 

Hydrogen embrittlernent resulting from adsorption of 

hydrogen and subsequent reduction in the surface energy 

required for crack formation was first hypothesized by Petch 

and Stables. 14 If the surface energy is reduced and if 

strain energy is the driving force for crack propagation, 

hydrogen adsorption will result in lowering the fracture 

stress. This mechanism does not account for the repeated 

observations of discontinuous crack growth or explain why 

oxygen, which has a higher heat of adsorption than hydrogen, 

does not promote cracking. In fact, oxygen in the hydrogen 

environment is known to minimize hydrogen embrittlement 
18 One possible explanation for the increased processes. 

hydrogen compatibility of steel in the presence of oxygen 

is offered by Hancock and Johnson, 18 who propose that 

oxygen may adsorb on the crack tip and thereby block hydrogen 
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adsorption. Furthermore, they assume that the oxygen may 

be located in an unsuitable position for crack propagation 

from an atomic standpoint. This argument apparently assumes 

that site specific adsorption can either enhance or retard 

crack propagation, depending on the nature of the site 

and that oxygen can effectively block the hydrogen adsorp-

tion site while not effecting crack propagation. It is 

difficult to believe that this type of mechanism is general 

to the wide range of metals and alloys which are susceptible 

to hydrogen embrittlement. Even if adsorption and reduction 

in surf ace energy are part of a crack growth mechanism because 

adsorption is necessary for absorption, adsorption alone 

cannot be justified as a general hydrogen embrittlement 

mechanism using the data currently available. 

Embrittlement by the formation of a hydrogen rich phase 

was proposed as a general embrittlement mechanism by 

Westlake15 and is known to be applicable to hydride forming 

alloys such as zirconium and titanium. This theory states 

that embrittlement cannot occur until there is precipitation 

of a hydrogen rich phase from solid solution. This enriched 

phase can be induced by a triaxial tensile stress field at 

the crack tip, by localized plastic strain, by increasing 

the absorbed hydrogen content or by decreasing the test 

temperature to supersaturate the metal lattice with hydrogen. 

Because the hydrogen rich phase is less dense or more 
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brittle than the surrounding matrix it will promote cracking 

and cause localized plastic deformation. As the crack grows 

both the triaxial stress field and the local strain field 

advance and induce additional precipitation of the hydrogen 

rich phase. This autocatalytic process may result in 

failure. However, this hydrogen rich phase (probably a 

hydride) has not been demonstrated in iron and steel although 

1 . . 1 . . 19 severa investigators specu ate its existence. 

The internal pressure theory originally proposed by 

Zapffe, 12 requires hydrogen assisted growth of cracks or 

microvoids. Strain aided diffusion and dislocation transport 

to localized regions in the metal lattice may lead to 

hydrogen supersaturation and subsequent precipitation of 

hydrogen gas in the metal. This precipitation leads to 

large internal hydrogen pressures even when external pressures 

are relatively low. Hydrogen pressure build up is a function 

of hydrogen diffusion and dislocation transport to and away 

from the fracture side. Hirth, 8 in analyzing the work of 

Tien et al., concludes that this mechanism is only significant 

at low tempertures. 4 Conversely, Louthan supports the pres-

sure build up model but claims that "plastic deformation must 

precede bubble growth unless the specimen has been over 

charged prior to testing". 

Reduction in the cohesive strength of the lattice by 

absorbed hydrogen as proposed by Troiano16 and modified by 
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0 . . 21 1 . . d t. f · 1 bl riani appears to exp ain a wi e cross sec ion o avai a e 

results. It is, however, qualitative in nature. This 

theory proposes that crack fronts exhibit regions where 

elastic stresses reach significant fractions of the elastic 

modulus. These large elastic strains result in lowering of 

the chemical potential of hydrogen such that the concentration 

of dissolved hydrogen is several orders of magnitude larger 

than would be expected under equilibrium non-stress conditions. 

This accumulation of hydrogen lowers the maximum resistive 

cohesive force between atoms and creates a situation where 

the local maximum tensile stress normal to the plane of the 

crack (which is a function of external load and crack front 

geometry), can equal the lattice cohesive force. When this 

occurs, crack propagation is believed to take place. Experi-

mentation has shown that a crack which has been stopped by 

reducing hydrogen pressure external to the crack can be 
22 restarted by increasing the hydrogen pressure. This 

experimental observation is said to eliminate embrittlement 

mechanisms which depend on hydrogen transport and is there-

fore consistent with only the decohesion mechanism and 

Petch's adsorption model. 22 
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2.2 Effects of Hydrogen on Mild Steels 

The literature describing hydrogen effects on mild 

steels is frequently divided into sections which deal with 

the effects on low and high purity iron and iron alloy, low 

and medium carbon steels, spheriodized structures and mar-

tensitic alloys. This literature contains numerous contra-

dictions but generally indicates that hydrogen absorption 

effects the strength, lowers the ductility, causes cracking 

and blistering and generally degrades the fracture stress 

and toughness of the steel. For example, in studies of both 

high and low purity iron, Oguri and Kimura show a hydrogen 

induced increase in the flow stress of an electrolytic iron 

during tensile tests of samples charged with hydrogen, while 

similar tests with high purity iron specimens showed a 

hydrogen induced decrease in flow stress. 23 Cialone and 

Asaro showed losses of ductility in spheriodized 1015 and 

1017 steel samples which were charged with hydrogen at 

6 XA/cm2 while being pulled in tension. Specimens exhibited 

a loss in ductility (reduction in area) of 25 to 70%. 24 

Matsui and Kimura, in a study of mild steels and electroly-

tic iron observed cracking and blistering upon charging 

with hydrogen. This cracking was attributed to hydrogen 

interaction with impurities because a high purity zone 

refined iron exhibited almost no blistering or cracking 
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under similar hydroger. charging. 25 Hirth, in an extensive 

review of hydrogen embrittlement of iron and steel con-

cludes that embrittlement during tensile deformation is 

the result of the interaction of hydrogen and other impuri-
. . h . b d . 8 ties w~t grain oun aries. 

Tensile tests with smooth bar samples machined from 

A-106 pipe steel and exposed to gaseous hydrogen at 3 and 

15 MPa, hydrogen was shown to cause yield point suppression, 

and surface cracking, and to lower the fracture strength 

d d h . h d . 26 Th an ecrease t e strain ar ening exponent. ese 

effects have been shown to be strain rate dependent and 
. d . h d . . 27 increase wit ecreasing strain rate. The strain rate 

sensitivity of hydrogen embrittlement during tensile testing 

is widely observed and has been attributed to the strain rate 
28 dependence of dislocation transport of hydrogen. Transport 

of hydrogen by dislocations was first hypothesized by Bastien 

and Azou who proposed that hydrogen movement through the 

lattice could be accomplished by dislocation dragging at 

rates considerably higher than lattice diffusion. This high 

rate of transport could result in internal pressure buildup 

and failure. 3 Louthan et al., in studying 304L stainless 

steels demonstrated that enhanced tritiUl!l uptake occurred 

during tensile defonnation, Tritium was shown by auto-

radiography to be localized at slip planes and by studying 
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different surface finishes showed that the effect was one 

of enhanced transport as opposed to enhanced surface entry. 17 

It is therefore apparent from the literature that 

hydrogen absorption induces changes in the mechanical 

behavior of iron and steel. These changes are dependent 

on many metallurgical variables. Because these variables 

have been neglected in many of the previous studies, further 

investigations are needed to establish the relative roles 

of such variables in the hydrogen embrittlement process. 

2.3 Surface Finish Considerations 

Studies of the effects of surf ace finish on hydrogen 

embrittlement have centered on the relative roles of oxide 

films and cold work with a limited amount of literature 

concerned with surface roughness effects. 4 In an investi-

gation of hydrogen transport and embrittlement in structural 

metals, oxide films were found to have a significant effect 
h d . 18 on y rogen permeation rates. Studies of as machined 304L 

stainless steel indicate an ~' martensite layer produced by 

the machining operation is necessary if hydrogen embrittle-

ment is to be observed. 4 It is hypothesized that when this 

martensite rich layer is plastically deformed in the presence 

of high pressure hydrogen embrittlement of the body centered 

tetragonal martensitic lattice takes place and that this 
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embrittlement causes extensive surface cracking. Electro-

polishing or annealing is recornnended to remove the cold 

worked layer and thereby improve hydrogen compatibility. 4 

Investigators of hydrogen damage to A-106 steel also concluded 

that ground surfaces increased embrittlement while polished 

surfaces improved hydrogen compatibility even though no a 

martensite is present. 26 Louthan et al., in a study of 4340 

and A-106 steels, recommends minimizing flaws and specifying 

h f f . . . h d 'b'l' 29 smoot sur aces or maximizing y rogen compati i ity. 

Lewis, demonstrated an increase in failure pressure as 

surface roughness was decreased in disk rupture tests of 1015 

steel membranes. 30 A high degree of surface roughness 

generally is thought to promote hydrogen damage due to in-

d f k 1 . 26 crease ease o crac nuc eation. However, the relative 

importance of surf ace finish in samples exposed to wide 

variation in available hydrogen has not been established. 

2.4 Effect of Cathodic Charging Current Density on Hydrogen 

Compatibility 

Cathodic charging can simulate a wide range of effective 

hydrogen pressures and therefore can produce a wide varia-

tion in hydrogen available to the metal lattice. Hydrogen 

embrittlement will occur when the cathodic charging current 

density exceeds some lower limit. Increasing the CCD above 

this limit generally results in increasing the amount of 

damage because of the greater availability of hydrogen. This 
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effect has been shown to saturate at some higher CCD. 4 West 

and Louthan, in a study of dislocation transport and hydrogen 

embrittlement, demonstrated increased damage with increasing 

pressures of gaseous hydrogen up to 172.5 MPa. 31 Thompson 

notes that large changes in reduction in area values are 

associated with decreased dimple size when steel samples are 

exposed to hydrogen. Thompson also showed that degradation 

is increased with increasing CCD. 32 

In summary, increased hydrogen availability can be seen 

to effect ductility (reduction in area) and generally in-

crease hydrogen damage apparent in a given test. This in-

crease in damage probably occurs between some lower limit 

of CCD (below which no damage occurs) and some upper limit 

of CCD where lattice saturation prohibits more extensive 

damage because the amount of available hydrogen has already 

been maximized. However, the relative importance of hydrogen 

availability in samples of vastly differing surface finishes 

has not been established. 

Section III 

MATERIALS AND METHODS 

The electrolytic hydrogen charging and measurement 

system used in this study was similar to that used by Murali 

and Milkovich33 •34 and is shown in Figures 1 and 2. The 

test apparatus consists of two electrochemical cells on 

opposing sides of a 1018 steel membrane which is connected 
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Figure 2. Photograph of Tensile Test System 
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in parallel with a 1018 steel tensile sample cut from 

identical stock. Care must be taken to electrically isolate 

the tensile sample from the test frame. The surfaces of the 

membrane and tensile sample were prepared identically so 

that when hydrogen permeation through the membrane was at 

steady state it could be assumed that the tensile sample, 

which was experiencing an identical hydrogen charge except 

that hydrogen was introduced from both sides, was saturated 

to at least 95% with hydrogen. The specimens with the three 

surface finishes tested were prepared using standard metal-

lographic preparation techniques. The average RMS surface 

roughness values for the specimens were determined by pro-

filometer measurements and were 0.2012, 0.0808 and 0.0408 

microns. Typical profilometer traces are shown in Figures 

3, 4 and 5 and typical data are SUIIllilarized in Table 1. The 

membrane which was used as a charging standard was placed in 

the cell and electrolytic hydrogen was cathodically produced 

on the input side (left side Figure 1). In other words, 

hydrogen was generated on one side of the foil, diffused 

through the membrane and the flux of hydrogen was 

measured on the side opposite the site of hydrogen generation. 

Hydrogen was produced on the input side of the membrane, 

and on both sides of the tensile sample because both the 

membrane and sample were connected to the cathode of a D.C. 

power source while a platinum strip (wire) was connected to 
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TABLE I. Typical Surface Roughness of Test Specimens 

Measurement 
Number 

il3 

#4 

#5 

Average 

Std. Dev. 

Percent 

" 

.J. 

240 Grit RMS,, 
Surface Roughness 

( µm) 

0.1808 

0.1620 

0.1786 

0.2297 

0.2549 

0.2012 

0.0393 

19.5 

400 Grit 
RMS ( µm) 

0.0766 

0.0831 

0.0862 

0.0767 

0.0813 

0.0808 

0.0042 

5.1 

1 }!icron Polish 
RMS ( ~m) 

0.0780 

0.0266 

0.0352 

0.0325 

0.0319 

0.0408 

0.0210 

51. 4 

Root Mean Square Distance Between Asperities. 



the anodic side of the electrochemical cell. The test appara-

tus was filled with 0.1 N sodium hydroxide which was used as 

the electrolyte for hydrogen charging. By passing a current 

through the electrochemical cell, hydrogen was produced on 

the surface of both the metal membrane and the tensile sample 

by the following reaction. 

+ -H + e ------+ H d a s 

The number of electrons used in the above reaction represents 

the current in the cell and the greater the current the more 

hydrogen produced. To keep the recombination reaction 

to a minimum and thereby promote the reaction Hads ------+ Habs 

sodium arsenite (0.25 grams per liter) was added to the electro-

lyte as a recombination poison. The cell for hydrogen 

permeation measurement is shown in Figure 6. The membrane 

or foil specimen was connected to the anode of a potentiostat. 

A platinum cathode and a calomel reference electrode were 

placed in the cell. This electrochemical cell also used 0.1 

N sodium hydroxide as an electrolyte. The potentiostat kept 

a constant potential between the metal membrane and the 

reference electrode. The potential was selected so that any 

hydrogen exiting t~e membrane will be oxidized by 

+ -H + e . 
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The test facility then measures the amount of current 

required to oxidize all the hydrogen and by assuming that 

all the current is used to oxidize hydrogen, the hydrogen 

permeation rate through the foil can be calculated. Prior 

to any experimental run, the potentiostat was set to oxidize 

all the impurities in the electrochemical cell so that any 

measured current would be due to oxidation of hydrogen. 

This cleaning reduces the background current to below 3 

microamps after 6 to 12 hours of cleaning. The cleaned 

electrolyte and cells were then ready for an experimental 

run. The D.C. power source used for charging was turned on 

after a suitable background current was established and 

hydrogen was generated on the input side of the membrane 

and on both sides of the tensile specimen. 

A small fraction of the hydrogen generated diffuses 

through the lattice of the membrane and upon reaching the 

output cell, the diffusing hydrogen is oxidized. At this 

stage the amount of current (above background) recorded by 

the potentiostat corresponds directly to the amount of 

hydrogen diffusing through the membrane. The potentiostat 

is interfaced with a strip chart recorder and a plot of 

current (hydrogen flux) vs. time is produced. When the 

hydrogen flux reaches steady state, hydrogen saturation at 

95% is assumed to have occurred in the tensile specimen and 

the tensile testing may begin. This 95% saturation level is 
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based on various measurements of Dt/z 2 for the test system 

and is a conservative estimate. With hydrogen generation 

continuing the Instron tensile test machine was turned on and 

the test samples were strained to fracture in tension at a 

strain rate of 0.0077 min-l A load elongation curve was 

produced for each sample and a typical load elongation curve 

is shown in Figure 7. Tensile tests were performed at several 

cathodic charging current densities for samples with all three 

surface finishes. The material used was an AISI 1018 cold 

rolled steel sheet which was 0.33 µm thick and had the room 

temperature properties listed in Table 2. The material had 

an equiaxed grain structure with grain size averaging 12 to 

14 µm (Figure 8). Tensile samples were cut parallel to the 

rolling direction. 

Section IV 

RESGLTS 

4.1 Surface Roughness vs. Hydrogen Availability 

The presence of even very low cathodic charging current 

densities caused large losses in the strain to fracture as 

measured by reduction in area (Table III). Once this lower 

limit is reached, however, further increases in cathodic 

charging current density play a secondary role in causing 

hydrogen induced damage and surface roughness predominates. 
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TABLE II. Tensile Properties AISI 1018 Steel at Room 
Temperature 

Yield Strength 

2 27.6 KN/cm 

Tensile Strength 

2 37.2 KN/cm 

%RA % Elongation 

62 30 
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TABLE III. Effect of Ca:hodic Charging and Surface Finish 
on Reduction in Area at Fracture. 

Surf ace 
CCD(MA/cm2) A0 (cm2) AF(cm2) 

Reduction %RA 
Finish in Area Loss 

240 Grit AIR 1. 55Xl0- 2 0.88Xl0- 2 43% 

" 25 II l.21Xl0- 2 22% 21% 
II 52.5 " 1. 26Xl0- 2 19% 24% 
II 75 II 1. 27Xl0- 2 18% 25% 

" 120 II 1. 32Xl0- 2 15% 28io 

400 Grit AIR II 0.87Xl0- 2 44% 

" 25 II 1. 18Xl0- 2 24% 20io 
II 47.5 II l.18Xl0- 2 24io 20io 

" 200 " l.19Xl0- 2 22% 22~~ 

II 375 II l.16Xl0- 2 25io 19% 

1 micron AIR " 0.88Xl0- 2 43% 

" 25 " 1. 12Xl0 -2 28% 15% 

" 50 II l.13Xl0- 2 27% 16% 

" 100 " l.15Xl0- 2 26io 17% 

" 300 " l.12Xl0- 2 28io 15io 
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The most sigificant finding of this investigation is 

that while increased surf ace roughness and increased hydrogen 

availability both result in increased hydrogen damage, surface 

roughness is the more predomina~t parameter after the initial, 

large scale effects caused by very low cathodic charging 

current densities. This is clearly evident from determina-

tions of the effect of plastic strain and cathodic charging 

current density on cracking in samples with various surface 

finishes. This determination was made by examination of the 

area immediately adjacent to the fracture surface of the 

tested specimen. Specimens were viewed at a magnification 

of 120X on a television connected to a light microscope. 

The specimen viewed on the television was divided into sec-

tions by a grid on the picture tube. Fractional crack areas 

in each square of the grid were estimated beginning at the 

edge of the specimen (adjacent to the fracture) and across 

the specimen staying adjacent to the fracture. This pro-

cedure was then repeated one unit distance back from the 

fracture, and so on, until the damage area became insignifi-

cant (Figures 9 and 10). The largest fractional crack areas 

are associated with the specimens of roughest (240 grit) 

surface finish while the smallest fractional crack areas are 

associated with the specimens of smoothest (1 micron) surface 

finish regardless of changes in other variables. However, 

it is also important to note that increased hydrogen 
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availability resulted in increased hydrogen damage even 

though specimens of smoother surf ace finish are less damaged 

than specimens of rough surface finish at any given cathodic 

charging current density. 

4.2 Ductility Losses 

Large losses in ductility were evident in all specimens 

cathodically charged with hydrogen relative to samples pulled 

to fracture in air. Ductility loss will be defined as the 

percent loss of reduction in area at fracture. This quantity 

is defined by: 

The data for the reduction in area at fracture and RA loss 

for specimens with three different surface finishes and 

various cathodic charging current densities are given in 

Table 3. The predominance of surface roughness effects over 

hydrogen availability is evident in that data. The specimen 

with the roughest (240 grit) surface exhibited the smallest 

percentage reduction in area when tested in hydrogen. The 

next lowest ductility values were found in the intermediate 

(400 grit) specimens and the highest ductility was found in 

the polished (1 micron) specimens. Increasing hydrogen 

availability by raising the cathodic charging current density 

results in an increased loss of ductility (percent reduction 

in area) for specimens of any particular surface roughness. 
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Again, however, a specimen with a rougher surface will ex-

perience a greater loss of ductility (percent reduction in 

area) than a specimen with a smooth surface at any given 

cathodic charging current density. The percent reduction 

in area at fracture for hydrogen charged specimens ranged 

from a low of 15% for a rough (240 grit) specimen at 120 

mA/cm2 to a maximum of 28% for a polished (1 micron) speci-

men at 25 mA/cm2. Specimens fractured in air all exhibited 

reductions in area of approximately 44% regardless of surface 

finish. 

Tensile stress-strain curves for the specimens also 

indicate a general loss of ductility in the charged samples 

relative to specimens fracture in air, although, for reasons 

discussed later, no correlation was made between the tensile 

strain to fracture and cathodic charging current densities 

or specimen surface roughness. Stress-strain curves for 

specimens with various surface finishes and cathodic charging 

current densities are shown in Figures 11, 12, and 13, Typical 

tensile specimens fractured in air and in the hydrogen 

charging environments are shown in Figure 14. 

4.3 Strain to Initiate Cracking 

The amount of strain necessary to initiate surface 

cracking was found to be a function of surf ace roughness 

as shown in Figure 15. Strain to initiate cracking was 

plotted against RMS surface roughness which changed from 
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Figure 11. Stress-Strain Curves for Air Tested and 
Cathodically Charged Tensile Specimens 
with 240 Grit Surface Finish 
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3. 

1. 25 mA/cm2 
2. 475 mA/cm2 
3. 375 mA/cm2 
4. TESTED lN AIR 

0 .100 .200 .300 .400 
STRAIN (cm/cm) 

Figure 12. Stress-Strain Curves for Air Tested and 
Cathodically Charged Tensile Specimens 
with 400 Grit Surface Finish 
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3. 

1. 25 mA/cm2 
2. 50 mA/cm2 
3. 100 mA/cm2 
4. TESTED IN AIR 
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Figure 13. Stress-Strain Curves for Air Tested and 
Cathodically Charged Tensile Specimens 
with 1 Micron Surface Finish 



Figure 14 . Photograph of Tensile Specimen With 240 Grit Surface Finish 
Tested in Air (top) and Specimens With 1 Micron (middle) 
and 240 Grit (bo~tom) Surface Finish Tested During Cathodic 
Charging with Hydrogen 
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0.2012 microns (240 grit) to 0.0408 microns (1 micron 

polish) and the smoother hydrogen charged specimens strained 

approximately 55% more than specimens of rougher surface 

finish before cracking began. Furthermore, the strain at 

which surface cracks were first observed was seen to 

increase as surface roughness increased. These observations 

are consistent with surface cracks developing because of 

hydrogen induced growth of surface irregularities, 

4.4 Fracture Mode 

Examination of the fracture surfaces of the cathodically 

charged specimens revealed quasi-cleavage at the near sur~ 

face regions and microvoid coalescence (:WC) through the 

bulk of the specimen. The regions of quasi-cleavage cor-

respond to some of the surface cracks which can be inter~ 

granular or transgranular as shown in Figure 16, Hydrogen 

induced cracking of the specimens is a result of large 

cathodic-charging current densities which are developed in 

localized areas of the sample surface. These localized high 

charging density areas develop during the tensile test be~ 

cause of strain induced rupture of an oxide film on the 

specimen surface. This film is often visible to the naked 

eye and was shown by ESCA analysis to be an iron oxide, 

The important obsentation, however, is that while the charged 

specimens were saturated to 95% with hydrogen, no evidence 



Figure 16 . Micrograph Showing Both Intergranular and Transgranular Cracks in 
Tensile Tested Speci,en with 1 Micron Surface Finish and Cathodically 
Charged at 300 mA/cm (800X) 
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of a change of fracture mode for the bulk of the cross 

section of the specimen was evident. Specifically, cathodic 

charging with hydrogen to 95% saturation at any cathodic-

charging current density examined in this study was unable 

to put enough hydrogen into the specimens to alter the 

fracture mode. After the initial crack nucleation and 

coalescence the failure can be observed to progress across 

the specimen in a tearing manner (Figure 17). Tearing results 

because of the lack of adequate time for hydrogen to enter 

the lattice in sufficient quantity to alter the fracture 

mode and limit the ductility. The fractograph of a sample 

tested in air is shown in Figure 18. The mode of fracture 

was MVC. Figure 18 also shows a fractograph of a sample 

tested while being cathodically charged and regions of 

hydrogen induced cracking (quasi-cleavage) are evident. 

The MVC fracture mode exhibited by the bulk of a cathodically 

charged specimen after onset of tearing is shown in Figure 

19. Cracks on the rough (240, 400 grit) specimens were 

shown to initiate at surface asperities (scratches) which 

were put in during specimen preparation. In contrast, the 

polished (1 micron) specimens exhibited cracking along slip 

bands (Figure 20) . This indicates that on rough specimens 

the stress concentration of the surface asperity (scratch) 

may have a stronger influence on the crack propagation path 

than slip bands while on polished specimens slip bands 



Applied Stress 

Figure 17 . Micrograph of Specimen with 240 Grit Surface Finish Exhibiting a 
Crack Opening Perpendicular to the Applied Stress at the Onset of 
Tearing (630X) 
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Fractograph of Specimen with 240 Grit 
Surface Finish Tested in Air (2000X). 
Note: Uicrovoid Coalescence 

Fractograph of Specimen with 240 Grit 
Surface Finish Tested During Cathod~c 
Charging with Hydrogen at 100 mA/cm 
(2000X) ; Note: Quasi-Cleavage. 

Figure 18. Fractographs of Air Tested and Hydrogen 
Tested Samples. 



Figure 19. Fractograph of 'Bulk' of Specimen With 400 Grit 
Surface Finish Tested During Cathodic Charging 
With Hydrogen and ~xhibiting Microvoid Coalescence 
(1900X) 
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Specimen with 400 Grit Surface 
Finish (600X). Note: Cracks 
propagate along surface asperities. 

Specimen with 1 !(icron 8urface Finish 
(600X). Note: Cracks propage along 
slip bands. 

Figure 20. E'canning Electron Hicrographs of Cracks in 
Specimen with 400 Crit Surface and 1 t!icron 
Surface Finish. 
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serve as propagation paths. This observation confirms the 

results of the studies of the strain to initiate fracture 

and shows that surface asperities may be more favorable 

initiation sites than slip bands or other regions of high 

dislocation density. 

Internal cracking was observed in all cathodically 

charged specimens and there was evidence of inclusions near 

the surface acting as hydrogen sinks, particularly in the 

polished specimens. These inclusions apparently served as 

nucleation sites for hydrogen precipitation as gaseous H2 
after the charging operation and the large hydrogen pressures 

which may have been developed by precipitation were developed 

were relieved upon tensile rupture. Indications of this 

process are shown in Figure 21. 

Another important observation was the ease with which 

hydrogen induced crack nucleation occurred compared to the 

effects of hydrogen on crack propagation. Indications of 

this were observed in samples with all three surface finishes. 

The primary indicator of the relative ease of hydrogen in-

duced effects was the observation of lots of small cracks 

(easy nucleation) as opposed to one large crack (easy 

propagation). 

Figures 22 and 23 illustrate both crack coalescence and 

increased crack nucleation with increased cathodic charging 



Figure 21. Micrograph of Gas Bubble to Subsurface Inclusion S~ringer 
After Cathodic Charging Wi t h Hydrogen at 300 mA/cm in 
Specimen with 1 Micron Surf ace Finish (160X) 



Figure 22. Kicrograph of Specimen with 400 Grit Surface 
Finish Tested During Cathodic Charging with 
Hydrogen at 2.5 mA/cm? 



Figure 23. Micrograph of Specimen with 400 Grit Surface Finish 
Tested Dyring Cathodic Charging Pith Hydrogen at 
25 mA/cm2 
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current density in two specimens with 400 grit surface 

finishes. Figure 24 shows several cracks which have coales-

ced in a 240 grit specimen. 

4.5 Elongation to Fracture 

Elongation to fracture was plotted against cathodic 

current density and while no correlation was shown in most 

cases, in other cases elongation was shown to increase with 

increased cathodic charging current density (Figure 25). 

This seemingly contradicts earlier results but can be 

rationalized by the following: 

1. Hydrogen build up in voids and inclusions 

exerting pressures which tend to strain and 

elongate the specimen but did not tend to 

propagate the existing cracks. 

2. The hydrogen induced surface cracks also 

opened but failed to propagate and thereby 

added to the elongation (Figure 26). 

These problems result from working with very thin 

samples that will develop very large cracks. A large 

crack is able to open up and only a small region at the 

crack tip is greatly strained. The apparent elongation 

of the sample therefore increases because of the large 

volume of C!"acks which develop. 



Figure 24. Micrograph of Specimen with 240 Grit Surfacd Finish Tested During 
Cathodic Charging With Hydrogen at 20 mA/cm2 (400X) 
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CCD ( mA/cm2) 

Figure 25. Graph of Elongation versus Cathodic 
Charging Current Density for Specimens 
With 400 Grit Surface Finish 



Figure 26 . Micrograph of Cracks in Specimen With 400 Grit 
Surface Finish Cathodically Charged With Hydrogen 
at 375 rnA/cml . Note: Crack contributes to 
elongation by opening but not growing . 
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4.6 Crack Depth 

Crack depth was found to be dependent on surface finish. 

The graph of crack depth and cathodic charging current den-

sity (Figure 27) indicates that s~rface finish controls the 

upper limit of crack depth and that crack depth is increased 

with increasing surface roughness. One data point that 

would seem to contradict this can be rationalized by the 

assumption that it was the result of a scratch left on the 

specimen after surface preparation. Samples which were 

tested at low cathodic charging current densities (less than 

25 mA/cm2) exhibited severe tearing which resulted in an in-

abilitiy to measure the cross sectional area of the specimen. 

A weak relationship between crack depth and cathodic charging 

current density was shown. 

Section V 

DISCUSSION 

Increased hydrogen damage with increasing surface 

roughness and/or increasing cathodic charging current den-

sity, the importance of surface finish, the decreasing 

strain to fracture with increasing surface roughness, the 

discontinuous cracking, and the relationship of crack depth 

to surface finish, can all be rationalized by examining 

the interaction of hydrogen with stress concentrations. 
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The occurrence of increasing hydrogen damage with 

increasing surface roughness is evidence that surface rough-

ness plays a more predominant role in hydrogen damage pro-

cesses than hydrogen overvoltage after the cathodic charging 

current density is high enough to induce any damage. In 

all specimens tested in this study the current density was 

sufficient to cause hydrogen induced effects and for those 

tests surface roughness was the major variable controlling 

the extent of degradation. The surface roughness model 

proposes that greater hydrogen damage will occur to speci-

mens with rougher surfaces because: 

1. Stress concentrations at the root of surface 

asperities, the magnitude (severity) of which 

increases with increasing surface roughness 

serve as sites for hydrogen induced crack 

nucleation, and 

2. Increased real surface area of the specimen 

which exposes a larger number of potential 

sites for hydrogen entry into the metal 

lattice. 

Hydrogen overvoltage theory predicts that greater hydro-

gen damage will occur to specimens with smoother surfaces 

because adsorbed nascent hydrogen will remain on the smoother 

surface for a greater period of time. This will increase 

the adsorbed hydrogen concentration because surface asperities 

which act as nucleation sites for hydrogen desorp~ 
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which act as µucleation sites for hydrogen desorption 

through the formation of gas bubbles are not present on 

smooth samples. This inc=ease in adsorbed hydrogen concen-

tration would result in a higher probability of absorption 

into the metal lattice and thus an increased potential for 

hydrogen damage. Support of the surface roughness model 

by this investigation does not imply that hydrogen overvol-

tage is not important but rather indicates the greater 

importance of surface roughness. The tendency for hydrogen 

induced damage at areas of stress concent=ation was also 

demonstrated in this investigation through the observation 

of the crack initiation at surface asperities. Specimens 

with rough surfaces exhibited extensive cracking along 

surface asperities after tensile deformation while polished 

specimens exhibited cracking along slip bands. These sites 

were apparently the sites of greatest stress concentration 

and local hydrogen content. Surface roughening could 

account for an increase in surface trap density which could 

have a significant effect on the tendency for hydrogen 
34 damage. 

The primary role of surface roughness in promoting 

hydrogen induced damage is based upon the realization that 

hydrogen embrittlement occurs only when (tensile) stresses 

are present with which it can interact with local high 

hydrogen concentration, except in the case of severe over-

charging. 4 Therefore, when tensile stresses and hydrogen 
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are both present and concentrated at the tip of a surface 

flaw, one could expect greater damage than if either the 

stress level on hydrogen concentration alone were increased. 29 

Thus, although increasing hydrogen availability (and constant 

surface roughness), must result in greater hydrogen induced 

damage, and increases in both hydrogen availability and sur-

face roughness will result in hydrogen damage of greater 

magnitude than would be otherwise observed. If this were 

not the case, experimentation should show that a smoother 

surf ace would become more damaged than a rougher surf ace if 

the hydrogen availability were drastically increased. This 

was not shown to be true in this investigation. 

The increase in strain to fracture with increasing 

surface roughness further supports the idea of stress con-

centrations and their interaction with available hydrogen. 

In addition to this study, tests with a high strength 

steel 22 demonstrated the existence of threshold hydrogen 

pressures and stress intensity factors in hydrogen induced 

crack propagation. This critical combination is in agree-

ment with the conclusion that both surface roughness and 

hyrogen availability play important roles in the embrittlement 

process but once a certain critical level of hydrogen is 

reached the effects of surface roughness override the 

effects of changes in hydrogen availability. 
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The discontinuous nature of cracking is evident from 

the data which indicate a greater ease of crack nucleation 

than of crack propagation and crack growth by coalescence 

of several existing cracks. This further emphasizes the 

importance of highly localized conditions. Upon reaching 

a critical combination of stress and hydrogen concentration 

a crack is nucleated. This crack formation causes the local 

CCD to rise as a result of the newly exposed metal. The 

local stress (and strain) should have been relieved or at 

least reduced by crack fonnation. Thus, rather than propagate 

this crack, additional nucleation now occurs at another site 

(or sites) where local stresses and hydrogen concentrations 

are similar to the conditions which resulted in initial 

cracking. 

The upperlimit of crack depth for any given surface 

finish and the large scatter in the crack depth data is 

rationalized by an examination of the surface profilometer 

tracings shown in Figures 3, 4 and 5. While the intention 

of this investigation was to produce specimens with three 

differing surface finishes, what was actually produced was 

three groups of specimens each with a similar but not identi-

cal surface finish to others in its group. This resulted 

in a maximum peak to valley height corresponding to the 

upper limit set by the grit of silicon carbide paper (or 

alumina polish) but a basically uncontrolled lower limit 
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subject to such factors as quality control by manufacturer, 

frequency of switching to 'fresh' paper during specimen 

surface preparation and inconsistencies between individualism 

specimen surface preparation. Thus, lots of little cracks 

could form at the smooth area while the maximum crack size 

was relatively consistent because the grit size determined 

the maximum roughness of any give surface feature. This 

variation is supported by Table 1 which shows surface rough-

ness data for five specimens of each surface finish. 

The weak correlation between crack depth and hydrogen 

availability was attributed to the iron oxide film of the 

sample. This film ruptured during tensile testing and 

resulted in large cathodic charging current densities at 

the rupture sites. While the hydrogen induced crack area 

near the specimen fracture surface is substantial, the frac-

tional crack area over the entire gage length of the specimen 

is small and large variations of cathodic charging current 

density at the crack sites is likely. Lack of perfectly 

uniform surf aces would also contribute to the weakness of 

the correlation between surface finish and cathodic charging 

current density. The ductility loss, which is widely observed 
. . . . h d b . 1 5 35 36 . in investigations on y rogen em ritt ement ' ' , is 

attributed to hydrogen induced lattice decohesion. The 

enhanced plasticity as proposed by Beachem13 is not consis-

tent with the observation of intergranular fracture or 
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quasi-cleavage. The adsorption mechanism proposed by Petch 

and Stables 14 is not consistent Nith the discontinuous nature 

of cracking even though adsorption is acknowledged as a 

requirement for lattice decohesion. Furthermore, adsorption 

does not have sufficient thermodynamic justification to be 

1 d c b . 1 22 E b . 1 b postu ate as a cause o~ em ritt ement. m ritt ement y 

hydride formation is rejected on the basis that no hydrides 

were observed in the steels tested and precipitation of 

h d . h. h 1 1 . 12 . . y rogen as a gas wit in t e meta attice is not consistent 

with the sharp cracks and observed quasi-cleavage fracture 

morphology. Thus, it is concluded that while some of the 

effects related to the various embrittlement mechanisms 

previously described were demonstrated, only the decohesion 

model is consistent with the data obtained in this investi-

gation. 

Section VI 

CONCLUSIONS 

Many investigations of hydrogen embrittlement utilize 

electrolytic charging to produce hydrogen damage. These 

investigators carefully record cathodic charging current 

densities but often neglect the surface roughness of the test 

specimens. This investigation showed surface roughness to 

be a more influential parameter than cathodic current density 

after some minimal amount of hydrogen is present. These 

studies therefore demonstrate the need for more careful 
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control of the surfaces of test specimens and a need for 

defining surface roughness when conducting hydrogen embrit-

tlement tests. The following is a surmnary of the other 

conclusions drawn from this investigation. 

1. Increased surface roughness and hydrogen 

availability both lead to increased hydrogen 

induced damage. Surface roughness was shown 

to have a greater influence than hydrogen 

availability on strain to initiate cracking, 

crack depth, fractional crack area and 

reduction in area at fracture for the three 

surface finishes tested. 

2. Elongation to fracture was shown to be a 

poor parameter for evaluating hydrogen 

damage because severe damage, in the form 

of cracking, can increase the specimen 

length and therefore be interpreted as 

strain. Thus, severely damaged samples 

may appear to strain more than samples 

with less severe damage. 

3. Strain induced cracking of the iron oxide 

film on the specimen surface results in 

potential concentrations at areas where the 

film has ruptured. This concentration 

localizes the hydrogen embrittlement processes 
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and decreases the meaningfulness of any relation-

ship between hydrogen availability and 

crack depth. 

4. Hydrogen induced crack nucleation is apparently 

easier than crack propagation. Thus, sample 

fracture was frequently characterized by the 

coalescence of small cracks. 
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ROLES OF SURFACE FINISH AND HYDROGEN AVAILABILITY ON 

THE TENSILE PROPE~TIES OF 1018 STEEL IN HYDROGEN 

ENVIRONEENTS 

by 

William Spacciapoli 

ABSTRACT 

Uniaxial tensile tests were performed on AISI 1018 

steel specimens. Tests were conducted both in air and 

while the specioens were undergoing electrolytic hydrogen 

charging. Specimens with three different surface finishes 

were tested at various cathodic charging current densities. 

The tensile deformation was initiated only after the speci-

men was charged to at least 95% with hydrogen. The data 

presented in this study show that very low cathodic charging 

current densities result in larger ductility losses for 

specimens of all three surface finishes relative to speci-

mens tested in air. Once this lower limit of cathodic-

charging current density is reached the extent to which 

hydrogen induced damage is developed is primarily controlled 

by surface finish with cathodic charging current density 

playing a secondary role. Specifically, cathodic charging 

with hydrogen at any particular current density resulted in 

increased hydrogen induced damage with increased surface 

roug~ness. In addition, increased cathodic charging current 

density resulted in increased hydrogen induced damage 



within any set of specimens wit~ a given surface roughness. 

Hydrogen induced damage caused the reduction in area at 

fracture to decrease and the extent of this damage increased 

as the surface roughness and the cathodic charging current 

density increased. The strain-to-initiate cracking decreased 

with increased surface roughness. Elongation to fracture 

was shown to be a poor measure of hydrogen induced damage 

and crack nucleation was shown to be easier than crack 

propagation. Charging of specimens to at least 95% saturation 

at a cathodic charging current density of 375 mA/cm2 did 

not alter the primary fracture mode. Microvoid coalescence 

remained dominant although there was some evidence of quasi-

cleavage in surface cracks. These data do not exclusively 

support any of the currently proposed mechanisms for hydrogen 

embrittlement. 
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