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ABSTRACT

Crysta1lographic and microscopic studies of Ferrovac "E" 

iron specimens cat'hodically charged with hydrogen were carried 

out to study the nature of hydrogen blisters and the role they 

play in the hydrogen embrittlement of iron.

Experimental results show that the blisters are formed by 

diffusion of hydrogen to microcracks under the free surface, 

and that segregation of the gas at these sites creates high 

pressures of molecular hydrogen and crystallographic slip on 

the slip systems for which the values of the Schmid factor are 

greatest•

It has been shown also that the formation of blisters 

across a grain boundary or at internal surfaces, like grain 

boundaries, can cause grain boundary separation.



CONTENTS

Page

INTRODUCTION ............................................  1

LITERATURE SURVEY   . . . .  3

Characteristics of the Phenomenon ...............  4
Investigations Related to this W o r k .............  8
Theories on Hydrogen Embrittlement................  9
Statements on Hydrogen Embrittlement Based on the
Papers Studied. • .  ................  . . . . . . 11

PROCEDURE................................................. 12

Preparation of Tensile Soecimens.............   12
Growth of Large Grains on Ferrovac "E" Iron . . .  12
Preparation of Specimens for Microscopic Study
and Orientation of Selected Grains. . . . . . . .  13
Cathodic Charging of Hydrogen . . . . . . . . . .  14
Mechanical Testing and Microscopic Study of the 
Specimens. . . . . . . . . . . . . .  ............. 13

R E S U L T S ...........    16

Microscopic Studies of Tensile Bars . . . . . . .  16
Crystallographic and Microscopic Studies. . . . .  20
Crystallographic Studies on two Perpendicular
Planes................................................   24
Grain Boundaries Separation .  ...........   27

DI S C USSION..............................................  35

CONCLUSIONS.....................................  38

iv



T 1175

Page
SUGGESTIONS FOR FURTHER INVESTIGATION................  39

The Use of Hydrogen Blisters to Study Deformation
and Slip Systems in 8CC Crystals..................  39
Blister Formation Investigations................  . 39

LITERATURE CITED .......................................  44

v



LIST OF ILLUSTRATIONS

Page

Figure 1. Cracks along grain boundaries on the surface
of a tensile specimen. , . . . . . . , . • • 18

2. Blister-like formations on the fracture sur
face of a tensile specimen,  ................  18

3. Blister-like formations on the fracture sur
face of a tensile specimen, 19

4. Blisters on a (100) type surface.............  19

5. Approximate locations on a stereographic
triangle of the grains studied. . . . . . . .  21

6. Blisters on a grain whose orientation is about
10 degrees from a (100) plane . . . . . . . .  25

7. Blisters on a grain whose surface orientation 
is approximately 2 degrees to the right of a
(112) plane. 25

8. Blisters on a grain whose surface orientation 
is approximately 3 degrees to the left of a
(112) plane. ..................... . . . . . . .  25

9. Blisters on a grain whose orientation is near 
to the (111) corner of the stereographic tri
angle.    .............   26

10. Wavy slip steps around a blister  ..........   28

11. A star-shaped blister-producing crack. . . . .  28

12. Blister-producing cracks .   29

vi



T 1175

Page
Figure 13. Grain partially lifted from a sample by

hydrogen blisters on internal surfaces . . .  29

14. Cross section of a grain lifted from a sample 
showing a blister-like formation on the in
ternal surface 31

15. Grain boundary separation caused by a blister 
across the grain boundary. . . . . • • • • •  31

16. A blister-producing crack that runs across a
grain boundary . . . . . . . . . . . . . . .  32

17. A blister across a grain boundary between two 
grains whose orientations are close to the
(112) and the (100) planes . . • • • • • • •  32

18. Crack on the surface of a blister on a plane
whose orientation is close to a (100) plane. 34

19. A large blister-producing crack on a cold-
rolled specimen. . • • • • • • . • • . . • •  37

20. Current density vs time required to form 
blisters detectable at 400 X . . . . . . .  . 43

vii



LIST OF'TABLES

Page

Table 1. Relationship between maximum load applied and
nominal stress produced on specimens tested • • 17

2. Location on the stereographic triangle of the 
grains that were studied in terms of the angles
they made with the principal planes • , • . • . 22

3, Time required to form blisters on cathodically 
charged specimens at various current densities. 41

viii



ACKNOWLEDGEMENTS

Ths author wishes to express his particular indebtedness 

to Dr. W.D. Copeland, Assistant Professor of Metallurgical 

Engineering, for his unfailing interest and continuous guidance 

throughout this study.

Appreciation is also extended to Dr. A,W0 Schlechten and 

to the Institute for Extractive Metallurgy for providing the 

funds for this investigation.

Sincere appreciation to my wife Gladys for her limitless 

patience and understanding.

The following are also gratefully acknowledged:

The Administration of Economical Development of Puerto 

Rico for providing the scholarship that made this investigation 

possible t

The Commonwealth Oil Refining Co. for an extended leave 

of absence to attend the Colorado School of Mines,



175

INTRODUCTION

This thesis is a study of the role played by hydrogen 

blisters in the hydrogen embrittlement of iron, Many metals 

when exposed to hydrogen show a loss in ductility and in 

strength. Iron and iron alloys are especially susceptible to 

hydrogen embrittlement. The most serious and aggravating aspect 

of this phenomenon is the unexpected and catastrophic hydrogen- 

induced failure of steel products, such as pressure vessels, 

pipes, electroplated parts, while in use.

The experiments for this thesis consist of the microscopic 

inspection of hydrogen-charged Ferrovac ME" specimens that have 

failed in tension, and the crystallographic and microscopic 

studies of other specimens prepared for this purpose, Ferrovac 

"E" is a commercially pure iron whose chemical analysis is the 

following :

Carbon s 0,007% Manganese: 0.001$

Phosphorus: 0.002% Sulfur : 0,006$

Silicon : 0.01$ Nickel : 0.05$

Chromium : 0.01$ Vandium : 0.004$

1
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Nitrogens 0.0027% Oxygen : 0.023%

Tin : 0.005% Aluminum: 0,003%

Cobalt : 0.005% Copper : 0.01%

The investigation affords an insight to the nature of 

hydrogen blisters and their role in the embrittlement of alpha 

iron. Other implications that this study has for the behavior 

of hydrogen in alpha iron will be discussed.



LITERATURE SURVEY

Hydrogen embrittlement has been defined by some authors 

as a failure phenomenon in which the only distinctive factor 

that can be related to the failure is the presence of hydrogen 

in the matrix of the metal. The most important phenomenon caused 

by the presence of hydrogen in ferrous alloys are the brittle 

fracture of statically loaded specimens that have been previously 

charged with hydrogen, and the decrease in reduction in area 

under dynamic loading#

Because of the expensive and sometimes catastrophic losses 

related to hydrogen-induced failures, many industrial and non- 

industrial laboratories have devoted considerable attention to 

this problem. Although many papers have been published concerning 

this problem, very few generalizations have been made based on 

the published data. This occurs probably because of the many 

different types of alloys used and of the differences in ex

perimental techniques employed. Several theories have been
(1)proposed, but as pointed out by Tetelman , none of them can

3



T 1175 4

account for.more than half of the experimental facts and some 

of them even contradict experimental observations previously 

reported.

Hydrogen is absorbed by iron as an interstitial solid 

solution alloy# Hydrogen is not known to form any compounds 

with iron. The solubility of hydrogen in iron increases with 

temperature, and it is proportional to the square root of the 

hydrogen pressure in compliance with Sivert's law; these are 

characteristics of endothermic occluders# Fast^^ reports 

experiments where hollow cathodes have been electrolytically 

charged with the development of hydrogen pressures of many 

atmospheres inside the cathode.

Characteristics Gf the Phenomenon.

Most of the investigators agree on soma experimental 

observations that are characteristic of hydrogen embrittlament, 

as follows*.

1# The ultimata tensile strength is lowered by the presence
( 3 )

of hydrogen. Groeneveld and other investigators' } reported 

that some investigations show that the presence of hydrogen 

has no effect on the ultimate tensile strength of the lower- 

strength steels, but for the case of high-strength steels 

the tensile strength has been lowered to as little as 17 

percent of the original value. Farrell^^ reported that the 

fracture stress is lowered in proportion to the hydrogen 

concentration, until a maximum concentration is reached at



which it becomes almost independent of the hydrogen content.
(3)Groeneveld reported that the presence of hydrogen frequent 1 

has no effect on the strength of the lower-strength steels, 

but in the case of high-strength steels the ultimate strength 

is lowered. It is believed that the lowering of the ultimate 

tensile strength is due to the decrease in ductility, or in 

other words, fracture occurs before the material can achieve 

its maximum tensile strength.

The ductility of the material shows the most significant

change with hydrogen concentration. It has been reported by 
(3 )Groeneveld' ' that the presence of hydrogen produces a sharp 

decrease in ductility, particularly in the reduction of area 

parameter that can be readily detected in a standard tensile 

test.

It has been noted that at near room temperatures the hydrogen

embrittlement is more severe,whereas at higher or lower

temperatures the effect of hydrogen seems to disappear.

Farrell' ' conducted a series of experiments with mild steels
o oat temperatures that ranged from minus 200 C to 200 Cj from 

the results obtained he concluded that the embrittlement is 

a maximum at temperatures between minus 100°C and 25°C, and 

also that the upper temperature limit for embrittlement in 

the absence of permanent damage increases with hydrogen 

content and is a maximum at about 150°C,

It has been also noted that there is a strain-rate dependence 

associated to the hydrogen embrittlement phenomena. It has
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( 5)been reported by Cotterill that at high strain rates the

embrittlement caused by the presence of hydrogen in steel

disappears, and also that the presence of hydrogen does not

seem to affect the impact properties of the material. Barnett 
(6)and Troiano performed experiments with notched specimens 

made out of AISI-4340 steel, at constant crosshead speeds.

Using a special technique they measured the resistance and 

the changes in resistance across the notched section. They 

re lated the change in resistance to the size and to the 

propagation of the cracks across this section. They were able 

to detect three distinct stages of crack growth. The first one 

started on application of the static load, and it had a very

short life period. The second stage, which extended over the

major portion of the static fatigue life, was characterized 

by a decrease of the crack growth with time. The third stage 

was characterized by an accelerated crack growth preceding the 

fracture. They concluded that the propagation of the crack in 

the first stage is controlled by microscopic diffusion of 

hydrogen in a hydrogen-rich case, but the second stage is con

trolled by microscopic diffusion of the gas beyond the hydrogen- 

rich case. In other words, they relate the time dependence af 

the phenomena to diffusion of hydrogen to the tip of an advancing 

crack.

No significant effects due to the presence of hydrogen on the

elastic or compressive properties of materials affected by the

gas have been observed.
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6. It has been reported that the removal of hydrogen from an

unstrained material restores the original mechanical pro~
(3)perties of the material* Groeneveld reported that 

hydrogen is readily removed from steel in a dry-hydrogen 

atmosphere. This removal is possible due to the fact that 

atomic hydrogen can diffuse against a high pressure of 

molecular hydrogen if the partial pressure of atomic hydrogen 

is low, as is the case for ternperatures near ambient temperatures 

and ordinary pressures. He reported that the results of some 

investigations showed that the diffusion of hydrogen is about 

250 to 500 times faster at 400°F than at room temperatures, 

and. that the aging time needed to remove the gas increases 

directly with increasing volume and inversely with increasing 

surface area; and also that by means of this aging process, 

or baking process as it is better known, the mechanical 

properties of unstrained materials can be restored.

7. There is a yield point in steel due to hydrogen^ Rogers^)

performed a series of experiments with mild steel showing

that the occurrence of a yield point related to the presence
(8)of hydrogen really exists. Farrell rationalized the data 

obtained from a series of experiments on yield point in iron 

due to hydrogen, and concluded that hydrogen precipitates 

into voids causing localized static flow and cracking that 

leads to suppression of the yield point and to embrittlement.

8. Apparently, the yield strength of steel is not affected by



the presence of hydrogen. Groeneveld in his report suggests 

that hydrogen embrittlement does not occur until the yield
(5)point of the material is passed. However, Cotterill reported 

that the presence of hydrogen at normal temperatures can prevent 

the occurrence of the yield-point phenomena in mild steels.

Investigations Related to this Work •
(g)By means of x-ray diffraction studies Tetelman investigated 

the effect produced by hydrogen in commercially pure iron. From 

the experimental results obtained and from a Fourier's analysis 

of his data, he concluded that hydrogen produces broadening of 

the reflections from the (110), (112), (220), (222), (400),

(422), and (444) planes, and that the reflection is produced by 

plastic deformation and not by preferential location of hydrogen.

He also discovered that the activation energy for recovery of 

line broadening has the same value for charging with hydrogen 

as for 5 percent plastic strain in tension^ He noticed that the 

presence of hydrogen within the lattice does not produce a

change in lattice parameter.
(8 )Farrell reports that although there is no certainty 

about the interstitial site occupied by hydrogen within the 

lattice, the fact that the presence of the gas causes broadening 

of all reflections from planes (11G ), (112), and (123), particul

arly from the (112) plane, and the existing difference in diam

eters between the atoms of hydrogen and iron, suggests that the 

gas occupies the tetrahedral positions which lie in the (112)
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planes. He says that these effects caused by hydrogen and the 

kinetics of the recovery process have been related to plastic 

deformation in many investigations.

T e t e l m a n ^ ^  used hydrogen to produce cracks on (110) 

planes and to study their propagation in iron~3percent silicon 

single crystals^ By means of stereographic analysis he showed 

that the distribution of (110) and (112) slip planes around the 

tip of the crack is in agreement with predictions based on both 

dislocation and elastic models for the stresses at the tip of

the crack, and that crack growth is a discontinuous process.
(11 )Oriani reviewed the theoretical concepts and the ex

perimental situation related to hydrogen dissolved in transition 

metals, particularly in iron, and he concluded that hydrogen 

dissolves in these metals as an ion and that it occupies in

terstitial sites. In these studies he mentions the fact that 

hydrogen produces changes in the lattice parameter of iron 

crystals, in contrast to publications on this subject which 

have reported no increase in lattice parameter, Oriani also 

reported that the large spread in apparent diffusivities measured 

in alloyed or cold-deformed metals, particularly iron, is due to 

the trapping of hydrogen at internal interfaces.

Theories on Hydrogen Embrittlement.
(1 )Tetelmanv / observed that from the many theories that have 

been proposed two have received most of the attention. One was 

developed by T r o i a n o ^ ^ ,  and the other one was developed by



(13) 0 4 )Garafolo and others ' and by Bilby and Hewitt .

Troiano proposed that the critical factor in hydrogen 

embrittlement is the segregation of the gas, under applied 

stress, to regions of triaxial stress near preexisting voids 

in the metal, and that only the hydrogen in the stressed regions 

causes the embrittlement. This model is compatible with some of 

the experimental facts including the strain-rate and temperature 

dependence of the phenomenon, but it does not explain why 

hydrogen causes blisters and cracks on specimens that are not 

subject to external loads; it does not explain how the hydrogen 

deposited in the stressed regions caused the embrittlement, and 

does not consider the Griffith criterion of brittle fracture.

Garafolo, following the Cottrell dislocation theory of 

brittle fracture, considers the stability of a microcrack under 

the combined effect of internal pressure and an applied stress 

perpendicular to the cleavage plane. He treats the microcrack 

as a continuous distribution of a number of dislocations. The 

internal pressure is caused by the segregation of hydrogen into 

the microcrack. There are certain drawbacks to this treatment 

including the assumption that the pressure in the cracks remains 

constant while the crack is spreading, in other words, that the 

hydrogen in the lattice diffuses into the cracks and maintains 

the pressure. It does not comply either with the fact that 

embrittlement is not so pronounced at low temperatures or at 

high strain rates.



Statements on Hydrogen Embrittlement Based on the Papers Studied•

1, That hydrogen does not form any compounds with iron

suggests that the embrittlement is due to some kind of

interaction other than chemical reaction between the gas 

and the metal.

2, The temperature and strain-rate dependence of the 

embrittlement phenomena suggests that the mechanism is 

controlled by the diffusion of hydrogen within the lattice,

3^ The nature of the phenomena and the effects caused by

hydrogen on the mechanical properties of the material 

suggest that the gas within the lattice can segregate 

into cracks, voids, or into other imperfections, creating 

pressures high enough to generate stresses that will 

cause plastic flow.
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PROCEDURE

The experimental work for this investigation was carried 

out in the following steps:

1. Preparation of tensile specimens;

2. Growth of large grains on ferrovac "E" iron;

3. Preparation of specimens for microscopic studies and 

orientation of selected grains on these specimens by 

means of back-reflection Laue patterns;

4. Cathodic charging with hydrogen of all the specimens 

at room temperature; and

5. Mechanical testing and microscopic study of the samples.

Preparation of Tensile Specimens.

Iron bars were cut into 8-in, lengths, machined and 

finished on a milling machine. The finished size and shape of

the tensile specimens complied with the ASTM designation for

tensile specimens.

Growth of Large Grains on Ferrovac MEU Iron•

12



Some of the 8~in. lengths that were cut from the bar stock, 

were not machined into tensile specimens. These, along with the 

tensile specimens, were first annealed at 1500°F for 4 hours 

and then cooled in the furnace in an argon atmosphere.

After annealing, all the specimens were pulled in tension 

until a reduction of 3 percent in the width direction was measured 

at this time the load was re leased. The specimens were then an

nealed at 1500°F for 24 hours and cooled in the furnace in an 

argon atmosphere.

All the specimens were rough polished and etched with a 

5 percent nital solution to show the grain boundaries. Some 

specimens were etched with a 1 to 4 solution of nitric acid in 

water, to show grains whose orientation was (001), according 

to Barret^' ̂  .

With the use of the strain-anneal method, large grains 

were obtained on most of the specimens that were treated. The 

grain size obtained ranged from about 3 mm to about 8 mm in 

diameter•

Preparation of Specimens for Microscopic Study and Orientation 

of Selected Grains.

Samples of about -J-in. by 1-in. long were cut from the 

large-grain material. These samples were mounted on bakelite, 

and then carefully sanded and mechanically polished until the 

best possible finish was obtained, Because of the softness of 

the material, it was not possible to obtain a smooth finish



until the last samples were electropolished with a chromic-acetic
(1 6 )acid electrolyte, according to Morris

The sampies were macro-etched with a 3 percent nital solution, 

and macro-pictures of the samples were taken. From the pictures, 

grains were selected on the basis of the different shades of 

light reflected from the grains in the pictures.

Back-refleetion Laue patterns of the selected grains were 

run on the G.E., model XRD, type 1, X-ray machine, with a molyb

denum tube. The settings on the machine were 50 kv and 27 milliamp; 

the exposure time was 15 min and the sample-to-film distance 

was 3 cm.

A Greininger chart was used to plot the poles of the re

flecting planes on a stereographic projection. In this method, 

several grains were oriented, and the resulting orientations were 

plotted on a stereographic triangle. The grains selected had 

randomly distributed orientations and they represent most of the 

zones of the stereographic triangle,

Cathodic Charging of Hydrogen.

All the specimens were cathodically charged with hydrogen 

at room temperature. An A.3. electropolisher power source, model 

1715-1, was used to provide a current density of 0.5 amp per sq 

in. The voltage used varied from 22 v, for the tensile specimens, 

to 4 v for the specimens used in the microscopic studies; in both 

cases the current density was maintained constant at 0.5 amp per 

sq in. The maximum temperature rise of the bath was 35°F for the
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charging of the tensile specimens. The electrolyte used was

a 1 percent solution of sulfuric acid in water mixed with

0,05 grams per liter of arsenic trioxide, which acted as a

cathode poison. Using carbon as the anode material eliminated

the possibility of contamination with oxides, according to 
(1 7)Werstler . The charging time for each of the specimens was 

30 min,

Mechanical Testing and Microscopic Study of the Specimens•

Testing was done on a Tinius Olsen tensile machine in the 

laboratories of the Metallurgy Department of Colorado School 

of Mines, The crosshead speeds for these tests were varied from

0.01 to 0,20 in. per min. The information obtained from the tests 

included maximum load and maximum stress based on original cross- 

sectional area.

The microscopic studies were done on a 3ausch & Lomb metal- 

lograph. The information obtained from these studies included 

pictures showing the shape of the blisters as a function of the 

orientation of the grain, pictures and angular measurements of 

the blisters producing cracks below the free surface, and pictures 

and angular measurements of slip steps around the blisters. The 

angular measurements mentioned above were made with respect to 

a line of known orientation.
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RESULTS

Most of the specimens tested in tension failed at low, 

non-reproducible nominal stresses (Table 1). It was noticed that 

at very low loads some cracks were started; associated with the 

production of the cracks, noises could actually be heard. Under 

these low loads it was noticed that a series of cracks would 

propagate almost the total width of the tensile specimen before 

the propagation of another crack would actually rupture the 

specimen (Figure 1), Macroscopic inspection of the tensile bars 

showed that most of the cracks ran along the grain boundaries.

There appeared to be little strain-rate dependence; as can 

be seen in Table 1, the duration of the tensile test, varied from 

10 to 130 min. This occurs probably because the amount of hydrogen 

introduced was enough to cause permanent damage prior to testing.

Microscopic Studies of Tensile Bars.

Studies of the fractured surfaces showed blister-like 

formations on the surface (Figures 2 and 3), Further studies of 

fractured surfaces indicated that, although all of them were

16



Table 1, Relationship between maximum load applied and nominal 
stress produced on specimens tested.

Maximum load Nominal stress Duration of test
(pounds) (p si) (min)

335 3100 15

2000 32300 10

2125 32000 10

2100 32100 120

2115 32000 130

2015 32600 110

2100 18150 20

2460 21000 15

2700 26200 20

2720 26200 15

2020 17968 15

2320 19079 15

2380 20384 15

1060 17534 10

880 15730 10

1320 22407 20

1350 22858 20

1075 18755 20

1225 16176 15



J

Figure 1. Cracks along grain boundaries on the surface 
of a tensile soecimen, X5

Figure 2. Blister-like formations on the fracture surface 
of a tensile soecimen. X144
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Figure 3, Sli

Figure 4, Blisters on a (100) type surface. X104



closely similar, the blister-like formations were not a factor 

common to all of the fractures,

Microscopic studies of the free surfaces showed that cer

tain grains apparently had more blisters than others, and a 

few grains did not appear to have any at all. Studies under 

higher magnifications showed that there were blisters on all 

the grains, and that the density of the blisters per grain dif

fered from one grain to the other. The blisters that could not 

be seen at lower magnifications appeared to be flat and shallow, 

and very hard to distinguish even at higher magnifications. It 

was also noticed that the shape of the blisters was similar 

within a grain (Figure 4), but different from one grain to 

another. These results seemed to indicate that there was a 

relationship between the shape of the blisters and the free sur

face orientation of the grains,

Crystallographic and Microscopic Studies,

Selected grains on seven samples were oriented by means 

of back-reflection Laue patterns. After orientation of the grains, 

these samples were charged with hydrogen under the same conditions 

that were used for the tensile specimens.

Microscopic studies of the specimens showed that blisters 

occurred on any orientation in the stereographic triangle (Figure 

5 and Table 2), It was discovered that the shape of the blisters 

produced on each grain was characteristic of the oarticular 

crysta 1lographic orientation of the surface. For instance, the
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Table 2, Location on the stereographic triangle of the grains 
that were studied in terms of the angles they made 
with the principal planes.

Specimen

A"

B"

C"

A'

Grain no. 

1 

2

3

4

5 

1 

2

3

4

5 

1 

2
3

4 

1 

2
. 3

4

5 

1 

2 

3

Plane (100) 

2 °

41°

19°

27°

28°

8°

49°

38°

38°

28°

36°

38°

32°

25° '

20°

34°

16°

41°

27°

55°

46°

48°

Plane (110) 

42°

31°

29°

31°

26°

36°

28°

23°

2 1 °

20°

30°

12°

29°

25°

25°

13°

29°

8°
2 2 °

32°

2°

26°

Plane (111) 

52°

13°

37°

28°

27°

47°

7°

19°

18°

16°

18°

26°

2 1 °

32°

41°

36°

46°

28°

33°

4°

35°

1 1 °
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Table 2, continued.

Specimen Grain no. Plane (100) Plane (110) Plane (111) 

B* 4 31° 14° 36°

5 37° 15° 28°

6 3° 42° 53°

7 37° 20° 20°

8 38° 8° 33°

C' 1 32° 16° 31°

2 6° 39° 48°

3 21° 26° 35°

4 32° 29° 36°

5 22° 33° 30°

6 27° 28° 28°

7 20° 27° 39°

O ’ 1 25° 24° 32°

2 34° 27° 20°

3 10° 38° 44°

4 9° 40° 45°

5 23° 26° 33°

6 46° 28° 10°
O 0 n7 38 12 26

8 45° 9° 36°



blisters on the (001 ) corner of the stereographic triangle were 

squared and shallow (Figure 6), and very hard to distinguish if 

the surface had not been well polished prior to charging. The 

blisters on grains whose surface was oriented near a (112) plane 

had a diamond shape; these diamond-shaped blisters rose to a 

considerable height above the surface and had a flat top (Figures 

7 and 8), On the other hand, the blisters oriented near a (111 ) 

plane were nearly round and higher by contrast (Figure 9), The 

occurrence of blisters near the (111) corner was not so great 

as the occurrence of blisters on other orientations, probably 

due to the smaller Schmid factors for slip in the [j1lJ direction. 

Slip steps could be detected around and on the blisters on 

well polished surfaces; however, under high magnifications the 

slip lines appear wavy (Figure 10),

It was noticed that the size of the blisters varied from 

microscopic to macroscopic dimensions,

Crystalloqraphic Studies on two Perpendicular Planes•

Some of the samples used in the previously mentioned ex

periments were sectioned on planes perpendicular to the free 

surface, and the grains that appeared on both the perpendicular 

and the free surfaces were oriented in the same manner in the 

perpendicular surface as they had been on the free surface, ffiicros- 

copic inspection of these surfaces showed that the blisters were 

produced by hydrogen pressure developed in cracks below the free 

surface. Some of the cracks had the shape of a star with 3 or 4
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Figure 6 . Blisters on a grain whose 
is about 10° from a (100)

surface orientation 
plane. X230

Figure 7. Blisters on a grain whose surface orientation is
approximately 2° to the right of a (112) plane. X366
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Figure S. Blisters an s grain whose surface orientation is
approximately 3° to tine left of a (112) plane. X366

Figure 9. Blisters on a grain whose orientation is near
to the (111) corner of the stsrcographic triangle, 
X2 30



legs, others were just straight cracks (Figures 11 and 12), The

inclination of the cracks appeared to be characteristic of the

grain, and these inclinations varied from one grain to the other

It was noticed that the size of the blisters was related to the

death of the crack below the free surface and to the length of

the cracks, Stereographic studies on two perpendicular planes

gave some evidence as to the nature of some of the planes on

which the cracks had occurred. The evidence seems to show that

some of these planes are of the (100) type; similar results have
(9)been reported by Tetelman #

Similar stereographic studies of the slip steps detected 

around the blisters gave some evidence as to the mechanism by 

which these blisters are formed. The blisters are produced by 

hydrogen pressure and crystallographic slip. The crystallographi

for which the Schmid factor is the greatest, as should be ex

pected in a BCC crystal. The Schmid factors were calculated for 

the different systems on the assumption that the tensile axis 

was colinear with the normal to the surface. This assumption 

becomes less valid as the crack which causes the deformation 

moves away from being parallel to the free surface. There is 

some evidence of slip occurring on both the (112) and the (110) 

planes, but this will be the subject of further study.

Grain Boundaries Separation.

Further microscopic studies showed that some blisters were

slip seems to occur mainly in the direction on the planes
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Figure 10. Wavy slip steps around a blister. X677

Figure 11 . A star-shaped blister-producing crack. X360
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Figure 12. Blister-producing cracks. X430

Figure 13. Grain partially lifted from a sample by hydrogen 
blisters on internal surfaces. X5



formed v/ery close to the free surface, at internal grain 

boundaries. These blisters ran into adjacent grains and some- 

times these adjacent grains were lifted up completely from the 

rest of the grains, causing a separation at the grain boundaries 

(Figures 13 and 14). Some of these blisters seem to be very 

similar to the ones that were seen on the fracture surfaces of 

the tensile specimens. Whether this mechanism occurs or not 

depends probably on the brittleness of the grain boundary or 

on the compatibility of both grains. A normal boundary or a 

compatible grain would probably not separate because the defor

mation could be absorbed by slip in the neighboring crystal.

There is some evidence of the formation of blisters on 

internal surfaces, but so far the question as to whether the 

blisters caused the cracks or extended into previously formed 

cracks, cannot be answered with any degree of certainty.

Many blisters across grain boundaries were found, and in 

various cases these blisters caused grain boundary separation 

(Figure 15). These blisters resulted from cracks below the sur

face that ran across grain boundaries (Figure 16). It was noticed 

that each part of the blister tended to be similar to the 

characteristic blister of the grains on which they occurred 

(Figure 17). The grain boundary separation is probably due to 

the slip requirement to produce a blister across a grain boun

dary on two non-compatible grains. This mechanism seems to be 

more important as the size of the grains decreases. In this 

manner, cracks that could be most easily opened and propagated 

by applied tensile stresses are started.
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15, Grain boundary separation caused by a blister 
across the grain boundary, X 3 2 6

14, Cross section of a grain lifted from a sample 
showing a blister-like formation on the in
ternal surface, X12 9



Figure 16. A blister-prcducing creek that runs across a 
grain boundary. X 7 2 2

Figure 17. A blister across a grain boundary between two
grains whose orientations are close to the (112) 
and the (100) planes. XI75



In many cases, cracks occurring on the surfaces of blisters 

were found* Figure 18 shows a blister on a grain whose surface 

orientation is about 10° from the (100) corner of the stereo

graphic triangle, with a crack on its surface. Apparently, the 

slip responsible for the crack is on two (112) planes in two 

£ 111~j directions.



o

Figure 18. Crack on the surface of a blister, on a plane
whose orientation is close to a (100) plane. X677



DISCUSSION

The experiemts performed for this investigation have shown 

that blisters are caused by cracking below the surface, hydrogen 

pressure develops within these cracks to cause crysta1lographic 

slip. The shape of the blisters depends on the orientation at 

the free surface of the grains on which they occur; their size 

depends on the depth at which the cracks occurred and on their 

length. The cracks which initiated blisters appeared to be in 

crystallographic planes. Crystallographic studies gave indication 

that some of these planes were of the (110) type. Blisters did 

occur for any orientation within the stereographic triangle.

Blisters were found to be associated with cracks at the 

free surface in various ways. Some blisters, formed on. internal 

surfaces close to the free surface, caused grain boundary se

paration and, in some cases, the grains were lifted up from the 

specimen (Figures 13 and 14). This fact offers some evidence of 

the forming of blisters on internal surfaces within the crystal. 

But the question of whether the blisters caused the cracks or



simply extended into previously formed cracks cannot be answered

with certainty. Some external blisters were formed across grain

boundaries overlapping two grains. In many cases these blisters 

caused separation of the grain boundary. Cross sections of these 

blisters across grain boundaries showed that they were caused 

by cracks that extended from one grain into the other (Figure 16), 

Apparently, this separation is caused by different slips on two 

grains whose orientations are non-compatible,

Most of the cracks that produced the blisters occurred 

within the grain itself. Some of the cracks extended across grain 

boundaries. Many cracks that a low magnifications appeared to 

follow grain boundaries, at higher magnifications seemed to have 

cracks entering them from the adjacent grains. The cracks that

occurred on the free surface, both the ones caused by charging

the specimen with hydrogen and the ones caused by failure in 

tension, followed grain boundaries (Figure 1). Internal cracks 

in heavily cold-worked specimens appear to be the addition of 

many small cracks in areas adjacent to grain boundaries (Figure 19),
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\

Figure 19. A large blister-producing crack on a 

cold-rolled specimen. XI04



CONCLUSIONS

From the results obtained in the experiments that were

conducted during this investigation, it can be concluded that:

1. In commercially pure iron, hydrogen blisters occur on any 

orientation within the stereographic triangle.

2. The blisters are produced by hydrogen pressure developing 

inside microcracks below the free surface and crystallographic 

slip.

3. The shape of the blisters depends on the orientation of the 

grain on which they occur at the free surface, and their size 

depends on the depth below the free surface at which the 

blister-producing crack occurs, and upon the length of the 

crack itself.

4. Hydrogen blisters formed across grain boundaries can cause 

grain boundary separation if the slip on the two grains is 

not compatible.

5. Certain hydrogen blisters formed on internal surfaces, such 

as grain boundaries, can cause grain boundary separation.
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SUGGESTIONS FOR FURTHER INVESTIGATION

The Use of Hydrogen Blisters to Study Deformation and Slip

Systems in BCC Crystals.

The complexity of atomistic slip in BCC materials has

precluded an exact description of the process. Gross tensile

tests on single-crystal and polycrystalline specimens have
(1 8)

been difficult to analyze , The blisters which have been

described in this investigation promise to be extremely valuable 

"tensile specimens" for the study of microscopic deformation 

processes in BCC materials.

Blister Formation Investigations.

One experiment was conducted to determine the time required 

to produce blisters on commercially pure iron at different current 

densities. For these experiments several samples of strain-annealed 

iron with a surface area of about 1 sq in, were cut. The surfaces 

of these samples were carefully sanded and then electropolished 

with an acetic-chromic acid electrolyte to obtain the smoothest 

surface possible. All the samples were then etched with 3 -percent
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nital solution, and subjected to electrolytic charging with

hydrogen at current densities that varied from 0,01 to 4 amp

per sq in. After charging for a given time the specimens were

carefully inspected under the microscope at 400 diameters to

see whether there were any blisters on the surface. The same

procedure was repeated at different time intervals with new

samples until blisters were detected. The same was done for

different current densities.

The data obtained and a linear plot of the data can be

seen in Table 3 and in figure 20, By extrapolation of both

straight lines, it can be seen that at current densities ranging

from 4 to 0,082 amp per sq in, the time required to form blisters

was constant. At current densities ranging from 0,08 to 0,01

amp per sq in, the time required to form blisters on the surface

varied from 30 to 900 sec. This last line has a negative slope 
-5of 8,05x10 *" amp per sq in, per sec,, as shown in Figure 20,

Experiments of this type promise to be extremely valuable 

in sorting out the various steps involved in the introduction 

of atomic hydrogen into the iron lattice. By the repetition of 

the described experiments under different conditions of elec

trolyte concentration, cathode poison concentration , and tem

perature, a better understanding of these processes will be 

developed,



Table 3, Time required to form blisters on cathodically 
charged specimens at various current densities

Current density 
(amp per sq in.)

4

2

0.5

0.2

0.08

0.05

Remarks
)

No blisters 

A few blisters 

Blisters 

A few blisters 

Blisters 

A few blisters 

No blisters 

No blisters 

No blisters 

No blisters 

A few blisters 

Blisters 

Blisters 

Blisters 

A few blisters 

No blisters 

No blisters 

No blisters 

No blisters 

No blisters 

No blisters

Time
(sec

7

10

15

10

15

10

7

10

15

20
25

180

150

60

30

20

25

35

45

60

120



Table 3, continued.

Current density 
(amp per sq in.)

0.05

0.025

0.01

Remarks)
No blisters 

Blisters 

No blisters 

A fern blisters 

No blisters 

No blisters 

A few blisters 

No blisters 

A few blisters

Time
(sec

180

600

300

420

420

600

720

600

900
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Figure 20. Current density vs time required to form blisters 

detectable at 400X,
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