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(ABSTRACT) 

In many manufacturing and service industries a need exists for a nondestructive test to determine 

the presence of hydrogen in a material system. The feasibility of such a system is examined here. 

Acoustic emission activity resulting from a microhardness indentation is employed to detect hy-

drogen in Al06 and 4340 steel bars following cathodic, gaseous, and chemical charging. These tests 

show a large increase in emission energy after charging followed by a drop to precharge levels with 

time. These activity levels are used to calculate hydrogen diffusivity and binding energy of hydrogen 

to traps in the steel. A mechanism of acoustic emission generation is proposed involving the 

breakaway of dislocations from Cottrell-like hydrogen atmospheres. 

The effects of surface roughness and microstructure are also evaluated. Testing of various surfaces 

indicates that limited surface preparation is necessary prior to implementing the test procedure. 

Low activity levels before and after charging in 4340, and in martensitic and bainitic Al06 indicate 

possible difficulties in applying the test to harder, more dispersed structures. 

Despite this limitation and a large amount of scatter in the acquired data, the results indicate that 

acoustic emission monitoring of microhardness indentations may be of value in detecting the pres-

ence of hydrogen in metals and as a research tool in the study of hydrogen transport and 

embrittlement mechanisms. 
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1.0 Introduction 

The deleterious effects of hydrogen on the mechanical properties of material systems have been well 

documented. Embrittlement resulting from in-service exposure to gaseous hydrogen and to hy-

drogen evolved from corrosion processes has frequently resulted in costly catastrophic failure. 

Various manufacturing and fabrication processes can also result in hydrogen uptake. Such proc-

esses include melting and casting, pickling, welding, and electroplating. Hydrogen uptake during 

plating operations can be especially damaging because hydrogen desorption may be inhibited by the 

barrier formed by the applied coating. Thus, hydrogen adsorbed during the processing of the 

component will be retained and may severely affect performance when the material is later subjected 

to in-service loading. 

To alleviate the problem of hydrogen uptake during plating components are frequently subjected 

to bake-out procedures following the plating process. Bakeout is performed by maintaining the 

component at a temperature of 150°to 250°(: for a period of time sufficient to allow outgassing of 

hydrogen to subcritical levels. The consequences of insufficient bake-out times are obvious; how-

ever, the economic consequences of needlessly prolonged or unnecessary bake-out are also of major 

concern to manufacturers. Manufacturers would benefit greatly from a nondestructive test that 

could detect the presence of a critical hydrogen concentration. In addition to serving the plating 

industry, such a test could be used to monitor a wide variety of structures exposed to hydrogen. 
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These structures include gas storage and transport facilities, chemical plant components and various 

parts of conventional and nuclear power generating systems. 

The primary purpose of this investigation was to determine the feasibility of developing such a test 

by combining two common nondestructive evaluation techniques, microhardness and acoustic 

emission. In addition, it was hoped that the studies would lead to new insights into hydrogen 

transport processes and mechanisms of hydrogen embrittlement. 
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2.0 Literature revielv 

Electroplating is a common procedure in which a thin metal coating is deposited electrochemically 

on the surface of a component. Electroplating provides desirable corrosion protection at the surface 

while retaining favorable mechanical properties of the base metal. 

+ 
However inherent to the plating process is the cathodic reaction: H + e H. This evolved hy-

drogen is frequently then adsorbed by the metal. The plating will subsequently serve as a barrier 

to effusion of the hydrogen from the metal and hydrogen embrittlement may result (1,2,3). 

A number of cases of hydrogen induced delayed failure associated with electroplating operations 

are discussed in Volume 10 of the ASM Metals Handbook. In particular, an example on page 480 

begins: 

"cadmium plated high strength steel bolts were used to facilitate quick disassembly of a vehicle. One 
bolt was found fractured across the root of the thread after being torqued in place for one week ... 
It was assumed that the bolts had not been given a baking treatment for the removal of hydrogen. 
Because there is no nondestructive test to confirm such an assumption, two of the bolts were baked 
at 205 C for 24 hours, then a series of (destructive) tests were performed on both the baked and as 
plated bolts" 

This example then concludes that the failure of the bolt was due to "time dependent hydrogen 

embrittlement" and states that "Baking for 1/2 hour is the minimum baking time; however, baking 

times of up to 24 hours are recommended for absolute safety." The preceding quote illustrates two 
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of the major problems which beset manufacturers who conduct electroplating. The primary one 

being hydrogen induced delayed failure. However, the significance of this problem has been greatly 

enhanced by the second problem, that of a lack of a nondestructive test to detect the presence of 

hydrogen in a component and to ~valuate the e!f ectiveness of bakeout procedures. Hydrogen 

embrittlement ·is by no means exclusively a result of electroplating. However, embrittlement due 

to electroplating is somewhat unique in that the hydrogen embrittlement problem can almost al-

ways be avoided through the adequate implementaion of bakeout procedures. The implementation 

of these bakeout procedures would surely be facilitated by a simple nondestructive test to evaluate 

their effectiveness. Such a test would therefore result in the prevention of a great number of un-

necessary failures. 

The following section is a general discussion of hydrogen embrittlement. This discussion is fol-

lowed by two passages which briefly describe the two components of the proposed nondestructive 

test system, acoustic emission and microhardness indentation. 

2.1 Hydrogen Effects 

The effects of hydrogen on the behavior of various metals has been subject to much study over the 

past forty years. Despite the efforts of many investigators there has been little agreement on the 

basic mechanisms of hydrogen embrittlement. However, it has become very clear that the effects 

of hydrogen on the mechanical behavior of a given alloy are specific to that particular metal. These 

effects have been found to include decreased strain to fracture (4), change in fracture mode (5,6), 

and decreased fatigue life (7,8). Perhaps even more numerous than the effects of hydrogen are the 

experimental variables which have been found to influence the embrittlement process. Some of 

these factors are strain rate (9,10,12), stress state (9,10,11,25), temperature (12,16), hydrogen con-

centration (11,18), specimen geometry (11,17) and microstructure (13,14,20). This wide range of 
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test variables has contributed to the generation of many proposed mechanisms to explain the spe-

cific hydrogen effects seen in certain materials. Most of these mechanisms cannot be disproved in 

their application to the specific alloy and test procedure to which they were postulated. However, 

in attempting to broaden the scope of a particular mechanism, inevitably there exists substantial 

data to refute it. It is growing increasingly evident that the search for a "universal" hydrogen 

embrittlement theory may be futile because it is likely that a variety of mechanisms are contributing 

to the embrittlement process. The dominance of any one particular mechanism over ~other is 

highly dependent on the specific alloy and test conditions. 

For the most part, the wide variety of proposed hydrogen embrittlement mechanisms can be broken 

down into two broad categories ( 15,31) 

l. · Hydrogen effects on lattice and interfacial cohesive strengths (24,26,27,41) 

2. Hydrogen effects on dislocation motion 

The interfacial strength models are based on a Griffith type analysis of brittle fracture (24). The 

Griffith analysis states that crack growth will occur when the strain energy released by a propagating 

crack is greater than the energy expended in the formation of new surface area. This analysis results 

in the familiar Griffith relation 

2.1 

These models propose that hydrogen lowers the surface energy, thereby reducing Y in Equation 2.1 

and allowing crack propagation at low applied loads (27). It is widely accepted that hydrogen in-

duced decreases in surface energy and interfacial cohesive strength contribute in at least some cases 

to hydrogen embrittlement. However, the lack of embrittlement from exposure to certain other 

environmental agents that are equal or greater in their surface wetting capacity ( 8, 9, 18) and evidence 
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of ductile fracture features in certain materials that have experienced "embrittlement", rule out this 

simple surface energy mechanism as a complete explanation for hydrogen embrittlement. 

Many of the mechanisms that have proposed interfacial decohesion due to hydrogen are dependent 

on localization of large quantities of hydrogen at these interfaces (25,40). This localization of hy-

drogen in a system sometimes manifests itself in delayed failure. Delayed failure is an aspect of 

hydrogen embrittlement in which the interfacial decohesion mechanism is very much accepted and 

well characterized. This hydrogen effect commonly occurs when a component possessing some 

hydrogen concentration is subject to a sustained load. Therefore, this problem often occurs in 

electroplated components when hydrogen adsorbed during processing is retained and redistributed. 

Hydrogen transport by dislocation motion and by diffusion promote localization of very large hy-

drogen concentrations in areas of lattice dilation and in regions where dislocation motion is inhib-

ited. Accumulation of hydrogen concentrations at grain boundaries, crack tips, and other 

microstructural discontinuities effectively reduces the strength of these interfaces promoting brittle 

failure (24,40). Therefore, the interaction of hydrogen with dislocations and resulting transport are 

important considerations with regard to interfacial fracture, embrittlement mechanisms. 

More obvious perhaps is the importance of hydrogen/dislocation interactions on those mechanisms 

involving plastic flow. There exists wide disagreement on the hydrogen effects on plastic behavior. 

Various investigators have proposed that hydrogen decreases (22,24,30,18), increases (21,24), or has 

no effect on flow stress ( 6, 18). There does exist universal agreement that dislocations represent fa-

vorable sites for hydrogen atoms. Along with this agreement there is a consensus that hydrogen 

can be transported by the motion of dislocations to which it is bound ( 12,32,39,40). 

A number of investigators have proposed that along with this binding and transport, hydrogen en-

hances ductile processes (22,23,38). This argument is based primarily on irreversible 

thermodynamics considerations which imply that if dislocation motion will enhance hydrogen 

transport, greater hydrogen concentrations will neccessarily facilitate dislocation motion (29). This 

idea has contributed to the formulation of an embrittlement model based on enhanced ductility. 
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This model states that "embrittlement" occurs by an autocatalytic decrease in flow stress resulting 

from localization of large hydrogen concentrations by the enhanced dislocation motion (23). The 

enhanced ductility models have been substantiated by retained ductile features (rnicrovoids) on 

fracture surfaces of supposedly embrittled samples (23,42) and through those reports which cite 

reduction in yield stress subsequent to hydrogen exposure. 

However, the investigators which cite reductions in yield stress may be flawed by their failure to 

acknowledge the effects of internal pressures generated by high hydrogen concentration or reduction 

in effective cross sectional area due to minute surface cracks (18). This model also does not con-

sider changes in fracture surface features from microvoid coalescence, which commonly occur. 

Based on these considerations it is perhaps more widely accepted that hydrogen will retard dislo-

cation motion and thereby increase flow stress and strain hardening capacity ( 1, 18,24). In order to 

more thoroughly consider the effects of hydrogen on flow, more discussion of the transport of hy-

drogen by dislocations is in order. 

The binding energy for hydrogen to a dislocation is given by 

u =~sine 2.2 

where A is a constant related to the misfit strain around the dislocation and R is the distance from 

the dislocation core. The binding energy has been cited by numerous investigations and is generally 

accepted to be approximately 0.3 e V /atom at the core of the dislocation ( 44). The concentration 

at the dislocation is given then in terms of the bulk concentration (Co) as 

2.3 
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Equation 2.3 shows that at higher temperatures thermal activation of the dislocation and hydrogen 

atmosphere result in the dislocation no longer remaining a preferred site. Similarly, at high 

diffusivities and large lattice dilations resulting from hydrostatic tension the hydrogen affinity for the 

dislocation decreases. The influence of the hydrogen atmosphere on dislocation mobility is deter-

mined by this binding energy and is therefore also affected by temperature and stress state. The 

maximum possible influence exerted by the atmosphere occurs upon dislocation breakaway when 

the binding energy must be exceeded. If the dislocation is carrying the atmosphere directly, some 

energy value less than the binding energy is acting to retard dislocation mobility. Breakaway is 

clearly required for dislocation motion away from carbon atoms because of the low diffusivity of 
-22 2 

carbon in iron ( 'vlO cm /s) (30). However, because of the high diffusivity of hydrogen the exact 

mechanism of hydrogen/dislocation interaction is not clear. The idea that a hydrogen atmosphere 

can effectively pin a dislocation was first proposed by Frank and has since seen substantial exper-

imental justification ( 1,36,37,39,77). Serrated yielding has been noted following hydrogen exposure 

in a variety of alloys (36,37,39) thereby indicating that hydrogen can act as a pinning point and 

necessitate dislocation breakaway before flow can occur. Evidence of hydrogen influence on the 

onset of ductility has also been shown by hydrogen-induced anomalies in yield point behavior of 

A106 steel (30). The lack of a clear yield point in Al06 after hydrogen exposure has been attributed 

to hydrogen atoms replacing carbon atoms as pinning points. 

Aside from the simple drag of hydrogen on dislocations, there have been a number of other mech-

anism proposed by which hydrogen can retard ductile processes. Increased strain hardening rates 

after hydrogen exposure in a number of different alloys have been explained by the lowering of 

stacking fault energy by hydrogen (30). The lowering of stacking fault energy will decrease the 

ability of dislocations to cross-slip and will lead to dislocation multiplication. Increased dislocation 

density and lack of cross-slip ability will substantially increase work hardening rates (30). 

However, the effect of hydrogen on the onset of flow, rather than strain hardening is most crucial 

in tenns of embrittlement processes. The process of crack blunting, for example, is dependent on 

the initiation of ductile processes at the crack tip. It has been found that in a high strength steel 
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the fatigue life of samples with carefully polished surfaces is extended by the presence of hydrogen. 

However, if the surface is rough, fatigue life is diminished greatly. This phenomenon of extended 

life has been explained by the suppression by hydrogen of ductile processes which initiate fatigue 

cracks. If the starter sites are provided (by the surface roughness), hydrogen prohibits ductile 

processes which blunt cracks and life is shortened (33,35). 

It is clear that no discussion of hydrogen embrittlement is complete without the consideration of 

hydrogen transport and the effects of hydrogen on local ductile processes. This report will attempt 

to use acoustic emission resulting from this highly localized plasticity to gain insight as to the 

manner and degree with which hydrogen is interacting with dislocations and then postulate how this 

interaction could affect the embrittlement process. 

2.2 Acoustic Emission Testing 

Acoustic emission (AE) is the detectable elastic energy which is released when materials undergo 

some form of deformation or fracture. Monitoring of these emissions has gained widespread ap-

plication as a passive nondestructive test to evaluate structural integrity, to denote processes corre-

sponding to the onset of catastrophic failure and as a research tool to analyze and develop models 

for the mechanisms involved in the failure of engineering materials and structures. The main ad-

vantage of AE analysis is that it is inherently sensitive to local, transient material instabilities (45). 

Almost without exception unstable conditions are generated locally long before failure occurs. 

These local instabilities occur as the material proceeds to a lower energy state and therefore release 

detectable elastic energy when they occur. These detectable AE events are often instrumental in the 

first stages of failure. Thus, through analysis of acoustic emission it is possible that one can develop 

a fundamental understanding of the failure process. Some typical emission generating events which 

precede failure are "ductile" processes like formation and propagation of slip bands, and other highly 
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localized dislocation motion or "brittle" processes, such as grain boundary reorientation, crack 

propagation and fiber fracture in composite materials. 

However, in order to make use of the information that these emissions provide one must develop 

a quantitative or at least thorough qualitative understanding of the sources of acoustic emission. 

This understanding is complicated by a wide range of factors. These factors include the possible 

non-isotropic nature of the source and propagating medium, the interaction of the elastic wave with 

the material between the source and receiver, and finally the signal modifications inherent to the 

detection and analysis system. A number of approaches have been taken to overcome these diffi-

culties and therefore, analysis of these emissions has taken many forms. 

Some investigators have attempted to isolate source behavior by using a systems approach ( 46). 

That is, by formulating the appropriate transfer functions that reflect the influence on the acoustic 

wave by the material, receiving transducer and instrumentation. The inverse of these transfer 

functions is then applied to the known output signal and the source characteristics are inferred. 

Recently many investigators have turned to analysis of the frequency spectrum of received signals 

for information concerning the sources of emission. Often these investigations employ random 

variable statistics techniques to analyze the wave behavior (48). 

Despite the continued development of these analysis techniques, AE analysis is for the most part 

qualitative. The recent developments in signal analysis have provided a great deal of information 

on the basic nature of the elastic waves which are generated inside a material however little success 

has been shown in quantitative evaluation of source behavior. 

An example of the type of qualitative analysis which is often successfully performed on acoustic 

emission is shown in Table 2.1. This table, derived from similar listings frequently cited in the lit-

erature (50), shows how the amplitude of acoustic waves is affected. by the emission generating 

process and by the material in which the waves propagate. Similarly, other AE parameters such 
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Table 2.1 - Source characteristics and.material factors which 
affect AE amplitude. 

Factors 
Which Increase 

AE Amplitude 

High strength 

High stiffness 

High strain rate 

Low temperature 

Brittle failure 

Martensitic phase 
transformation 

Large grain size 

Cast structure 

Crack propagation 

Mechanical twinning 

Literature review 

Factors 
Which Decrease 

AE Amplitude 

Low strength 

Low stiffness 

Low strain rate 

High temperature 

Ductile failure 

Diffusion controlled 
phase transformation 

Small grain size 

Wrought structure 

Plastic deformation 

Thermal twinning 
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as duration, rise time, count rate and energy can be used to discriminate between various sources. 

The parameters are defined in Appendix B. 

This type of qualitative analysis has been facilitated by the separation of AE activity into two basic 

groups: burst type activity and continuous activity. Burst type emissions result from "brittle" 

events such as cracking, mechanically induced twinning, and martensitic phase transformations (50). 

Typically, these events have high amplitude, short rise time, short duration and high energy. 

Continuous emission occurs following low energy type events such as dislocation motion and dif-

fusion controlled phase transformations. Characteristically these low energy events have a long rise 

time, low amplitude, long duration and are very similar in nature to background noise. A schematic 

illustration of the difference between continuous and burst emission is shown in Figure 2.1. The 

use of these two general categories of emission has been used most successfully for discriminating 

between ductile events such as dislocation motion from brittle processes like microcracking. 

Although only recent advances have made even qualitative source characterization possible, 

acoustic emission has been used extensively over the past 35 years. The first observations of 

acoustic emission in metals were made hundred years ago by tin smiths who observed the charac-

teristic "tin cry", during de(ormation processes. These audible sounds were later attributed to 

twinning in the tin. The recent developments and interest in acoustic emission is generally attri-

buted to the work of Kaiser in the early 1950's (50). He reported that all metals exhibited acoustic 

emission upon plastic deformation. Kaiser also first reported that acoustic emission was irrevers-

ible: that is, unless appreciable recovery takes place, emissions will not occur upon reloading until 

the previous maximum load is achieved. This phenomenon has subsequently been termed the 

"Kaiser effect". Kaiser however, mistakingly attributed all emissions to grain boundary sliding. It 

was not until later in the 50's when improved instrumentation allowed for the attribution of these 

emissions to dislocation activity (45). The capability for monitoring structures for ductile overload 

was a direct result of these investigations. Concurrent developments in acoustic emission technol-

ogy resulted in widespread application of acoustic emission for the detection of fatigue crack 

growth, weld cracks and environmental effects on materials. In particular the use of AE for moni-
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toring environmentally enhanced delayed failure quickly gained favor because of the significant pe-

riod of detectable stable crack growth preceding failure. 

In addition to monitoring the process of delayed failure in service, AE has also been used as a re-

search tool for studying environmental effects on metals. This work has again predominantly fo-

cused on the monitoring of crack growth under controlled conditions. Specifically, Dunegan and 

Tetelman have used AE to determine rate of cracking in a high strength steel due to hydrogen ex-

posure. Acoustic emission consisted of a series of small bursts followed by quiet periods. These 

quiet periods were thought to be related to the time required for hydrogen diffusion to the crack tip. 

More recently investigators have correlated the time between these small bursts of emission with 

diffusion times through a single grain, indicating that crack propagation occurs by grain boundary 

decohesion as hydrogen proceeds through the material. 

Other investigators have used AE to monitor hydrogen effects on plastic flow. Acoustic emission 

from a high strength steel during plastic deformation was found to increase with increased hydrogen 

concentration (51). The presence of hydrogen was also found to eliminate the occurrence of the 

Kaiser effect in this alloy. These occurrences were attributed in part to locking of dislocations by 

hydrogen. 

Understanding the manner by which dislocation motion can generate detectable acoustic emission 

is fundamental to using AE for the analysis of ductile processes in general and specifically in 

studying the effect of hydrogen on these processes. 

Because of the low elastic energy released in the motion of a single dislocation, a number of dislo-

cations within a small volume must move almost simultaneously in order to generate detectable 

emissions. In alloys where cross slip is difficult, precipitates serve to pin dislocations (52). At the 

onset of flow, many dislocations can pile up at these pinning points. If these pinning points are 

fairly weak, the dislocations will eventually break away. This breakaway of a large number of dis-

locations leads to the generation of detectable AE activity. When cross slip is not difficult, these 
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pile ups do not result and precipitates do not promote increased activity. The ability of dislocation 

to cross slip is inversely related to stacking fault energy. If the interaction of precipitates is critical 

to the generation of AE activity. It appears that stacking fault energy would be a material parameter 

that would significantly affect acoustic emission. The importance of stacking fault energy on AE 

in a number of FCC alloys has been investigated previously. Hatano reported that AE activity 

decreased with lower stacking fault energy while other investigators reported no correlation between 

stacking fault energy and AE activity (52). Because of the relative unimportance of stacking fault 

energy on the nature of flow in BCC alloys no stacking fault energy effect in these alloys is expected. 

Another proposed mechanism for dislocation generated emission involves dislocation breakaway 

from Cottrell atmospheres. In alloys that evidence serrated yielding, the repeated breakaway of 

dislocations from their atmospheres has been shown to generate high levels of activity (52). In these 

alloys the nature of slip and hence stacking fault energy have been shown to have no effect on AE 

generation. 

In attempting a new technique for gaining insight to the sources of emission a recent study by 

Clough and Wadley (53) acoustically monitored indentation loading to investigate hydrogen 

embrittlement in a quenched and tempered low alloy steel. Clough and Wadley observed hydrogen 

induced cracking beneath the indentation which they proposed to be the source of the emission. 

Because of the very small volume of material undergoing deformation in the indent process, this 

technique has proved beneficial in overcoming the previously mentioned difficulties in source 

characterization. In standard tensile tests, the large amount of material under stress makes assigning 

acoustic emission to a particular source impossible. Because the stress state around an indentation 

is well characterized and a small volume of material is under load, source identification is to an 

extent possible using the indentation technique. The monitoring of acoustic emission from an in-

dentation had been previously used to study brittle fracture in tool steels (53,54), and glass (53,55) 

and stress corrosion cracking and indentation fatigue of aluminum (53,69). Although the previously 

mentioned tests studies were all conducted using full scale macro indentations there is no reason to 

assume that similar tests could not be conducted using a micro-indentation technique. Although 
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the magnitude of resulting emissions would decrease, the smaller volume of material undergoing 

deformation would offer the advantage of further aiding source identification and also make the test 

nondestructive. The following section discusses previous applications of microindentation tech-

niques. 

2.3 Microindentation Techniques 

A microindentation is commonly defined as an indentation which has a diagonal of less than 100 

µm (58). In general, these indentations are made with a load not exceeding 1 Kg; however, loads 

as small as lg have been used (59). Microindentations have been used for microhardness testing 

of components which are too small or thin to be measured by conventional hardness testers, when 

trying to extract hardness profiles from near surface regions or when trying to isolate hardness of 

individual constitutents in a nonhomogeneous material. Microhardness testing also has the ad-

vantage of imparting less damage to the material being tested and thus the test is often considered 

to be nondestructive. 

Microhardness indentations are commonly made with either a Vicker's or Knoop indenter (Figure 

2.2). The Knoop and Vicker's indenter both consist of a diamond ground to a pyramidal form, the 

difference being that the Vicker's diamond indentation is equiaxed. Because of this geometry dif-

ference the Vicker's indentation penetrates about twice as deep into the material and is therefore less 

sensitive to surf ace effects than is the Knoop indentation ( 58). 

Little direct investigation has been involved with the stress state around a microhardness indenta-

tion. It is widely accepted that because of geometric similarity the downward extrapolation of 

models developed for macroindentation to the micro level is valid. The stress field surrounding a 

macro indent has been discussed by many investigators, many of whom have applied Hill's ana-
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Literature review 17 



lytical solution for an expanding spherical cavity as a model for the indentation process (53). Ex-

perimental results and more sophisticated analyses generally support this model although other 

investigators have discussed problems promoted by application of this model at the near surface 

region (60). For the purposes of this investigation the Hill model in which the volume of the in-

dentation is accomodated by radial expansion of the material will promote its use over the more 

sophisticated models where radial displacement of the elastic-plastic boundary accomodates the 

indenter. Figure 2.3 illustrates the stress field that results under loading by the pyramidal indenter 

in an ideal, isotropic, elastic-plastic material. The tangential stresses that develop in the region be-

neath the indenter in the material are given by Hill's solution as 

= 0 [-2ln(~) + l] r < r y r 3 p 2.4 

p 
where rpis the plastic zone radius and cry = 38(rJ, is the uniaxial yield stress. This tangential stress 

is known to be critical in deformation and especially in fracture processes in this region. Outside 

the plastic zone the elastic stress is tensile and is given by 

e 
0 8 (r) 

r 3 
= .!.. 0 c.....E.) 

3 y r r < r p 
2.5 

Thus, from the Hill model the elastic stress decreases as r 3 from the point of contact. Other in-

vestigators have suggested an r -2dependence of this stress (60). A major feature evident in the Hill 

stress field model is the presence of stresses which span the range from compressive plastic to tensile 

plastic. Therefore a wide range of deformation and fracture processes are possible near an inden-

tation. Even more complexities are evidenced when unloading occurs and the geometric size and 

magnitude of the tensile region beneath the indentation are increased. In fact, unloading cracks 

frequently result immediately beneath the indentation during rnicrohardness indentation of brittle 

materials. These unloading cracks have long been considered troublesome in rnicrohardness testing 
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of brittle materials. However, within the past 10 years these cracks have led to an entire new ap-

plication for microindentation. Analysis of unloading cracks has yielded quantitative information 

regarding fracture behavior of brittle materials (61). Measurement of lengths of radial cracks in the 

corners of pyramidal indenters have been correlated directly with fracture toughness. Therefore, 

with a single indentation in a brittle material a fracture toughness determination can be made. The 

well characterized crack patterns that result from indentation of these brittle materials have also 

been used to evaluate surface stresses ( 62) and for the modeling of abrasive processes ( 63). 

Despite these applications the majority of microhardness testing has been directly involved with 

deformation characteristics of materials. Because microhardness is technically the resistance to 

penetration and continued deformation of a material, it most directly reflects the work hardening 

capacity of material being tested. Microhardness is therefore correlated with the ultimate strength 

of a material in a very straightforward manner. However, attempts to correlate yield strength with 

these hardness values have not been nearly as straightforward or successful. The investigation 

presented here attempts to further expand the application of microindentation techniques. Because 

microhardness testing is very sensitive to slight variations in the indent process, a microhardness 

tester is capable of delivering a highly reproducible, highly localized load to a material ( 53). This 

technique attempts to exploit these characteristics of the microhardness test system and use the 

indenter merely as a highly reproducible strain energy source for the activation of ductile and frac-

ture processes in the material. AE activity resulting from these processes is monitored and evalu-

ated to detect hydrogen in the material and to isolate the mechanisms by which hydrogen affects 

material properties. 
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3.0 Methods and Materials 

The primary purpose of this investigation was to determine whether acoustic emission resulting 

from a microhardness indentation could be employed as a nondestructive test for the presence of 

hydrogen in metals and alloys. In order for such a test to be effective it must be shown to be suf-

ficiently reproducible. Therefore, the system must either be immune to the effects of component 

geometry, surface finish, microstructure and composition, or such system factors must be under-

stood and accounted for in the test procedure. Many of the experiments with Al06 and 4340 steel 

were designed to isolate some of these system factors and to demonstrate the reproducibility of this 

non-destructive evaluation technique. 

Finally, it is thought that the sources and characteristics of acoustic activity generated during 

microhardness indentation must be understood thoroughly in order to develop the test to its max-

imum potential. Indentation fracture studies of glass, in which the sources of emission are clear, 

were therefore conducted in order to facilitate this understanding. 

All acoustic emission data in this investigation was acquired with a Physical Acoustics 3000/3104 

AE data acquisition and analysis system coupled with a Leco Microhardness Indenter. Details of 

the data acquisition system are described in Appendix A. 
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3.1 Indentation studies of A106 steel 

A 106 steel was the primary material studied in this investigation. A 106 was chosen because of the 

large amount of VPI data on hydrogen effects on this alloy as well as the availability of suitable test 

specimens, the abundance_ of literature on its hydrogen compatibility and because of the potential 

importance of its use in hydrogen transport systems (34). The composition of A106 is given in 

Table 3.1. Figure 3.1 shows the as-received ferritic-pearlitic microstructure typical of the test sam-

ples used. 

The 1/2" x 1/2" x 4" bars were heat treated to produce two structures in addition to the ferritic-

pearlitic structure. A bainite-like structure, Figure 3.2, was achieved by normalizing at 900°C for 

2 hours, holding briefly in room temperature air and then quenching in ice water. To generate the 

martensitic structure shown in Figure 3.3, the bars were treated as above but were quenched with-

out the brief hold in room air. 

3.1.1 Cathodic charging 

The heat treated bars were wet ground to a 60 grit finish using SiC paper, cleaned in alcohol, and 

stored in a dessicator until the start of testing. These uncharged bars were then tested to detennine 

baseline hardness and AE activity levels for later comparison with hydrogen charged samples. 

The bars were secured to the indenter stage with double-sided tape. This fastening technique was 

found to prevent the occurance of extraneous noise during microhardness testing. Each bar was 

indented with a 1Kg load for 10s using a Vicker's diamond pyramidal indenter. AE signals were 

monitored using the test system described in Appendix A. System parameters used in this test are 
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Table 3.1. Nominal Composition of Al06 Grade B Steel. 

ALLOY CONTENT, % 

C Mn Si Fe 

0.25 max 0.27-0.93 0.10 min. b.alance 
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Figure 3.1. Typical ferritic/pearlitic microstructure. 
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Figure 3.2. Bainite-like Al06 microstructure. 
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Figure 3.3. Martensitic A106 microstructure. 
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shown in Table 3.2 and their significance is discussed in Appendix B. The resulting data were 

stored on a floppy disk. Microhardness readings were also recorded. 

These samples were then cathodically charged with hydrogen using the system shown in Figure 3.4. 

The solution consisted of 1 N NaOH with 25 g/1 sodium arsenite added as a hydrogen recombi-

nation poison. Bars were charged for 2 hours at a cathodic current density of 10 mA/cm 2. After 

charging, the bars were rinsed in water and lightly ground with 60 grit SiC paper in order to remove 

any films or other surface effects which may have resulted from charging. Following an alcohol 

rinse, these hydrogen charged and ground bars were retested using the procedure developed for the 

baseline data. Testing was repeated over period of at least one week. The bars were then annealed 

and tested again. 

3.1.2 Gaseous charging 

Bars of ferritic-pearlitic Al 06 were chemically polished using a solution of 80 ml distilled water, 28 

ml oxalic acid ( 100 g/1) and 4 ml hydrogen peroxide. The bars were then hydrogen charged in an 

autoclave at 14<fC and 400 psi for 17 days. After removal from the autoclave, the samples were 

stored in liquid nitrogen until testing began. The liquid nitrogen storage was used to prevent hy-

drogen outgassing. The indentation procedure and acoustic monitoring were then repeated after the 

bars were removed from storage, as before, again using the parameters shown in Table 3.2. Tests 

were repeated over a three week period during which the samples were stored at room temperature. 
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Table 3.2. System Parameters 

Threshold ....... Q.3 V 

Gain 

Dead Time 

Time Base 

Methods and Materials 

38 dB 

1 µS 

.01 s 
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Figure 3.4. System used for cathodic charging of test samples. 
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3.1.3 Acid pickling 

Selected ferritic pearlitic A106 bars were pickled in dilute hydrochloric acid to determine if adsorbed 

hydrogen resulting from a common material processing technique such as pickling would result in 

detectable levels of AE activity due to adsorbed hydrogen. 

The bars were chemically polished by the techniques described in section 3.2 and stored at room 

temperature. They were then pickled in a 10% solution of HCl (36.5-38.0 assay) for 10 minutes. 

After removal from the solution, each sample was rinsed in water and tested immediately. Subse-

quent tests were then conducted almost continuously for the next twenty minutes. Test parameters 

were the same as those used in the cathodic and gaseous charging experiments. 

Another Al06 bar was ground to a 400 grit surface finish and pickled for 15 minutes in a 20% HCl 

solution in an attempt to increase the hydrogen absorbed by pickling. This sample was then tested 

in the same manner as the sample which had been pickled for 10 minutes in a 10% HCl solution. 

Because of the short time involved in the pickling experiments, the pickling scale was not thor-

oughly removed prior to the test. Furthermore, it was not ·possible to conduct duplicate tests on 

individual samples. 

3.1.4 Surface finish effects 

To determine the effects of surface finish on the test results as recieved A106 bars were prepared to 

60 grit, 320 grit and chemically polished surface finishes. These bars were then cathodically charged 

with hydrogen and tested by the procedures outlined in Section 3.2. 
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3.2 llldentation of 4340 steel 

A limited number of tests were made on 4340 steel which is a high strength steel known to be highly 

susceptible to hydrogen embrittlement. Test bars which were 1/8" x 3/4" x 11/2" were ground to 

60 grit and tested by the procedures described in Section 3.2. These fully martensitic samples were 

evaluated to determine the potential significance of alloy type on the test results. 

3.3 Indelltation of glass 

In order to study the charcteristics of acoustic emission resulting from cracking of brittle materials, 

microhardness indentation with AE monitoring was performed on glass plates. 

Glass plates which were 3" x 3" x 1/4" were cleaned, secured to the indenter stage and indented with 

a 1Kg load for 10s. The indentation process was monitored as previously with the system param-

eters given in Table 3.2. A number of trials were conducted and the resulting cracks were observed 

and photographed. 
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4.0 Results and Discussion 

During analysis of acoustic emission resulting from the microhardness indentations most of the 

event parameters discussed in Appendix B were considered. However, the discussion in this text 

will focus primarily on the use of the energy parameter. This parameter was chosen because it has 

been found to be less sensitive to geometry, differences in propagating media, and system parame-

ters than are, for example, counts and amplitude. Energy, and in particular log energy (64), has also 

been found to be more closely identified with the processes which generate emission, whether these 

processes are related to the release of surface energy during cracking or to the activation of dislo-

cation sources. This association between anticipated processes and energy make energy more suit-

able for quantitative analysis of AE activity than other parameters such as amplitude, rise time, and 

duration. These latter parameters are used primarily for qualitative source characterization. 
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4.1 Indentation of Ferritic-Pearlitic A106 steel 

4.1.1 Typical results 

The typical acoustic emission during a microhardness test of the Al06 bars which had been either 

cathodically or gaseously charged w;th hydrogen are shown in Tables 4.1 and 4.2. Typically, the 

tests before charging showed a relatively low level of AE energy per indent. This level, calculated 

by summing energy from all of the events which follow an indentation, increased by an order of 

magnitude after charging. The AE energy per indent then decreased over time to an almost con-

stant level which was somewhat higher than the level found in the precharge samples. An anneal 

then restored the sample to its precharge level of indentation activity. Due to the large amount of 

scatter in the data, numerous trials were performed. The data shown are average values for up to 

ten tests at a given time. The difference between precharge and post anneal energy levels is not 

significant relative to the degree of scatter. The fact that the energy did not drop to precharge levels 

until after annealing indicates that hydrogen is being trapped at reversible trapping sites such as 

dislocations and grain boundaries. These traps are clearly reversible because the annealing proce-

dure would not have been sufficient to remove hydrogen from deep (or irreversible) trapping sites. 

Hardness remained constant at approximately 180 Vdph throughout all of the tests except for a 

slight increase to 200 V dph immediatly following gaseous charging. 

4.1.2 Calculation of diffusivity 

The graphs shown in Figures 4.1 and 4.2 illustrate an apparent exponential decay in AE energy 

. with time. This is confmned in Fiqure 4.3 which shows a linear relationship on a logarithmic scale 
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Table 4.1. Typical Data Following Cathodic Charging of A106. 
Data Represent Average Energy per Indent for 10 
Indents at each time. 

Condition of Bar 

Uncharged 

Immediately after charge 

One day after charge 

Two days 

Eight days 

After anneal 

Results and Discussion 

Average AE Energy 
Per Indentation 

15 

119 

47 

46 

41 

9 
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Table 4.2. Typical Data Following Gaseous Charge of Al06. Data 
Represent Average Energy per Indent for 10 indentations 
at each time. 

Time After Removal 
from Storage Bath (days) 

Immediately following remova1 

1 

3 

5 

13 

20 

Results and Discussion 

Average AE Energy 
Per Indentation 

49 

127 

82 

78 

57 

26 

35 
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Figure 4.1. AE energy as a function of time after cathodic charging. 
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for both cathodically and gaseously charged samples. The deviation from linearity of the first point 

in Figure 4.3 should be noted and will be discussed later. The logarithmic behavior indicates that 

the emission generating process may be heavily dependent on hydrogen concentration and that the 

continued decrease in AE energy may be controlled by the diffusion of hydrogen from the charged 

sample. If this is the case, in theory, a diffusivity can be calculated based on the graph of AE energy 

versus time. The basis for this analysis is the relatively well defined technique which dealt directly 

with concentrations of the diffusing species under conditions where the variations in concentrations 

were determined experimentally (65). 

Because of relatively short diffusion times and low hydrogen fugacities used in these experiments, 

the use of the diffusion equation for a semi-infinite plate is justified for these bars (66). The 

standard semi infinite plate diffusion equation is: 

C = C erfc (-x J 
o /4Dt 4.1 

where C = the concentration at point x and time, t, C0 is the surface concentration and D the 

diffusivity. If one assumes that AE energy is directly proportional to hydrogen concentration, the 

slope of energy plotted against the inverse square root of time on probability paper will allow for 

the calculation of an approximate diffusivity. For cathodic charging this plot is showith depth into 

n in Figure 4.4. The detectability of any AE source will decay exponentially with depth into the 

sample (67), as will the intensity of the indentation stress field which will activate AE sources. 

Therefore, there exists a rapidly decreasing distribution of detected sources through the plastic zone. 

Because of this non-uniform source distribution, the average depth of AE emission was assumed 

to be at 1/10 the depth of the plastic zone surrounding the indentation, a reasonable if not rigorous 

assumption. From the Hill indentation stress field model this depth was calculated to be 3xl0 m. 

Using this depth as X in Equation 4.1, the slope of the probability plot then yields a calculated 

diffusivity of 6x10 cm /s. This value is well within the range of previously determined trapped 

diff usivities for hydrogen in mild steels. 
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Talcing this procedure one step farther, one can assume that the primary trapping sites are dislo-

cations. Then the relationship: 

4.2 

where DA is the actual diffusivity, DT is the theoretical untrapped diffusivity, Gg represents the 

binding energy, R is Boltzman's constant and T the temperature can be used to calculate a binding 

energy for hydrogen to dislocations. Dr can be calculated from the relation ( 19) 

-3 DT= 0.8 x 10 exp (1900/RT) 4.3 

and is equal to 3.2xHPtm2ts for these room temperature tests. Substituting into equation 4.2 yields 

a binding energy of 2350 cal/mole. This value is in excellent agreement with binding energies cal-

culated in previous investigations with Al06 steel (69). 

Analysis of the gaseous charging case would be expected to generate similar values for Da and GJ3 
The slope of the probability plot for this case, Figure 4.5, results in a diffusivity of 2.4x10-6cm2 /sec 

which is, relative to ranges of values commonly dealt with in diffusion data, identical to that which 

was previously calculated. 

From the above calculations it appears that this technique may be useful in the calculation of var-

ious diffusion parameters; however, for the purposes of this investigation the details of the above 

calculations are of secondary importance to the fact that the AE generating process is clearly dif-

fusion controlled and related in some manner to the hydrogen concentration in the sample. 
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4.1.3 Sources of activity 

When considering the mechanism of AE generation in this alloy two processes come to mind. The 

activity could result from dislocation motion or from microcracking in the vicinity of the indenta-

tion. Previous investigators have acoustically monitored the indentation process of hard ( > Re 50) 

steels and proposed that the signals were generated by the formation of subsurface penny-shaped 

median cracks (53). These cracks were visible, after sectioning, via optical and scanning electron 

microscopy (SEM). These previous studies involved loads of up to 100 Kg. The much lower loads 

and softer materials used in this study made the possibility of cracking appear unlikely. Indeed, no 

evidence of cracks was found following sectioning and microscopy of several indents. Figures 4.6 

and 4. 7 show SEM and optical micrographs of one of these sections. The absence of visible 

cracking in the A106 and the lack of significant emission from the harder, less ductile 4340 and 

martensitic A106 (discussed later in section 4.4) appear to confirm that the source of AE is not 

hydrogen induced interfacial separation. Rather, it does indicate that some form of dislocation 

interaction with hydrogen is likely to be responsible for the activity. 

The final evidence of dislocation generated emission is gained through the qualitative analysis of 

AE parameters. Cracking can be considered to have burst type emissions. These burst emissions 

tend to have large amplitude, short Juration, and short rise time. Section 2.2 and Appendix B also 

discuss the effect that source magnitude and propagating medium have on these AE parameters. 

Ideally, some combination of these parameters would allow for discrimination between brittle 

events and dislocation sources. Previous analysis of mechanical twinning in zinc, plastic deforma-

tion in aluminum, and fracture of glass has indicated that the parameters amplitude and rise time 

may best serve to discriminate between the two types of activity. Indentation of glass plates resulted 

in cracking upon unloading, as shown in Figure 4.8. A plot of AE activity resulting from this 

cracking is shown in Figures 4.9. In this figure, the uncircled data points represent emissions from 

extraneous sources during loading. These sources may be indenter friction on the surface or sliding 

of the glass plate and are likely to possess the characteristics of continuous emission. This figure 
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Figure 4.6. Optical photomicrograph of indent cross-section 
A106 Grade B Steel (250X). 
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Figure 4.7. SEM photomicrograph of indent cross-section in 
Al06 Grade B steel (200X). 
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Figure 4.8. Optical photomicrograph of unloading cracks following 
indentation of glass plates. 
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indicates that for continuous emission sources the amplitude and rise time are clearly related. The 

higher amplitude events possess higher rise times and this relation is approximately linear. How-

ever, the burst type emission which results from the unloading cracks in the glass, indicated in 

Figure 4.9 by circled points, lie well above this line. 

This analysis can be applied to the emission from charged and uncharged A 106 bars. Figures 4.10 

and 4.11 show that, although differing in number, the events in the charged case appear similar to 

that of the uncharged case. This similarity is evidenced by the slopes of the two plots, which are 

practically identical. In both cases there are few, if any, points which do not lie on this line. 

Qualitative analysis of these AE parameters indicates that cracking is not the major source of ac-

tivity and that the sources of emission in the charged and uncharged conditions are very much re-

lated. Therefore, based on the continuous nature of the emission, lack of visible cracking, and all 

of the previous diffusion related analysis it seems very clear that the predominant source of AE 

activity in these tests is associated with dislocation motion. 

4.1.4 Mechanism of AE generation 

The previous discussion indicates that following charging, hydrogen is in some manner interacting 

with dislocations. This interaction leads to the release of significant elastic energy when the indenter 

load is applied. A proposed mechanism for the generation of this activity is that hydrogen is 

undergoing directed diffusion via Cottrell type locking to dislocations. Hydrogen is not being car-

ried directly by the dislocation for such movement would be silent. Rather, the dislocation breaks 

away from its hydrogen atmosphere, moves a short distance, and the hydrogen then "catches up" 

to the dislocation via Fickian type diffusion. This model proposes that in a material, hydrogen acts 

in a manner very similar to carbon atmospheres which pin dislocations in Fe-C systems. This 

pinning by carbon is evidenced by the Portevin-LeChatelier effect or serrated yielding seen in many 

Fe-C alloys, Figure 4.12. Serrated yielding is a direct result of load drops which occur when dis-
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locations break away from carbon pinning points. The freed dislocations are soon slowed by en-

countering obstacles such as grain boundaries and other dislocations. Carbon atmospheres can then 

be replenished and the load rises as the replenished atmospheres again prohibit dislocation move-

ment (70). High levels of emission occur in alloys which exhibit the Portevin-LeChatlier effect. 

The dislocation breakaway releases an amount of energy equal to the binding energy of the at-

mosphere to the dislocation. A portion of this energy would be in the form of elastic acoustic 

waves, Figure 4.13. A similar mechanism for AE generation by dislocation breakaway from pinning 

points in LiF has been proposed previously (72). 

The breakaway of one dislocation from a hydrogen atmosphere or any other pinning point would 

not be likely to generate sufficient elastic energy to be detected by any available AE detection sys-

tem. Therefore, some form of internal amplification must be postulated to account for the 

detectability of these waves. The motion of each dislocation line segment must occur in a manner 

compatible with neighboring dislocation stress fields. Thus, due to the periodic nature of the crystal 

lattice, the vibrational waves produced by each of the dislocation line segments will tend to be in 

phase will interfere constructively (71). This constructive interference will in essence amplify the 

resulting elastic waves. Other investigators have proposed that the breakaway of a single dislocation 

can trigger the release of other dislocations, amplifying the signal, in a sort of "avalanche effect" (72). 

At moderate concentrations, the hydrogen atmospheres do not significantly reduce dislocation 

mobility. This is evidenced by the lack of change in hardness data after charging. However, be-

cause hardness is more closely related to strain hardening than flow stress, the effect of hydrogen 

atmospheres on the onset of flow would not necessarily be reflected in hardness data. At moderate 

concentrations, hydrogen is unable to lock dislocations once flow has commenced; strain hardening 

and thus hardness are not affected. 

At higher concentrations more substantial effects on dislocation mobility may be noted. In the 

gaseous charging experiment, testing immediately after removal from the liquid nitrogen storage 

bath yielded markedly less activity and slightly higher hardness than were recorded at later times. 
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Figure 4.12. Schematic of serrated yielding seen in some Fe-C alloys. 

Results and Discussion 52 



t ENERGY 

t 
ENERGY SUPPLIED 
BY INDENTER 

DISLOCATION 
WITH COTTRELL-LIKE 
ATMOSPHERE 

t 
HEAT AND 

AE 

DISLOCATION 
AFTER 
BREAKAWAY 
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It is possible that the decrease in activity was caused by the higher hydrogen concentrations and 

subsequent decreased mobility of dislocations. 

These data therefore suggest that hydrogen interaction with dislocations is having some influence 

on the energy involved with the onset of plastic flow. Hydrogen has previously been found to im-

pede the onset of flow and therefore, raise the yield stress of Al06 and some other alloys. Results 

shown here seem to substantiate these previous studies and lead credence to those hydrogen 

embrittlement theories based on a hydrogen induced increase in flow stress. Because the presence 

of hydrogen may be an impediment to the onset of plastic flow and because hydrogen has also been 

found to reduce interfacial strengths, these results suggest that hydrogen induced brittle fracture is 

more likely than hydrogen enhancement of ductile failure processes. The manner by which flow 

and fracture compete for dominance of the fracture process is illustrated schematically in Fig. 4.14. 

4.2 Indentation of 4340 and altered A 106 microstructures 

4.2.1 Typical results 

The tests conducted on the 4340 steel samples generated little or no acoustic activity before and 

after charging. The activity levels were on the order of background noise and therefore, no analysis 

could be conducted. This was also the case for bainite-like and martensitic A106 microstructures. 

As would be expected all of these microstructures were significantly harder than the ferritic-pearlitic, 

as-received Al06 (Table 4.3). Possible justifications for this lack of AE activity are discussed in the 

following sections. 
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Table 4.3. Effect of Hydrogen Charging on Hardness of 
Materials Tested. 

Hardness 

Vicker's DPH l Kg, 10s 
Before After 

Material and Condition Char~e Charge 

Ferritic/Pearlitic Al06 180 180 

Bainite-like Al06 224 224 

Martensitic Al06 239 300 

4340 410 N/A 
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4.2.2 l.Vlicrostructural effects on AE sources 

One possible reason for this lack of activity lies in the dispersed structure of these materials. The 

strain fields of dislocations, in addition to interacting with hydrogen atmospheres, are influenced 

by the presence of dispersed carbides. These carbides act to substantially limit dislocation mobility, 

as indicated by the higher hardness of these materials. Because dislocation mobility is reduced, 

breakaway of dislocations from hydrogen atmospheres and other pinning points may not occur. 

It has been shown that a large number of dislocation sources must be activated in order to generate 

detectable activity. The dispersed structure limits dislocation mobility to such a degree that the 

number of activated sources is not sufficient to exceed background noise levels. 

4.2.3 Indentation mechanics in hard structures 

Another possible reason for the lack of detectable emissions is based on the mechanics of the in-

dentation process. Section 2.3 briefly discusses the Hill indentation stress field model, proposed 

by Evans. Based on this analysis, the maximum depth of plastic deformation and thus the maxi-

mum possible depth of AE source activation is given by: 

r = r [ E ]1/3 
p i 3(1-v)a 7 

Substituting values in the above equation results in the values shown in Table 4.4 for the various 

structures. The value, rp, is important because it is only the concentration within the volume con-

tained by rp which will affect the generation of AE activity. Table 4.4 indicates that this depth is 

significantly less in the harder materials. 

Free energy considerations indicate that the hydrogen concentration of the near surface of the ma-

terial is depleted. Because of the low hydrogen concentration outside of the sample, hydrogen dif-
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Table 4.4. Indentation Radius and Approximate Plastic Zone 
Radius in Materials Tested. 

r. r 
l 

Ferritic-Pearlitic Al06 0.0508 mm .356 mm 

Bainite-like Al06 0.0455 mm .273 mm 

Martensitic Al06 0.0393 mm .236 mm 

4340 0.0328 mm .189 mm 
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fusion from the near surface region to the outside atmosphere (outgassing) will occur very rapidly. 

The depletion of the near surface results because replenishment of this region from inside the ma-

terial does not occur as rapidly as does outgassing. A schematic of the concentration profile re-

sulting from this near surface outgassing is shown in Figure 4.15. If, due to the higher hardness, 

the depth rp is less than rm• the lack of a necessary critical hydrogen concentration would result in 

these low activity levels. Figure 4.16 illustrates a computed approximation for the profile which 

develops during outgassing (73). Although the complexity of the mathematical analysis of such 

near surface effects did not allow for its inclusion in this discussion, these effects clearly need to be 

considered in later development of this technique. 

4.3 Practical implicatiolls 

The primary goal of this investigation was the developing of this indentation technique to assess 

hydrogen embrittlement potential in a steel. The results of this study show that at a load of 1 Kg 

this indentation technique may not be suitable for use with hard materials. If either, or both, of 

the proposed reasons for this lack of activity are valid, the use of higher loads would remedy the 

problem. The higher loads would extend the indentation deeper into the material and also supply 

more energy to initiate dislocation breakaway. Because 1 Kg is the maximum load on the available 

rnicrohardness tester this could not be verified. The use of a 150 Kg load on a Rockwell indenter 

did yield high activity levels even in uncharged samples. However, previous investigators have 

shown that the use of higher loads may result in rnicrocracking beneath the indentation ( 53). The 

degree of cracking would likely be enhanced by the presence of hydrogen. The cracking would also 

be expected to generate very high activity levels. Therefore, the indentation test would still indicate 

the presence of hydrogen although this indication will probably be more clear due to the increased 

magnitude of activity. The effectiveness of this test would not be diminished at these higher loads 

unless the minor damage inflicted by the higher loads and the rnicrocracking would be of concern. 

Results and Discussion 59 



CcRIT 

HYDROGEN 
CONCENTRATION 

X 

POSITION INTO SAMPLE 

Figure 4.15. Schematic of near surface hydrogen concentration profile. 

Results and Discussion 60 



,.o ----------------. 

C (x,t) 
V 

C H,O 

0.5 

-,, 2 -1 
Di= 2.3 x 10 m • s 

-1e 2 -1 De= 1.0 x IO m · s 

min. 

m1 n. 

0 1.0 2.0 3.0 4.0 5.0 6.0 7. 0 
X, ,A,Jm 

Figure 4.16. Computed concentration profile showing effects of near 
surface outgassing (after Coyle (73)). Di= ingress 
diffusivity, De= egress diffusivity. 

Results and Discussion 61 



4.4 Pickling 

Pickling experiments were conducted to determine if small amounts of hydrogen adsorbed during 

a common industrial procedure could be detected: The data shown in Tables 4.5 and 4.6 reflect the 

large amount of data scatter that results from a lack of test repetition and averaging. The scatter 

was also enhanced by the build-up of an oxide film on the specimen surface. It is thought that in 

certain instances the fracture of the film upon indentation generated some activity. During the time 

necessary to prepare for testing after pickling (2 to 4 minutes) a large percentage of the adsorbed 

hydrogen had diffused from the specimen. This time was quite large in comparison with pickling 

times. If a specimen could have been tested within these first few minutes the level of activity 

probably would have been much higher. 

Despite these problems, the drop in activity over time is clear. AE energy levels dropped to zero 

at a time roughly corresponding with pickling time. The surface was not altered in any way fol-

lowing the post-charge grinding and cleaning. Therefore, any decrease in activity could not be at-

tributed to events related to film rupture. This decrease must then be related to hydrogen 

outgassing. 

The ability of this test system to detect the effects of dilute HCl is of particular interest because of 

the frequency with which such a process is conducted in industry. 

4.5 Surf ace effects 

The surface finish results shown in Table 4.7. Indicate the strong dependence of AE activity on 

surface finish. The roughest surface fmish showed the most dramatic post-charge activity and the 
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Table 4.5. AE Energy Per Indentation Versus Time of Test for Polished 
Pearlitic-Ferritic A-106B Steel Pickled for 10 Minutes in 
10 Volume Percent HCl. 

Time after Removal from Pickling 
Bath (minutes) 

4:00 
S: 11 
6:01 
6:51 
7:46 
8:34 
9:23 

10:03 
10:54 
11 :30 
12:06 
12:58 
13 :43 
14:43 
15:31 
16:26 
17:08 
17:51 
18:41 
19:20 
20:00 
20:45 
21:34 
22:13 
22:53 

Results and Discussion 

AE Energy Per Indentation 
(arbitrary units) 

181 
22 
13 
32 
37 
24 
95 
75 
21 
10 

1 
23 

6 
7 

31 
0 
0 

24 
2 
0 
0 
2 
0 
0 
0 
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Table 4.6. AE Energy Per Indentation Versus Time of Test for 400 
Grit Pearlitic-Ferritic A-106B Steel Pickled for 15 
Minutes in 20 Volume Percent HCl. 

Time after Removal from Pickling 
Bath (minutes) 

Results and Discussion 

1:20 
2:27 
2:58 
3:35 
4:13 
4:43 
6: 17 
7:03 
7:45 
8:28 

10:00 
10:48 
11: 23 
11 :59 
13: OS 
14:30 
15:10 
15:49 
16:24 
17:01 
17:42 
18:25 
19:10 

AE Energy Per Indentation 
(arbitrary units) 

6 
2 
2 

25 
2 
0 

20 
0 
0 

63 
17 
10 

5 
6 
0 

12 
0 
0 
0 
0 
0 
0 
0 
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Table 4.7. Effect of Surface Finish on Detected AE Energy. 

Surface Finish 

60 grit 

320 grit 

Chemical polish 

Results and Discussion 

AE Energy 

236 

so 

30 

65 



most significant change in activity after charging. Previous findings have shown that hydrogen 

adsorption decrea,ses with increased surface roughness (74). Therefore, it is possible that with less 

hydrogen present, more activity is generated in the 60 grit specimen. This phenomenon may be 

due to higher stresses being generated in the near surface region of the rougher sample. Other in-

vestigations have indicated greater hydrogen adsorption through rougher surfaces. If this is the case, 

the increased magnitude of activity is merely reflecting the higher hydrogen concentration (75). 

Discernment between these two effects could have been made by maintaining a consistent surface 

on a small area containing the indenter and transducer while varying roughness on the bulk of the 

sample. 

This information suggests that, aside from cleaning, little surface preparation would be necessary 

before conducting an indentation test on a component. In fact, polishing may decrease the effec-

tiveness of such a test. Because of the variation in activity due to surface roughness, care should 

be taken to maintain consistency in surface finish when comparing activity values from test to test. 

In the course of investigating surface roughness effects, it was noted that AE energy levels of un-

charged samples were high immediately after 60 grit wet grinding. These high levels decayed within 

a few minutes to consistent baseline readings. It is thought that small amounts of hydrogen may 

have been adsorbed during the wet grinding process and caused these increased activity levels. The 

detection of these small amounts of hydrogen at the very near surface of the specimen further in-

dicates the sensitivity of this test procedure. 

Results and Discussion 66 



4.6 Data Scatter 

The degree of data scatter has frequently been mentioned throughout this discussion. Clearly the 

effectiveness of this technique would be significantly enhanced if the degree of scatter could be re-

duced. 

Data for a gaseous charging trial is shown again in Figure 4.17. In this figure, error bars which 

represent one standard deviation are provided to indicate the relative degree of scatter typical in the 

10 individual tests which were conducted to generate one data point. This degree of scatter is typ-

ical of all of the tests conducted and clearly is very large. 

Because the sources of the emission were near the surface of the test samples and surface waves are 

likely to have been propagated, it is thought that the surface effects are contributing to scatter more 

heavily than are source differences. The two predominant surface effects are likely to be the pres-

ence of surface discontinuities (deep scratches or cracks) between the indenter and transducer and 

inconsistencies in coupling the transducer to the surface. The major source scatter could possibly 

be identified by detecting the emission simultaneously at various points on the surface. The four 

channels of the AE detection system would facilitate this procedure. Therefore, any difference in 

the detected signal among the four transducers would be entirely due to differences in propagation 

of the AE energy in the material or to differences in coupling. Pinpointing this source of scatter 

surely would facilitate its reduction. 
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Figure 4.17. AE energy as a function of time for gaseous charging. 
Error bars representing one standard deviation. 
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4.7 I111pleme11tation of the test procedure 

The most immediate application of the indentation test procedure is for monitoring adsorption 

during plating operations. During electroplating, hydrogen uptake will result from pickling which 

is done to prepare the surf ace of the base metal for electroplating and from the electrochemical 

process by which the plating material is applied. The effectiveness of the indentation technique in 

detecting hydrogen from both of these processes has been established. However, there are some 

points that need to be reiterated regarding the details of implementing this test procedure, some of 

which are relevant to the testing of any material for the presence of hydrogen and others which 

apply specifically to the monitoring of plating processes. 

The first stage of implementing this procedure would be the determination of the hydrogen con-

centration at which the performance of the material would be degraded to a critical level. The level 

would have to be determined destructively based on the degradation of some relevant mechanical 

property or by noting a change in fracture mode of the component. The details of this determi-

nation are quite complex but critical hydrogen concentrations have been established for specific 

metals and alloys (76). These concentrations are very low and are very dependent on the 

metallurgical condition of the material. In order to avoid the complexity of determining the degree 

by which a given hydrogen concentration damages a metal or alloy, any AE energy level above that 

corresponding to a hydrogen free component may be termed critical. Although this level is con-

servative, it would be much easier to guarantee that no hydrogen degradation will occur if the hy-

drogen content is essentially zero than to guarantee that some predetermined content based on a 

specific level of activity would not affect performance. If a conservative estimate will not suffice, 

the AE energy level corresponding to the previously determined critical concentration must be 

found by testing a component in a specific metallurgical condition containing a specified hydrogen 

concentration. By whatever means this critical activity level is formulated, a large number of tests 

must be performed so that, despite data scatter, the acceptable AE energy level is clear. The AE 
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energy level is then used as an accept/reject criterion for the component of interest. Multiple tests 

and averaging must again be conducted on the component. If the average AE per indentation level 

of the component exceeds the predetermined accept/reject criterion the component can be removed 

from service or procedures can be implemented for removal of the hydrogen from the material. 

The AE activity level is a strong function of material, geometry, surface finish, indenter load and 

AE system parameters. Therefore, any minor change in these parameters may necessitate a refor-

mulation of the critical AE energy level. 

Monitoring a plating operation for hydrogen uptake requires some special considerations, because 

the plating material will be likely to possess very different mechanical and hydrogen transport 

properties than the base metal. Sufficient indenter loads must be used to insure that the stress field 

of the indentation extends through the plate to the base metal. The effectiveness of the indentation 

procedure in testing through a surface layer has been verified to an extent in the pickling exper-

iment. In that experiment, the drastically different mechanical properties of the oxide film and A 106 

steel were not of consequence because fracture of the oxide was independent of hydrogen concen-

tration in the base metal and therefore occurred at a constant level throughout all of the tests. 

Under these copditions, any emissions resulting from the plated surface layer due to mechanical 

differences from the base metal will remain constant. Therefore, as long as the indenter load pen-

etrates through the surface layer and the thickness of this layer is uniform no obvious problems 

would result. However, because of the complex hydrogen distribution and the nonuniform me-

chanical properties of the component after plating, it is recommended that an outgassing profile be 

generated for the particular component which has been plated. This graph of AE energy versus 

bake-out time would reflect any difficulties that might arise from the tst procedure specific to that 

particular component. From this profile the critical activity level and also the bake-out time cor-

responding to that level could be determined. This bake-out time would be used on all of the plated 

components and the AE indentation test could then be employed on individual components as a 

control measure to verify the effectiveness of the indentation test and bake-out procedure. It 

therefore appears that there are no problems inherent to the test procedure that would prevent its 
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application to plated components in particular or, in general, to any material which has been ex-

posed to hydrogen. Further investigations which are clearly necessary before this procedure can 

be implemented are suggested in the following section. 
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5.0 Conclusions and Recommendations 

The results of this investigation show that the presence of hydrogen in a material can be detected 

by monitoring of acoustic emission from microhardness indentations in the material. Specifically: 

1. Acoustic emission energy levels increased greatly following various means of hydrogen charging 

2. These energy levels then decreased with time. This decrease was shown to be associated with 

diffusion controlled outgassing through the calculation of a hydrogen diffusivity based on the 

AE levels. 

3. Factors such as surface condition, microstructure, instrumentation parameters, and indenter 

load have been shown to substantially affect the resulting AE activity levels. 

4. AE generation appears to result from breakaway of dislocations from Cottrell-like hydrogen 

atmospheres. 

This investigation favorably demonstrates the feasibility of implementing this technique as a non-

destructive test to denote the presence of hydrogen in a material and in particular to evaluate ef-

fectiveness of bake-out procedures following electroplating. The following procedures are 

recommended for further development of this technique: 
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I. Applying the technique to plated components at various stages of bake-out. 

2. Apply the technique to martensitic structures with high hydrogen concentrations (using high 

loads if necessary) to see if detectable cracking results. 

3. Utilize the 4 channel capability of the AE system to investigate the effects of pro_pagating media 

and surface discontinuities on AE levels by positioning four transducers simultaneously on the 

indented surface or by positioning the transducers on the opposing face of the sample. 

4. Correlation of AE energy levels with some measure of hydrogen damage such as change in 

fracture mode. 
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Appendix A. Description of Test System 

The two major components of the test system are a Leco Model DM400 microhardness tester and 
a Physical Acoustics Corporation (PAC) 3000/3104 acoustic emission detection and analysis sys-
tem. A photograph and schematic illustration of the test system are shown in Figures A 1 and A2. 

The desirable feature of the microhardness tester is the ability to deliver a highly reproducible, and 
localized load. This load is delivered by a Vicker's indenter and can range from 10g to 1Kg. The 
load can be applied for up to 30 seconds. This investigation used 1Kg loads for a duration of 10 
to 15 seconds. 

Acoustic emission resulting from the indentation process was detected with a PAC 150 KHz 
piezoelectric transducer. This transducer was positioned 1/2 inch from the source during the in-
dentation tests on A106 and 4340 steels and 2 inches from the indenter during tests involving glass 
fracture. The transducer was coupled to the test sample with a thin layer of viscous PAC petroleum 
jelly conplant. 

Following capture by the transducer, the signal is preamplified 40 dB using a PAC 1220A Acoustic 
Emission Preamplifier before reaching the 3000/3104 system. The physical and electrical specifi-
cations of the preamplifier and 3000/3104 system are described later in Appendix A. The 3000/3104 
system provides addition variable amplification capabilities as well as extensive software for data 
analysis. The user friendly system has menu driven software which allows for manipulation and 
plotting of many AE parameters including amplitude, rise time, duration, energy, counts and fre-
quency. The details and instructions for use of this software are described in detail in the PAC 
3000/3104 User's Manual. 
SPECIFICATIONS OF 1220 SERIES PREAMPLIFIERS 

Electrical 

Gain: 40 or 60 dB (Switch selectable) 

Bandpass: User selectable from 10 KHz to 2.0 MHz 

Input: Single or differential selectable 

Input Impedance: l0Krl 15 pF 

Output Voltage: 20Vpp into 50 

Dynamic Range: 90dB 

CMRR (500Kllz): 55dB 
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Figure A.l. Schematic of AE/Inrlcntation Test System. 
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Figure A.2. Photograph of Test System. 
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Noise (RMS R Tl): < 2µV 

Power Requirements: 1220A,C- + 28VDC; 1220B- + 15VDC 

DC Standby Current: 25mA 

DC Current at full output: 200 mA 

Environmental 

Specifications apply at 25<:t + :Pc 
Instrument will operate from ot: to 50°C 

Physical 

Dimensions: 3cm x 6 cm x 11 cm 

Weight: 0.25 Kg 

PHYSICAL AND ELECTRICAL SPECIFICATIONS OF 3000/3104 SYSTEM 

Phvsical 

Height: 5.25 inches 

Width: 19 inches 

Depth: 21 inches 

Weight: 25 lbs. 

Electrical 

High Frequency Analog Portion of 3400 

Four identical channels capable of providing the following data set to the computer for storage and 
processing: 

I. 4t measurements/channel 

2. AE Counts/channel 

3. AE Energy/channel 

4. AE Event Duration/channel 

5. Rise Time/channel 

6. AE Burst Peak Amplitude/channel 
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A. AE Amplifiers 

Noise: 4.5 µV RMS RTI@ 1 MHz BW and 50S"R 

Gain: 0-41 db, 16 front panel selections 

Bandwith: 10 KHz - 1.2 MHz@ 3 db points 

AE Out: 0-10 VAC into 50rland470 pf 

AE IN: l0W-l0VAC 

AE Input Impedance: 50Q@ 120 pf 

AE Filtering: 100-300 KHz Bandpass Filter via Plug-in Module 

AE Threshold: .l-8V, 16 front panel selections 

AE Level: 0-15V into 5Q"l and 470 pf 

AE Peak Amplitude: 0-1 0V 

B. Miscellaneous Analog 

Load Cell Monitor: 0-1 V or 0-10 V (internal hardware change) 

Preamp Power: 28 Volts, 100 m amp max. 

Peak Detector Droop Rate: 5mv/ms. 

C. Digital Section 

t Counter Capacity: 20 Bits (220 - 1 capacity) 

t Resolution: 200 nanoseconds 
16 

Energy Count Capacity: 16 Bits (2 - 1 capacity) 

Event Duration Counter Capacity: 16 Bits 

Event Duration Resolution: 10 microseconds 

AE Count Capacity: 16 Bits 

Rise Time Counter Capacity: 16 Bits 

Rise Time Counter Resolution: 500 nanoseconds 

Peak Amplitude Resolution: 10 Bits (A/D), 10 millivolt resolution 

External Parameter Resolution: 10 Bits (A/D) 

System Time Out: Variable via Program -- from 40µsec-3 minutes 
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Appendix B. Definition of AE Terminology 

B. l. The following are general definitions for common AE terminology established by the ASTM 
Acoustic Emission Working Group, 1972. 

1. Acoustic emission - Acoustic emission is the transient elastic wave generated by the sudden 
release of strain energy in a material. 

2. Burst emission - qualitative description of emission signal with high amplitude, short duration, 
short rise time, and high energy. Typically associated with cracking and brittle behavior. Has 
appearance of rapidly decaying spike. 

3. Continuous emission - qualitative description of emission signal with low amplitude, long du-
ration, long-rise time and low energy. Typically associated with ductile processes and other 
low energy emission sources. Has appearance much like noise. 

4. Emission event - rapid physical change in a material that releases energy, PAC establishes an 
individual "event" based on system parameters discussed in B.3. 

B.2. A.E. Event Parameters - The PAC data acquisition software has established five event pa-
rameters for qualitative characterization of acoustic emission events. They are amplitude, energy, 
duration, rise time and counts.- These events can be plotted independently by the system against 
time, per event and against each other for source characterization purposes. Figure B. l illustrates 
the meaning of these parameters and they are defined as follows. 

1. amplitude - voltage response of transducer due to excitation by the emission pulse. 

2. event envelope - curve connecting points of maximum amplitude. 

3. energy - area under event envelope calculated in the PAC system by software integration of 
area under event envelope. 

4. duration - period of time in which the oscillating amplitude exceeds the threshold level. 

5. rise time - period of time from when pulse crosses threshold until maximum amplitude is 
achieved. 

6. counts - number of individual instances in which amplitude exceeds the threshold during an 
event. 

B.3. The following are system parameters, set by the user. System parameters have a great effect 
on the AE parameters discussed in B.2, and therefore are critical to the system operation. 

1. Threshold - (effective threshold) minimum amplitude which can be detected by the system, low 
threshold means more events o• longer duration, more counts and higher energies will be de-
tected. Effective threshold is related to the set threshold and gain by the following relationship 
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Figure B.l. Illustration of AE Parameters. 
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T set (Volts) 
= 20 log 

10- 4 Volts 
GAIN 

2. Dead Time - minimum period of time between events, signal must remain below threshold 
level for a period of time equal to the dead time in order for AE activity to be registered as two 
discrete events. Event envelope (Figure B.l) is constructed based on the value selected for dead 
time. Short dead time implies that AE activity will be broken into a series of small events with 
shorter duration fewer counts and less energy. Therefore, the effect of dead time on event pa-
rameters is significant. 

3. Time Base - minimum time resolution of the system in terms of time at which an event occurs. 
Time base ranges from .Ols to 90s for the 3000/3104 system. 
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