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HYDROGEN EMBRITTLEMENT 

Electrodeposition and electroless deposition and their associated 
processing steps including acid pickling and electrocleaning can generate 
hydrogen which can enter substrates in the atomic form and cause hydrogen 
embrittlement. This chapter outlines the factors which cause hydrogen 
embrittlement, its subsequent effects and failure mechanisms, and then 
elaborates on methods for reducing or eliminating the problem. Since steels 
are particularly prone to hydrogen embrittlement, emphasis is placed on 
these alloys. A section on permeation of hydrogen through various 
protective coatings is included to show the effectiveness of various barrier 
layers on minimizing hydrogen egress to substrates. Some excellent 
materials science investigative work showing how electroless copper 
deposits are embrittled by hydrogen is also presented along with data on 
hydrogen pick-up as a result of chemical milling of various steel and 

Hydrogen embrittlement is a generic term used to describe a wide 
variety of fracture phenomena having a common relationship to the presence 
of hydrogen in the alloy as a solute element or in the atmosphere as a gas 
(1). Louthan (2) lists the following problems as a result of hydrogen 
embrittlement and/or hydriding: failures of fuel cladding in nuclear 
reactors, breakage of aircraft components, leakage from gas filled pressure 
vessels used by NASA, delayed failure in numerous high strength steels, 
reductions in mechanical properties of nuclear materials, and blisters or 
fisheyes in copper, aluminum and steel parts. Steels, particularly those with 
high strengths of 1240 to 2140 MPa (180,OOO to 310,000 psi) are prone to 
hydrogen embrittlement regardless of temperature (3)(4), (Figure 1). 
However, hydrogen embrittlement is not specific to just high strength steels. 

titanium alloys. 
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Figure 1: Fracture stress as a function of hydrogen absorption and 
temperature for 0.08% carbon steel. From reference 4. Reprinted with 
permission of ASM. 

Nickel, titanium, aluniirium (4)(5) and even electroless copper deposits (6) 
exhibit the phenomenon. It appears that any material can become embrittled 
by a pressure effect if hydrogen bubbles are introduced by a means such as 
electrodeposition and this state remains unchanged until hydrogen atoms 
escape from the bubbles (6). In some cases, the failure can be so abrupt 
and forceful as to seem almost explosive (7). Geduld reminisced that "one 
of the most spectacular and memorable sounds associated with zinc plating 
was standing in a quiet storage room next to drums of recently zinc plated 
steel springs and listening to the metallic shriek of self-destruction. as the 
springs slowly destroyed themselves in order to release occluded hydrogen" 

Some examples of the effects of hydrogen on the structure of metals 
are shown in Figures 2 through 10. Figure 2 is a photomicrograph of 
commercial copper that had been heated in hydrogen. The treatment 
produced a porous, degenerated structure of low strength and ductility. 
Figure 3 shows the wall of a heavy pressure vessel used in the 
petrochemical industry that developed large internal blisters and cracks from 

(8). 
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the action of hydrogen as a result of sulfide corrosion. Figure 4 shows a 
vanadium wire that literally shattered when it was cathodically charged with 
hydrogen in an electrolytic cell (9). 

Figures 5 through 10 show the influence of hydrogen on steel (10). 
Figures 5 and 7 are a bar that was not cathodically treated, therefore, was 
not hydrogen embrittled. The same bar is shown in Figures 6 and 8 after 
cathodic treatment to introduce hydrogen and the severe damage is clearly 
evident. Figure 9 is a cathodically treated specimen showing partial relief 
as a result of heating at 200OC for 5 minutes while Figure 10 shows a 
sample exhibiting full relief as a result of heating at 200OC for 1 hour. 

Figure 2: Structure of commercial copper after heating in hydrogen for 3 
hours at 75OOC (about 250 X). From reference 9. Reprinted with 
permission of Science. 
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Figure 3: Hydrogen blisters in the wall of a steel container. From refere- 
nce 9. Reprinted with permission of Science. 

Figure 4: Vanadiuni wire shattered by cathodic charging with hydrogen. 
From reference 9. Reprinted with permission of Science. 
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Figure 5: Steel sample with no cathodic treatment (x 1). From reference 
10. 

Figure 6: Steel sample after cathodic treatment (x 1). From reference 10. 
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Figure 7: Steel sample with no cathodic treatment (x 3). From reference 
10. 
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Figure 8: Steel sample after cathodic treatment (x 3). From reference 10. 
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Figure 9: Steel sample after cathodic treatment than heating at 200°C for 
five minutes (x 3). From reference 10. 
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Figure 10: Steel sample after cathodic treatment then heating at 200°C for 
one hour (x 3). From reference 10. 
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Platers must be especially aware of hydrogen embrittlement effects 
since many preplating and plating operations can be potent sources of 
absorbable hydrogen. Table 1, which lists sources of hydrogen, clearly 
shows that cathodic cleaning, pickling and electroplating are all culprits. 
This table also shows why anodic cleaning, which generates no hydrogen, 
is preferable to cathodic cleaning which generates copious amounts of 
hydrogen. Since corrosion reactions are also generators of hydrogen, care 
in choosing the proper coating to prevent corrosion is also quite important. 
In general, any process producing atomic hydrogen at a metal surface will 
induce considerable hydrogen absorption in that metal. However, not all the 
hydrogen atoms released at the surface enter metals; a large fraction com- 
bines or recombines to form bubbles of gaseous or molecular hydrogen 
which is not soluble in metals (9). 

MECHANISM 

A variety of mechanisms have been proposed to explain hydrogen 
embrittlement. In fact within a given system, depending on the source of 
hydrogen and the nature of the applied stress, the mechanism may change. 
The following are suggested by Birnbaum (1): "Non-hydride forming 
systems such as iron and nickel alloys which do not form hydrides under 
the conditions in which they are embrittled fail because hydrogen decreases 
the atomic bonding (decohesion). In many of these systems the fracture 
seems to be associated with hydrogen-induced plasticity in the vicinity of 
the crack tip. Metals such as niobium, zirconium, or titanium, which can 
form stable hydrides, appear to fracture by a stress-induced hydride 
formation and cleavage mechanism. Other mechanisms, such as adsorption- 
decreased surface energy and high-pressure hydrogen gas bubble formation, 
have also been suggested and may play a role in specific systems" (1). 

STEELS 

Hydrogen embrittlement effects are most pronounced in steels. 
These effects can take the form of reduced ductility, ease of crack initiation 
and/or propagation, the development of hydrogen-induced damage, such as 
surface blisters and cracks or internal voids, and in certain cases changes in 
the yield behavior (1 1). With steels, the problem occurs because of one or 
more of four primary factors: temperature, microstructure, tensile stresses, 
and hydrogen content (12). First, room temperature is just about right. An 
important consequence of the ease of interstitial diffusion (which is the way 
hydrogen moves about lattices) is the fact that considerable diffusion can 
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Table 1: Sources of Hydrogen 

ACID TYPE CORROSION 

Fe + 2HC1-+ FeCI, + H, 

ELECTROCHEMICAL CLEANING 

ANODE REACTION 

4 (OH) - 4e + 2HZO + 0, 

CATHODE REACTION 

4H+ + 4e + 2H, 

PICKLING 

ACID + METAL -+ SALT + H, 

ELECTROPLATING 

CATHODE REACTIONS 

Ni+* + 2i5 -+ Ni METAL 

2H' + 2e- + H, 

CONTAINMENT VESSELS FOR H, 

REMNANTS OF DRAWING LUBRICANTS 

DAMPNESS IN MOLDS DURING CASTING 

HUMIDITY IN FURNACES DURING HEAT TREATING 
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occur rather quickly even at low temperatures, in fact, even at room 
temperature. This is one of the circumstances which can lead to hydrogen 
pickup by metals during aqueous metal finishing operations at the 
comparatively low temperatures which comprise the range in which water 
is a liquid (13). Secondly, the microstructure of the plated part must be 
susceptible to the cracking mechanism and the martensite, bainite, and fine 
pearlite of quenched and tempered and cold drawn steels can allow the 
cracking mechanisms to operate at hardnesses down to Rockwell C 24 and 
lower. Third, tensile stresses are required and even if the part is loaded in 
compression, tensile stresses can develop and cracks will grow 
perpendicular to these local tensile stresses. Fourth, a certain amount of 
hydrogen is required (12). 

PREVENTION OF HYDROGEN EMBRITTLEMENT 

The prevention of hydrogen embrittlement failure requires a 
multi-pronged approach 

1. Prevention of hydrogen absorption wherever possible. 

2. Elimination of the residual stress in the part before processing. 

3. Baking after processing to remove absorbed hydrogen before it 
can damage the part. 

Although beyond the control of the plater, hydrogen absorption can 
occur because of dampness in molds during casting or from humidity in 
furnaces during manufacture of the alloy. Baking parts before plating can 
help minimize stresses and remove absorbed hydrogen. Table 2, a 
recommendation under development by ASTM, suggests times and tempera- 

Table 2: Stress Relief Requirements for High Strength Steels (a) 

Tensile Strength Temp. Time 
MPa psi "C Hours 

1OOo-1400 145,000.203,oOO 200-230 Minimum 3 
1401 -1 800 203,000-261,000 200-230 Minimum 18 
Over 1800 Over 267,000 200-230 Minimum 24 

a. From reference 14. 



Hydrogen Embrittlement 23 

tures (14). Electropolishing before plating could also help; hydrogen entry 
into sensitive steels may be less than when the surface is stressed (15). 
Shot peening before plating has also been shown to reduce or even prevent 
the absorption of hydrogen (7). Other practical steps to minimize hydrogen 
embrittlement include (16)(17): 

- Avoidance of cathodic cleaning, pickling or activation treatments 
whenever possible, by use of alkaline soak cleaning and anodic cleaning. 

- Use of vapor degreasing or solvent cleaning to remove the bulk 
of grease, oil, or other contaminants before cleaning in aqueous solutions. 

- Use of mechanical means (such as tumbling, sand , or grit 
blasting, vapor blasting, etc.) for oxide and scale removal, rather than 
pickling. 

- Use of inhibited acid pickling solutions. The inhibitors either cut 
down on the amount of metal dissolved and thereby reduce the amount of 
hydrogen generated or they can change conditions at the surface so that less 
of the generated hydrogen enters the metal. 

- Use of low embrittling electroplating processes such as special 
solution compositions and operating conditions which result in either a 
lower pickup of hydrogen or in a deposit that allows easier removal of the 
absorbed hydrogen during the baking treatment. Examples include 1) use 
of fluoborate or Cd-Ti instead of cyanide cadmium, 2) if using cyanide 
cadmium, plating to a thickness of 5 pm, baking for 3 hours at 190°C to 
remove hydrogen, and then continuing plating to the required thickness, or 
3) use of a more permeable metal such as nickel where possible since 
hydrogen escapes through nickel far more easily than through zinc or 
cadmium. 

- Use of coating techniques that avoid or minimize hydrogen 
embrittlement; e.g., vacuum deposited coatings, mechanical plating, and 
organic coatings. 

- Baking after coating to provide hydrogen embrittlement relief. 
This is a standard practice for removing hydrogen from plated parts and 
verified in Figure 11 which shows the effect of baking at 149OC on the 
time-to-failure of notched specimens of 4340 steel heat treated to a strength 
level of 1590 MPa (230,000 psi). Table 3 lists baking recommendations 
suggested by ASTM (14). 
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Figure 11: The effect of baking at 149°C 011 the hie-to-Failure at a given 
level of applied stress and stress ratio of notched specimens of 4340 steel 
heat treated to a strength level of 158G MPa (230,000 psi). From reference 
18. Reprinted with permission of ASM 

Table 3: Baking After Plating Recominendations of ASTM (a) 

Tensile Strength Temp. Time 
MPa psi O C  Hours 

1m-1100 145,OOO-160,ooO 190-220 Minimum 8 
1101-1200 160,000- 174,000 190-220 Minimum 10 
120 1-1 300 174,OOO-l89,oOO 190-220 Minimum 12 
1301 -1400 1 89,OOO-203,OOO 190-220 Minimum 14 
1401-1500 203,OOO-218,ooO 190-220 Minimum 16 
1501 -1 600 218,000-232,000 190-220 Minimum 18 
1601-1700 232,000-247,000 190-220 Minimum 20 
1701-1800 247,000-26 1 ,OOO 190-220 Minimum 22 

a. From reference 14. 
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Statistically designed screening experiments were conducted to 
determine the significance of various parameters on the hydrogen content 
of bright and dull cadmium plated 4340 steel after baking (19)(20). Five 
variables were investigated: two plating batches, a delay between plating 
and baking, a delay between baking and measuring, the humidity conditions 
during this latter delay, and the baking time. Table 4 summarizes the data 
and shows that for bright cadmium, only the baking time was sigmfkant 
whereas with dull cadmium, the batch was also sigmfkant. The reason for 
this is probably that small changes in concentrations of the solution 
ingredients, especially carbonate, can have a significant effect on the nature 
of the deposit from a dull cadmium solution. A delay in baking of 24 hours 
had no effect on the final hydrogen content. Also, the hydrogen concen- 
tration was not altered if the specimens were held for a month at relative 
humidities of up to 50% after baking, 

Table 4: Plackett-Burman Results on Removal of Hydrogen From 
Bright and Dull Cadmium Plated 4340 Steel (a) 

Limits Llrnits 
Bright Factor Dull 

ellect - - - - -  - -  Column Variable 

x l  Platlng batch 2 1  0.087 1 2  

x2 Time between plating 1 24 0.1 27 1 24 
and baklng (h) 

x3 Baking tlme (h) 8 48 8 20 

x4 Time between baklng 2 690 0.040 2 690 
and measuring (h) 

x5 Rclatlve humidity (“A)” 0 35 0.077 0 50 

Minlmum slgnllicant 
lactor elfect (90% 
confldence level) 

0.230 

Factor 
ellect - 

0.038 

0.065 

0.005 

0.093 

“0% = deslccator; 35% = amblent; 50% = over saturated Na, Cr2 0,. 

a. From reference 19. 
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Since many practitioners believe that a delay between plating and 
baking could be important, another experiment was run with just two 
variables, baking time and delay before baking. Bright cadmium plated 
specimens were baked for 3 and 72 hours, with delays before baking of 1/4 
and 24 hours (20). Data in Table 5 show diffusable hydrogen concentration 
as a function of baking time and delay before baking. Results clearly reveal 
that there was no effect on the hydrogen concentration whether or not the 
baking was done as soon as possible after plating. In spite of these results 
it is possible that elapsed time between plating and baking can be 
sufficiently long enough that the migrating hydrogen reaches the critical 
concentration for crack initiation. No amount of baking will ever repair 
these cracks; the substrate will have a permanent reduction in yield strength 
(21). 

Table 5: Two Variable, Two-Level Experimental Design and Results 
for Bright Cadmium Plated 4340 Steel (a) 

Baking Hydrogen Concentration 
Trial Time, h T h e ,  h pNcm2 Avg. 

1 3 114 0.88 1.07 
1.26 

2 3 24 1.08 1.05 
1.02 

3 72 114 0.26 0.28 
0.3 1 

4 72 24 0.28 0.30 
0.3 1 

a. From reference 20. Background level was 0.22 pNcm2 

Cd-Ti Plating 

Cd-Ti plating, an approach to inhibit hydrogen embrittlement, was 
introduced in the 1960’s (22). This technique utilizes a standard cadmium 
cyanide solution with a sparsely soluble titanium compound plus hydrogen 
peroxide. When properly operated the deposit contains from 0.1 to 0.5% 
Ti. This process has been used for coating high strength landing gear 
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actuation cylinders, linkage shafts and threaded rods subjected to high stress 
(23). A noncyanide electrolyte prepared by adding a predissolved Ti 
compound to a neutral ammoniacal cadmium solution is also available (24). 
With this electrolyte, fine-grained Cd-Ti deposits containing 0.1 to 0.7% Ti 
have been obtained. It is reported that with respect to throwing power, 
corrosion protection and hydrogen embrittlement, the noncyanide solution 
is better than the cyanide solution. The Ti compound is stable in the 
noncyanide solution, so the continuous filtration and frequent analysis 
required with the Cd-Ti cyanide process are avoided. The process has been 
used since 1975 for applying protective coatings on high strength structural 
steel, spring wire and high quality instrument steel (24). Figure 12, which 
shows hydrogen permeation data for a noncyanide Cd-Ti solution, clearly 
reveals the influence of Ti in inhibiting hydrogen absorption. 

Figure 12: Hydrogen penetration current vs. time in Cd plating solution 
with (1) no Ti, (2) 0.067 g/l Ti, (3) 2.2 g/l Ti, and (4) 3.1 g/l Ti. From 
reference 24. Adapted from reference 24. 

Mechanical Plating 

Mechanical plating is one of the coating techniques available for 
minimizing hydrogen embrittlement. Also known as peen plating, 
mechanical plating is an impact process used to apply deposits of zinc, 
cadmium or tin. It has been a viable alternative to electroplating for the 
application of sacrificial metal coatings on small parts such as nails, screws, 
bolts, nuts, washers and stampings for over 30 years (25). Table 6 includes 
static test data for 1075 steel heat treated to Rc 52-55 before being 
electroplated with 12.5 pm (0.5 mil) cadmium by normal procedures or by 
mechanical plating. Parts coated by mechanical plating exhibited no 
hydrogen embrittlement, whereas, those coated by normal plating exhibited 
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various degrees of failure, ranging from 100% failure for small rings which 
had been quenched and tempered to no failure for large rings which had 
been austempered. Dynamic testing did reveal that some embrittlement 
occurred as a result of the mechanical plating process although not as 
extensive as that obtained with normal plating (26). 

Physical Vapor Deposition 

One coating technique that eliminates the potential of hydrogen 
embrittlement is that of physical vapor deposition (PVD), particularly ion 
plating. PVD processes such as evaporation, sputtering and ion plating are 
discussed in some detail in the chapter on Adhesion. Since these processes 
are done in vacuum, the chance of embrittlement by hydrogen is precluded. 
For production parts, precleaning consists of solvent cleaning followed by 
mechanical cleaning with dry aluminum oxide grit (27). Therefore, there is 
no need for costly embrittlement relief procedures nor is there the risk of 
catastrophic failure due to processing. Ion plated aluminum coatings have 
been used for over 20 years particularly for aircraft industry applications 
(28). This aluminum deposit protects better than either electroplated or 
vacuum deposited cadmium in acetic salt fog and most outdoor 
environments. Class I coatings, 25 pm (0.001 inch minimum) of ion vapor 
deposited aluminum have averaged 7500 hours before the formation of red 
rust in 5 percent neutral salt fog when tested under ASTM-E-117 (29). 

Per mea tion 

Since one of the key methods for minimizing hydrogen 
embrittlement is the use of a barrier coating, the influence of various 
coatings on the permeability of hydrogen is of importance. Thin layers of 
either Pt, Cu, or electroless nickel decrease permeability of hydrogen through 
iron (30). The coatings do not have to be thick or even continuous to be 
effective suggesting that a catalytic mechanism is responsible for the marked 
reduction in hydrogen permeation through the iron. Au (31)(32), Sn and 
Sn-Pb alloy coatings are also very effective permeation barriers (33)-(35). 
Lead coatings are effective in preventing hydrogen cracking on a variety of 
steels in many different environments (36)-(38). Permeation data presented 
in Figures 13 through 15 show that: 

- A Pt coating of only 0.015 pm was very effective in reducing 
hydrogen permeation through iron (Figure 13). 

- Cu was noticeably more effective than Ni in reducing the 
rate of hydrogen uptake by iron (Figure 14). 
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- With 1017 steel, brush plating with 70Pb-30Sn noticeably 
reduced the permeability (Figure 15). An imperfect brush 
plated zinc coating was also quite effective in reducing 
permeability. 

Figure 13: Effect of a platinum coating (0.015 pm thick) on the permeation 
of hydrogen through Ferrovac E iron membranes. Charging current density 
was 2 mA/cm2. Charging solution was 0.1 N NaOH plus 20 ppm As-. 
Adapted from reference 30. 

Figure 14: Effect of copper, nickel and electroless nickel coatings on the 
permcation of hydrogen through Ferrovac E iron membranes. Charging 
current density was 2 mA/cm2. Charging solution was 0.1 N NaOH plus 20 
ppm As -. Adapted from reference 30. 
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Figure 15: Brush plating as a means of reducing hdyrogen uptake and 
permeation in 1017 steel. Adapted from reference 33. 

Extensive work for NASA has shown the effectiveness of Cu and 
Au in reducing the permeability of hydrogen. For example, electrodeposited 
nickel is highly susceptible to hydrogen environment embritllement (HEE) 
(32)(39)(40). Both ductility and tensile scrength of notched specimens E ~ O W  
reductions up to 70 percent in 48.3 Mpa (7000 psi) hydrogen wvlien compared 
with an inert environment at room temperature. Annealing clt 343OC 
minimizes the HEE of electrodeposited nickel regardless of the current 
density used to deposit the nickel. Anotlier approach to prevent HEE of 
electrodeposited nickel is to coat the nickel with copper or gold. Tensile 
tests conducted to detemiine h e  effectiveness of 80 pin thick copper and 25 
pm thick gold are summarized in Table 7. Both coatings allowed the 
electrodeposited nickel to retain its ductility in high pressure hydrogen (32). 

Since metallurgically prepared nickel alloys are also notoriously 
susceptible to hydrogen embrittlement, NASA utilizes an electrodeposited 
copper layer (150 um) to protect the inner surface of a four ply nickel alloy 
bellows from contacting a hydrogen atmosphere. This bellows is used in the 
Space Shuttle engine turbine drive and discharger ducts prior to forming 
(41). 
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Electroless Copper 

An excellent application of materials science principles is the work 
by researchers at AT & T Bell Laboratories on electroless copper. By 
utilizing a variety of sophisticated analytical techniques including inert gas 
fusion analysis, ion microprobe analysis, thin film ductility measurements, 
and scanning and transmission electron microscopy they showed that 
hydrogen is responsible for the lower ductility noted in electroless copper 
deposits when compared with electrodeposited copper films (6)(42)-(49). 
They attributed this ductility loss to hydrogen embrittlement contrary to the 
common notion that physical properties of Group IB metals (copper, silver, 
and gold) are insensitive to hydrogen (44). This work should be generally 
applicable to other electrodeposited and electroless films in which the 
deposition process involves a simultaneous discharge of both metal and 
hydrogen ions (6). 

Electroless copper deposition is used extensively in the fabrication 
of printed wiring boards. Since these deposits are often subjected to a hot 
solder bath during the printed wiring board manufacturing process, good 
ductility is required to withstand thermal shock. An item of concern with 
electroless copper deposits is their ductility which is generally much poorer 
(- 3.5%) than that of electrolytic copper (12.6 to 16.5%) (6). This loss in 
film ductility for electroless copper deposits has been attributed to a high 
(104 am.) pressure developed because of hydrogen gas bubbles in analogy 
to the pressure effect in classical hydrogen embrittlement (6). In the 
electroless copper deposition process, the formation of hydrogen gas is an 
integral part of the overall deposition reaction: 

Cu(II) + 2HCHO +40H + Cu+2HCOO +2H20 + H, 

Some of the hydrogen atoms and/or molecules can be entrapped in the 
deposit in the form of interstitial atoms or gas bubbles (48). By contrast, in 
the case of electrolytic copper deposition, hydrogen evolution can be avoided 
by choosing the deposition potential below the hydrogen overpotential to 
prevent hydrogen reduction. This cannot be done with electroless copper 
deposition since hydrogen reduction is an integral part of the deposition 
reaction. 

Table 8, which lists the concentration ranges of impurity elements 
found in an electroless copper deposit, shows that hydrogen content is 
disproportionately high compared to the other elements (46). Some of this 
hydrogen can be removed by annealing at relatively low temperatures and 
this results in an improvement in ductility. Figure 16 shows the variation of 
ductility and hydrogen content with annealing time at 150°C in nitrogen. 
The ductility improves with annealing time and reaches a nearly constant 
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Table 8: Inclusions in Electroless Copper Deposits (a) 

Element ppm, Weight ppm, Atomic 

H 30-20 1900- 1 2700 

C 90-800 480-4230 

0 70-250 280-990 

N 20-1 10 90-500 

Na 20-70 55-190 

a. These data are from reference 46. 

Figure 16: Variation of hydrogen content and ductility with annealing time 
at 150°C for an electroless copper deposit. From reference 46. Reprinted 
with permission of The Electrochemical SOC. 



Hydrogen Embrittlement 35 

level after 24 hours. In somewhat similar fashion, the hydrogen content 
decreases initially and becomes constant after the same length of time. 
Inspection of the hydrogen curve reveals that two kinds of hydrogen are 
present in the deposit, "diffusable hydrogen" which escapes on annealing, 
and "residual hydrogen" which is not removed by annealing (46). The close 
correlation between the loss of hydrogen and improvement in ductility shown 
in Figure 16 is further demonstrated by a cathodic charging experiment in 
which an annealed deposit containing no diffusable hydrogen was made a 
cathode in an acidic solution to evolve hydrogen for an extended period of 
time, and the diffusable hydrogen and ductility remeasured (46). The results 
are presented in Table 9. 

This extensive work by researchers at AT & T Bell Laboratories has 
led them to conclude that hydrogen inclusion introduces two sources of 
embrittlement into electroless copper. The first one is the classical hydrogen 
embrittlement by the pressure effect and the second is the introduction of 
void regions, which promote the ductile fracture by the void coalescence 
mechanism. The former embrittlement can be removed by annealing at 
150°C but the latter remains constant (47). 

Table 9: 
Deposits (a) 

Cathodic Charging Experiment With Electroless Copper 

Diffusable Hydrogen 
Condition Ductility 96 ppm, Atomic 

As deposited 2.1 2780 

After annealing (b) 6.5 0 

After charging 3.8 2360 

After reannealing (b) 6.4 0 

a. These data are from reference 46. Cathodic 
charging conditions: 0.05M H,S04, 0.001 M 
As,O,, ( 10mA/cm2, 15 hours) 

b. Annealing was done at 15OoC for 24 hours. 
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Chemical Milling 

Chemical milling has evolved as a valuable complement to 
conventional methods of metal removal. Any metal that can be dissolved 
chemically in solution can be chemically milled. Aluminum, beryllium, 
magnesium, titanium, and various steel and stainless steel alloys are among 
those most commonly milled although refractory metals such as 
molybdenum, tungsten, columbium, and zirconium, can also be handled. 
Parts can be flat, preformed, or irregular, and metal can be removed from 
selected areas or the entire surface (50). 

Chemical milling of steels, stainlesses and high-temperature alloys 
typically requires extremely corrosive raw-acid mixtures. In spite of the fact 
that much hydrogen is generated during the process, milled parts suffer little 
or no degradation. Data in Table 10 summarize the influence of chemical 
milling on the tensile properties of various alloys. In most cases, no 
degradation was noted. With 4340, some embrittlement was obtained with 
chemically milled specimens, but properties were restored by aging at room 
temperature. 

Titanium alloys are chemically milled primarily to provide a 
maximum strength-to-weight ratio. As with steels, various acids are used for 
milling.therefore, hydrogen is generated (50)(59)-(61). Since titanium and 
its alloys are susceptible to hydrogen embrittlement (Figure 17) the amount 
of hydrogen picked up when these materials are chemically milled is of 
major concern (2). In titanium structures, hydrogen can concentrate at the 
surface causing a reduction in surface sensitive properties. The most 
important factors governing the amount of hydrogen absorbed are the 
composition and metallurgical structure of the alloy, the composition and 
temperature of the etching solution, the etching time, the sequence in which 
the parts fit into the milling cycle, whether the parts are etched on one or 
both sides, and the mass of material remaining after etching. For example, 
hydrogen pickup is much greater when specimens are milled from two sides 
rather than just one. Figure 18 contains data for Ti-6A1-6V-2Sn. showing 
that absorption is a function of the ratio of chemically milled surface to final 
volume and not of the amount of metal removed by milling (59). Table 11 
summarizes data on hydrogen absorption for various titanium alloys. 

TESTS FOR HYDROGEN EMBRITTLEMENT 

A variety of tests are available for assessing hydrogen embrittlement 
but these will not be covered here. For those interested in these tests, 
references 63 and 64 provide a good starting point. 
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Figure 17: Tensile properties of TiSMn as a function of hydrogen content. 
Adapted from reference 4. 

Figure 18: Hydrogen absorption vs. depth of cut for chemically milled Ti- 
6A1-6V-2Sn. Adapted from reference 59. 
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