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The effect of hydrogen in solid solution in nickel on the surface and grain boundary  free 
energies at 1573 K was determined using the zero creep technique. Effects of O and H 
adsorption on the surface free energies were considered and shown to have only small effects 
under the experimental conditions. The surface energy of pure nickel was determined to be 
about  2.34 J / m  2. H concentrations of 300 at. ppm were shown to have no significant effect 
on the surface energy. Hydrogen had a somewhat  greater effect on the grain boundary  
energy with 7~/'~C~N~_ . ~ 1.21. The implications of these results for hydrogen embrittle- 
ment mechanisms in Ni are discussed. 

1. I N T R O D U C T I O N  

W H I L E  hydrogen has demonstrably large effects on 
the mechanical properties of metals at both high and 
low temperatures, its detailed mechanistic role has not 
been clearly established in many  systems. In many cases 
solute hydrogen or high hydrogen fugacity environ- 
ments cause a transition in the fracture mode from 
ductile to brittle or a decrease in the amount  of ductility 
prior to ductile fracture by microvoid coalescence. For 
systems in which hydrides do not form, these effects 
have often been interpreted j-6 as due to decreases in the 
surface energy or the "cohesive energy" at the crack tip 
or to decreases of the interfacial energies at second 
phase particles 7 which are postulated to result from 
hydrogen in solid solution. 

Hydrogen is known to strongly adsorb on clean metal 
surfaces 8 thereby reducing the surface energy. However, 
in the above phenomena the important  question is 
whether hydrogen in solid solution decreases the "co- 
hesive energy" and correspondingly the surface energy 
of metals leading to hydrogen embritt lement.  In a 
recent review of the available experimental data Birn- 
baum ~ has concluded that little evidence in support  of 
the postulated decrease in cohesive energy due to 
hydrogen exists. However, most of the data is available 
for Group V b hydride formers as these have relatively 
high hydrogen solubilities while the decohesion theories 
are generally applied to nonhydride formers having low 
hydrogen solubilities. In the present paper, a direct 
determination of the effect of hydrogen in solid solution 
on the surface energy of nickel is reported. Since nickel 
exhibits hydrogen embrit t lement in the absence of 
hydride formation it is believed that this result has 
general applicability to nonhydride forming systems. 

2. E X P E R I M E N T A L  M E T H O D S  

The present experiments utilize the technique of zero 
creep which has been recently reviewed by Linford. 9 
For the present purpose (assuming an elastically iso- 
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tropic solid, high temperatures and neglecting the 
variation of the surface energy with orientation) it can 
be shown that the surface energy free 3', i . e .  the partial 
Helmholtz free energy with respect to area, is numeric- 
ally equal to the surface tension which is the magnitude 
of the diagonal terms of the two-dimensional surface 
stress tensor. The surface free energy can be determined 
at elevated temperatures by equilibrating the surface 
tension with the gravitational force acting on a weight 
supported by a thin wire or sheet specimen. At a weight 
W 0 such that the creep rate of the specimen is zero, the 
force balance can be written 9 for a bamboo  grain 
structure as follows; 

W o = w r y  - n_ qrr2" GB 
l r 

[1] 

where r is the wire radius, n is the number  of grain 
boundaries in the gage length l, and ycB is the grain 
boundary  energy. The grain boundary  energy must be 
determined independently by measuring the dihedral 
angle, 0 o of the groove formed at the intersection of the 
grain boundaries with the surface and applying the 
surface tension balance equation, 9,~~ 

~,c8/7 = 2 cos (0D/2). [2] 

Application of Eqs. [1] and [2] requires careful 
consideration of impurity adsorption at the surfaces as 
this can decrease the measured energies. The effect of 
an adsorbed ideal diatomic gas on the surface energy, is 
expressed by the Gibbs  adsorption isotherm, 9 

F = - k ~  r,p" [3] 

In this relation, F is the surface excess coverage, or the 
number  of atoms absorbed per unit area, k is Boltz- 
mann ' s  constant, T is the absolute temperature, Pi is the 
partial pressure of the diatomic gas, and p is the total 
pressure. This relation must be considered in relation to 
the Langmuir  isotherm H 

P i  - 1 0 exp [4] 

where 0 is the fraction of surface sites occupied by 
adsorbed atoms and 2~H and AS are the enthalpy and 
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entropy of adsorption which are assumed to be constant 
over the range of coverages considered. 

The variation of surface energy with surface coverage 
may be obtained by combining Eqs. [3] and [4] to yield 

kTn~ In (1 - 0) [5] 
7 ~ - 7 - 2 

where y0 is the surface energy of the clean surface, y is 
the surface energy with a coverage 0 and n~ is the 
number of surface sites/unit area. Thus measurement of 
7 and 0 should allow an estimate of 70 under the 
assumptions which lead to the Langmuir isotherm, Eq. 
[4]. 

The zero creep measurements were carried out in the 
apparatus shown schematically in Fig. 1. The specimen 
chamber was machined entirely of nickel and the 
nominally 130/~m wire specimens were spot welded to 
the cap and therefore were entirely surrounded by 
nickel. The nickel chamber was heated inductively. A 
feedback temperature controller was used, allowing 
control to about _ 3 K over 24 h. One tungsten-25 pet 
rhenium/tungsten-3 pet rhenium thermocouple was 
used to control and the other to monitor the temper- 
ature. 

The creep measurements were carried out either in 
purified argon atmospheres at a pressure of 120 kPa or 
in a 50 kPa argon/70 kPa hydrogen mixture. The latter 
was used to reduce the evaporation of nickel which 
occurred when pure hydrogen atmospheres were used. 
The argon used was ultrahigh purity (99.9995 pet) and 
was further purified by passing the gas over titanium 
chips at 773 K. The hydrogen used was also ultrahigh 
purity (99.9995 pct). Further purification of the gas 
occurred by the gettering action of the nickel evapo- 
rated on the cold quartz walls of the vacuum chamber 
adjacent to the nickel chamber. The nickel surfaces 
remained clean, showing no evidence of oxidation even 
when examined at high magnification; under all the 
atmosphere conditions used. 

The specimens used were 130/~m diam high purity 
nickel wires having the analyses given in Tables l(a) and 
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Fig. 1--Schematic diagram of the experimental apparatus. 

(b). Gage marks were cut with razor blades in a special 
jig, and weights were made of the same wire, coiled and 
melted on a charcoal block. Each run used six samples 
with varying weights. 

A precreep vacuum anneal was performed at 1023 K 
before every run until the pressure fell to below 3 
X 10 -4 Pa. The vacuum system was then backfilled to a 
total pressure of 120 kPa and 24 h creep tests were 
performed at 1573 K. The gage length was measured 
after each test with a travelling microscope to a 
precision of + 5.0 ~m. 

After several tests in a given atmosphere, the wires 
were carefully removed from the cap and the number of 
grain boundaries was counted for each specimen's gage 
length using an optical metallograph with a magnifi- 
cation of about 50 diameters. The mass of the bottom 
half of the wires plus the attached weight was deter- 
mined to + 0. I mg. The specimen diameter and dihedral 
angles of the intersection of grain boundaries with the 
surface were measured by scanning electron micro- 
scopy. 

3. RESULTS 

The steady state strain rates were calculated for each 
specimen from the measured specimen strain vs time 
and these strain rates were used to determine weight W 0 
for zero creep rate. The specimen weights were chosen 
to bracket W 0 so both positive and negative strain rates 
were observed. All data analyses used linear regression 
methods. The experimental values of W 0 as well as the 
average number of grains per unit length n, the average 
grain boundary dihedral angle 0/7 and the average wire 
radius r are shown in Table 11. 

The surface energies "f and grain boundary energies 
./,B calculated using Eqs. [I] and [2] are also given in 
Table II. It is seen that the most probable value of 7 in 

Table I(a). Mass Spectrographic Analysis of Nickel Wire 

Concentration Concentration 
Element (appm) Element (appm) 

Pb 2 Cr 0.8 
Ta 0.8 V 0.08 
Hf 0.2 Ti 0.2 
Sn 9 Ca 4 
Nb 0.9 
Zr 0.1 
As 0.8 S 20 
Zn 0.5 
Cu 1 Si 20 
Co 0.8 AI 0.8 
Fe 7 Mg 30 
Mn 0.2 Na 7 

Table I(b). Vacuum Fusion Analysis of Nickel Wire* 

Element Concentration, appm 

H 1298 
C 295 
O 531 

* Analysis taken prior to anneals. 

1904--VOLUME 11A, NOVEMBER 1980 METALLURGICAL TRANSACTIONS A 



Table II. Experimental Results 
H y d r o g e n / A r g o n  

Q u a n t i t y  N o .  o f  O b s e r v a t i o n s  Va lue  

W o - -  44 .6  x 10-5 N _-. 5.8 x 10 -5 
h 6* 2 .7  x 103 m -1 • 0 .4  x 103 

0 D 30 167 ~ • 2 ~ 
r 6 6.68 x 10 -5 m _ 0.05 x 10 -5 
3" - -  2.21 J I M  2 • 25070 

7 GB - -  0 .47  J / m  2 
3'GB/3' __ 0.21 

A r g o n  

Q u a n t i t y  N o .  o f  O b s e r v a t i o n s  Va lue  

W o - -  33 .9  x 10 -5 N ~ 7 .9  x 10 -5 

6* 3.3 x 103 m - j  • 0 .5  x 103 
0 D 23 162 ~ _+ 3 ~ 
r 6 6.51 • 10 - s  m • 0 .04  x 10 -5 
3' - -  1.78 J / m  2 ___ 14070 

3'G8 __ 0 .57  J / m  z 
.yGS/3' __ 0 .32  

* T h e  n u m b e r  of  g r a i n  b o u n d a r i e s  in the  g a g e  l eng th  of  
e a c h  o f  six s p e c i m e n s  w a s  c o u n t e d  a n d  the  r e su l t i ng  n u m b e r  
o f  b o u n d a r i e s  pe r  un i t  l eng th  was  a v e r a g e d .  

the hydrogen/argon atmosphere is larger than y in the 
argon atmosphere. This difference is within the esti- 
mated error limits discussed below, however. The grain 
boundary energies y~e in the hydrogen/argon atmos- 
phere are less than those for the argon atmosphere, 
with the difference again being within the estimated 
error. 

The given intervals for n, 0 o and r in Table II are for 
one standard deviation. The interval for W 0 is found for 
a confidence of 0.50 using the analysis of probable 
errors of least-square fitting presented by Bowker and 
Lieberman j2 and the error in ~, is calculated from an 
analysis of the propagation of errors? 3 The largest 
source of error in ~, represents the error in determining 
m 0 �9 

4. DISCUSSION 

The main result of these experiments is that the 
surface energy of the Ni-H solid solution (measured in 
H-Ar atmospheres) is equal to or somewhat greater than 
that of pure Ni (measured in the Ar atmospheres). 
Consideration of this result requires a discussion of the 
state of the surfaces in both cases since adsorption of a 
second species always leads to a decrease of the surface 
energy (Eq. [3]) relative to a clean surface. It will be 
shown that the surface excess coverage of hydrogen and 
oxygen in the H-Ar atmospheres was very low and 
therefore the measured values are characteristic of the 
Ni-H solid solution. In the Ar atmosphere significant 
surface coverage of oxygen occurred. The value of the 
true surface energy of Ni will be estimated and shown 
to be about equal to that of the Ni-H alloy. 

The extent of H coverage of the Ni surface, 0H, in the 
Ar-H atmospheres can be estimated from Eq. [4] using 
the heat of adsorption of H on Ni which was deter- 
mined by Christmann et al 8 to be - 96 kJ/mol  ( -  23 
kcal/mol). A reasonable estimate for the entropy of 
adsorption of a diatomic gas on a metal surface is given 
following TrapnelP 4 to be about - 126 J /mol  K ( -  30 

cal /mol K). For the hydrogen partial pressure of 70 kPa 
this gives a coverage of O H = 2 • 1 0  - 4  at 1573 K. Since 
the heat of the adsorption of H on a grain boundary is 
expected to be less than at a free surface, this coverage, 
0 n = 2 • 10 -4 is an upper bound for the H at grain 
boundaries at the 1573 K measuring temperature. 

The oxygen coverage, 00, in the Ar-H atmospheres 
cannot be calculated directly since the oxygen and H20 
partial pressures were not determined. This value can 
however be estimated by considering the equilibrium 
between Ni, NiO, adsorbed O and the gas phase 
components. The standard state Gibbs free energy for 
the reaction 

Ni + H20 = NiO + H 2 [6] 

is AG~ = 71 kJ 15 leading to 

(Pn2o/pu) >_ 233 

for formation of NiO. The gas atmosphere contained an 
initial total impurity content of the order of 5 • l 0  - 6  

(corresponding to (PH2o +Po2)/PH2 < 5 x 1 0 - 6 ) .  The 
actual atmosphere in contact with the specimens is 
expected to be appreciably purer than this as the 
specimens were completely enclosed in a Ni container 
and the evaporation of Ni onto the cold vacuum 
chamber walls served to continuously getter the at- 
mosphere. Thus no NiO is expected to form and none 
was observed on microscopic examination of the spec- 
imens after the measurements. Adsorbed oxygen, Oad s, 
is also reduced by the H 2 atmosphere at 1573 K 
according to the reaction 

H 2 + Oad s = H 2 0  [7] 

which has a Gibbs free energy AG O = -31 .5  KJ. The 
activity of the adsorbed oxygen is therefore given by 

ao.0~ = 0.088 pH2o/pH~ 
and for the pH20/pH2 estimated above the 

ao.~s ~ 4 • l0 -7 

corresponding to a clean nickel surface. 
Hydrogen solubility in nickel at 1573 K and 70 kPa 

hydrogen partial pressure can be estimated to be 300 
atomic ppm using Robertson's t6 data. Thus we conclude 
that the value of 2.21 J /m  2 obtained for the H-Ar 
measurements at 1573 K corresponds to the surface 
energy of a Ni-300 appm H solid solution having 
"cIean" surfaces with low H and O coverages. 

Despite the absence of a reducing atmosphere, the Ar 
gas was sufficiently pure to prevent any oxidation of the 
nickel specimens. Since the dissociation pressure of NiO 
at 1573 K is 0.1 Pa this sets an upper limit to the oxygen 
partial pressure which is consistent with the upper limit 
previously estimated from the gas purity. The oxygen 
surface coverage 00 can be estimated (Eq. [4]) for a 
reasonable range of oxygen partial pressures below the 
upper limit and the measured surface energy can be 
corrected for the effects of this adsorption (Eq. [5]). 
These results are given in Table III  along with the 
estimated concentrations of O in solid solution.* The 

* T h e  c o n c e n t r a t i o n  o f  o x y g e n  in sol id  s o l u t i o n  in  e q u i l i b r i u m  wi th  
the gas  p h a s e  w a s  e s t i m a t e d  u s i n g  va lues  fo r  the  so lvus  c o n c e n t r a t i o n  
in e q u i l i b r i u m  wi th  N i O ,  the  d i s s o c i a t i o n  p r e s s u r e  o f  N i O  a n d  the  
a s s u m p t i o n  o f  a r e g u l a r  so l id  so lu t i on .  
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effect of adsorbed  oxygen on  the surface energy is 
s ignif icant  bu t  the corrected clean surface energy values 
for Ni are no t  s ignif icantly different  than that measured  
for the Ni-300 at, ppm alloy. 

Values of the surface energy and  grain b o u n d a r y  
energy values ob ta ined  in the present  study are com- 
pared  to those ob ta ined  for nickel in previous inves- 
t igations in Table  IV. While  Stickle et  a117 a t tempted  to 
control  the oxygen partial  pressures using a solid 
zirconia electrolyte their data  exhibi ted a large scatter 
as shown in Table  IV. Their  value for the surface energy 
ob ta ined  at the lowest Po, is in good agreement  with our  
corrected value as are the values ob ta ined  by Roth ~8 
and  Murr  et  al.  2~ Most of the l i terature surface energy 
values are lower than the present  values as might be 
expected from oxygen adsorpt ion effects. 

The ratio of the nickel surface free energy, "y~" to that 
of the Ni-300 at. ppm H surface free energy, ~'Ni-, is 
'YNi/'YNi_lt ~ 1.06 which shows no significant  decrease of 
the surface energy on al loying with hydrogen.  These 
values, ob ta ined  at 1573 K can be corrected for lower 
temperatures  using surface entropies. Since values of 
the surface entropies are of the order of 10 3J/m2/K the 
1573 K surface free energy values are increased by 
abou t  1.25J/m 2 at 300 K. Fur thermore .  examina t ion  of 
the exper imental  data for surface energies measured at 
various temperatures  suggests that the effect of hydro- 
gen on the surface entropy is not significant,  partic- 
ularly in view of the minor  effects of hydrogen on the 
surface free energy. Thus  the ratio Ys]"gN,-u is expected 
to be relatively insensitive to tempera ture  at cons tan t  0 ,  
on the surface and on the grain boundar ies .  

Hydrogen  effects on the grain b o u n d a r y  energy of 
nickel appear  to be somewhat  larger than for the 

surface energy. The ratio rm+"+B/"GB--rN~-H is 1.21 suggesting 
that  300 at. ppm of H in solid solut ion decreases the 
grain b o u n d a r y  energy by abou t  17 pct. This  conclusion 
is made  somewhat  uncer ta in  by the lack of knowledge 
of the segregation of other solutes at the grain bound-  
aries; a possibility which may account  for the variabil i ty 
of T ~B between different  invest igat ions as shown in 
Table  IV. 

The quest ion of whether  H has a s ignif icant  effect on 
the lattice energies of metals has been discussed exten- 
sively in the l i terature on  hydrogen  embr i t t l emen t )  -7 
Recent ly  Oriani  24 a nd  Seah 25.26 have related the max- 
imum stress 0 m ob ta ined  on uni formly  separat ing a 
crystal across an a tomic plane or b o u n d a r y  to the stress 
for fracture and  have suggested that decreases in % due 
to H in the lattice or adsorbed on the b o u n d a r y  can 
account  for hydrogen embr i t t lement .  Since nickel ex- 
hibits both t ransgranular  and  in tergranular  hydrogen 
embr i t t l ement  27 the present  results can be usefully 
discussed in the context  of the "decohes ion"  mecha- 
nisms of hydrogen embr i t t lement .  In the following 
discussion we shall discuss fracture in terms of the 
surface energy terms despite the actual significance of 
plastic work terms. In order that a decohesion type 
theory be applicable,  these surface energy terms must 
domina te ;  perhaps as a result of a scaling of the plastic 
work with the true st, rface energy as suggested by Vitek 
and McMahon .  2~ 

The the rmodynamics  of fracture have been recently 
discussed by Rice 4 and  t t ir th > who showed that 

,t, = 2r : ,  y~ - . f  (2I',4 - I '~) , / r t~ [8] 

where ,# is the isothermal work of fracture per unit  area, 

Table III. Summary of Measured and Calculated Results 

Atmosphere p* 02 CH C* 3' ,e~ 3%o,, 
(kPa) (Pa) (at. fracl .) (at. l'ract .) 0~l 0~ (J/m 2) (J/m 2) 

50 Ar/70H 2 <0.1 3x 10 -4 < 4 x  10 -4 <2• 10 4 '( 4• 10 7 2.21 2.21 
120 Ar 0.1 0 4 x 10 -4 0 0.998 1.78 2.34 

10 -3 0 4 • 10 -5 0 0.86 1.78 1.95 
10 -4 0 1 x 10 5 0 0.38 1.78 1.82 

* Estimated values; see text. 

Table IV. Summary of Investigations of Nickel Surface Energy 

Reference Temperature, K Atmosphere T(J/m 2) Plane yr yc;B/y 

Present Work 1573 Ar 1.78 0.57 0.32 
Present Work 1573 Ar (Corrected) ~2.34 - -  - -  
Present Work 1573 H2/Ar 2.21 0.47 0.21 

18 1573 10 6 Pa 02 2.01 - -  - -  
18 1573 10 7 Pa 02 1.29 - -  
18 1573 10 -13 Pa 02 2.19 - -  
19 1643 He 2.49 0.93 0.37 
20 1492 10 6 Pa 1.82 (100) 
20 1492 10 6 Pa 1.90 (110) - -  - -  
21 1673 10 2 Pa 1.94 - -  - -  
22 1333 He 2.28 0.87 0.38 
23 1523 Ar 1.85 0.74 0.40 
23 1726 Ar 1.73 0.69 0.40 
24 1573 "Vacuum" - -  - -  0.26 
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and yA B are the surface free energies of the external 
and grain boundaries respectively, F~ and F~ are 
surface and grain boundary excess composit ions of the 
solute (H) denoted as component  2, and/s  2 is the 
chemical potential of the solute. Equation 8 describes 
intergranular fracture along a grain boundary while for 
transgranular fracture the terms pertaining to the grain 
boundary would be identically zero. 

Equation 8 can be used to describe fracture at a 
constant solute chemical potential such as would be set 
by equilibration with a constant H 2 gas pressure. In this 
case the thermodynamic state A is the pure solvent and 
the state B is the alloy state in equilibrium with the 
external gas pressure. For this situation the pure solvent 
surface free energy terms (2y3 - ,/,~) are modified by 
the work of solute adsorption on the surfaces given by 
the integral terms. Under  conditions where equilibra- 
tion of the solute cannot  occur, Eq. [8] can also describe 
the fracture energy with a redefinition of terms. Under  
these conditions the thermodynamic state A is that in 
equilibrium with the grain boundary or atomic fracture 
plane prior to fracture while B is that which would be in 
equilibrium with the surfaces after fracture. The alloy 
surface energy terms (23,~ - 3 ,b) are again modified by 
the solute adsorption terms given by the integral. 

The general result obtained in the present experiment 
is that ~r~ ~ Y%-n leading to the results for trans- 
granular fracture that 

/z~i-H 

~ N i - "  = ~Ni  - -  2 .fFhdlL " _  [9] 

for fracture under equilibrium conditions and 
/L~i -H.B 

~)Ni-H ~-" ~)Ni - -  2 fFhd/~. [10] 
bt ~i-H-,I 

for fracture under conditions where the H is immobile. 
The fracture work q~yi = 27~i - ~'bi. In the case of 
intergranular fracture the results that 7~ ~ Y~-H and ~,~ 

1.21 7~i-u lead to 

~Ni-H 

~Ni-H : (~Ni -- f(2rh - r b . ) d ~ .  [11] 

for fracture under equilibrium conditions and 
p Ni-H,B 

qNi-H = 2 V N i -  0 ' 8 3 Y N i -  f ( 2 F ~  -- I '~)d~t H [12] 
/L~t i'Hr 

for fracture under conditions where the H is immobile. 
As shown in Eqs. [9] to [11] the reduction in the work 

for fracture of the Ni-H alloy is due to the work of H 
adsorption on the surfaces rather than due to a change 
in atomic bonding across atomic planes or grain 
boundaries in the solid solution in the absence of H 
surface segregation. This conclusion is only approxi- 
mately true for transgranular fraction under conditions 
where the reduction of grain boundary  energy by 
hydrogen actually increases the work for fracture (Eq. 
[12]). It follows that hydrogen effects on fracture (under 
conditions where the fracture energy is determined by 
surface energy terms) are a consequence of the influ- 
ence of local hydrogen concentrations on bonding 
across interfaces rather than a more global influence of 

distributed hydrogen concentrations on the atomic 
bond strength in the volume of a crystal. 

5. C O N C L U S I O N S  

Equilibrium measurements  of the surface free energy 
of Ni and Ni containing 300 at. ppm H were made at 
1573 K. Analysis of the results indicate that: 

a) the surface free energy of pure Ni is about  2.34 
J / m  z. (This value is an upper limit). 

b) the surface free energy of Ni + 300 at. ppm H is 
2.21 J / m  2, 

c) no significant reduction of the surface free energy 
results from hydrogen in solid solution at the 300 at. 
ppm H level, 

d) a decrease of the grain boundary  energy due to 
hydrogen in solid solution was observed; 

GB/,~,GB 
YNi " I N i - H  ~ 1 . 2 1 .  

Consideration of the thermodynamics  of crack ex- 
tension, combined with the above observations leads to 
the conclusion that hydrogen solutes can decrease the 
work for intergranular or transgranular fracture due to 
adsorption effects at the surfaces and not by signif- 
icantly altering the lattice potential between the solvent 
atoms in the solid solution in the absence of H 
segregation to surfaces. 

This work was supported by the National  Science 
Foundat ion Grant  DMR 77-09808. 
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