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Hydrogen transport and environmental
embrittlement effects in iron aluminides

W. C. LUU, J. K. WU
Institute of Materials Engineering, National Taiwan Ocean University, Keelung,
Taiwan 20224, ROC

Environmental embrittlement types of six iron aluminides have been systematically
evaluated using electrochemical hydrogen permeation measurement, hydrogen microprint
technique and tensile test in this study. The results of hydrogen permeation and microprint
technique show that three « - disordered solid solution structure of binary and ternary iron
aluminides (Fe-10Al, Fe-18Al, and Fe-18AI-5Cr) have higher effective diffusivity and
permeation rate than B2 ordered structure of binary and ternary iron aluminides (Fe-28Al,
Fe-28AIl-5Cr, and Fe-40Al). The tensile test of six iron aluminides in air, vacuum treatment
and hydrogen precharged were analyzed and concluded. Three « - disordered solid solution
structure of iron aluminides suffer in hydrogen environment which are quite different
embrittlement mechanisms from those B2 ordered structure of iron aluminides with
serious tensile loss in air by moisture induced embrittlement. © 2000 Kluwer Academic
Publishers

1. Introduction The chemical compositions of six specimens are list in
Fe-Al intermetallics are candidates for high tempera-Table |, and optical micrographs are shown in Fig. 1.
ture applications due to their good tensile strength, low X-ray diffraction was used to determine B2 long-
density and excellent oxidation and sulphidation resistange order parameter [21] in this work. Their mi-
tance [1]. However, they exhibit poor ambient tempera-<crostructures depend on aluminum content, those al-
ture ductility due to moisture induced hydrogen embrit-loys containing<18 at % Al with« - disordered solid
tlement [2-16]. Hydrogen is produced by the reactionsolution structure and those with28 at % Al show
of moisture with the iron aluminide and enters the crackB2 ordered structure. After etching in dilute aqua regia
tip, or the near the tip area, lower the bonding strengttsolution (10 ml HNQ + 30 ml HCI+ 60 ml ethanol),
of low index planes or grain boundaries causing brittleFe-18Al and Fe-28Al with 5 at % Cr both exhibit sub-
fracture [17]. Therefore, one of the important factorsgrain and all homogenized cast specimens show quite
that needs to be understood is the hydrogen transpolarge grain size.
in iron aluminides.

The application of hydrogen microprint technique to ) )
study hydrogen distribution in alloy steels has been wel@-2- Electrochemical permeation o
developed [18-20], and is proving to be very simpIeThe instrumentation and procedures were _S|m|_lar to
and accurate compared with autoradiography. The puithose described elsewhere [22]. The cathodic side, or
pose of this study was to investigate and correlate th8ydrogen entry side, of the cell was galvanostatically
hydrogen diffusion, hydrogen distribution and fracturePolarized at a constant current density (10 mAfgm
surface on the environmental embrittlement of iron alu-0-1 N NaOH with 1 g/l of NaS-9H,0 added as a hydro-

minides by electrochemical permeation measuremen€n recombination poison. The anodic side, or hydro-
hydrogen microprint technique and tensile test. gen exit side, of the cell was held at constant potential
of 250 mV (SCE) in 0.1 N NaOH. The potentiostatic

current gave a direct measure of the hydrogen flow rate.
2. Experimental procedure The cell assembly was immersed in a constant temper-
2.1. Materials ature bath maintained at 251 °C.
Alloy specimens were produced at Chung Shan Insti- Permeation specimens were fabricated to«48D x
tute of Science and Technology. Six alloy ingots with0.5 mm sheets by electrical discharge machine (EDM),
nominal compositions (in at %) Fe-10Al, Fe-18Al, Fe- and then polished with grinding paper down to 1000
18AI-5Cr, Fe-28Al, Fe-28AIl-5Cr, and Fe-40Al were grit, finally finished with a thickness of 0.2 mm. The
prepared by repeated melting with vacuum inductionsurfaces were rinsed with distilled water, cleaned ul-
melting (VIM) and then with vacuum arc remelting trasonically in acetone, and dried quickly by warm air.
(VAR) and drop casting to form ingots. The ingots The exit side of each specimen was electroplated with a
then were homogenized at 1X@for 24 hours and thin nickel layer. The thickness of the nickel layer was
followed by furnace cooling (cooling rate1°C/min).  0.2um, sothatthe hydrogen permeation current density
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Figure 1 Microstructures of (a) Fe-10Al, (b) Fe-18Al, (c) Fe-18AI-5Cr, (d) Fe-28Al, (e) Fe-28AI-5Cr, and (f) Fe-40Al alloy.

TABLE | Chemical composition of iron alumnides (at %)

For this study the flux of hydrogen through the speci-

. ) .~ Mmenwas measured in terms of the steady - state current
Fe (at%) AlGar%) Cr (at%) densityj >° (mA/cn?), and was converted to the steady -

Fe-10Al 90.5 9.5 — state hydrogen permeation fluk, (mol/n?s), accord-

Fe-18Al 82.7 17.3 — ing to

Fe-18AI-5Cr 76.2 18.8 5.0

Fe-28Al 72.1 27.9 — j o

Fe-28AI-5Cr 67.0 27.7 5.3 Joo = 2, (1)

Fe-40Al 61.0 39.0 — nF

wheren is the number of electrons involved 1/mol and
F is the Faraday’s constant. The hydrogen permeation
could be obtained correctly and the background currentate (mol/nts) is defined by
density minimized. Both sides of the membrane were .
deoxygenated. Permeation transients were recorded on oL = ﬁ )
a strip chart recorder. i nF’
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wherelL is the specimen thickness in mm. For diffu- the exit side should be mainly:
sion as the rate - limiting step, the effective diffusivity,

Deft (M?/s) is related to the time lagy, (s), by [23] H° +Ag™ — HY + Ag° ()
2
Detf = L (3) After adesigned cathodic charging time, the specimen
6t was removed and placed into a fixing solution at room

temperature, then the specimen was washed with dis-
2.3. Hydrogen microprint technique tiII_ed water, dried and observed by scgnning el_ectron
Elxp;erimental set - up for hydrogen microprint tech- 11'croscope (SEM). Some blank specimens with the

same preparation but without hydrogen charging were

nigue is quite similar to that used for permeation mea-

surement [18, 19]. The cathodic charging side or hy_also analyzed. The experimental procedures for the hy-

drogen entry cell was also galvanostatically polarizeodrogen microprint technique used in this study are met-

at a constant charging current in 0.1 N NaOH. The hy_allographlc preparation, nuclear emulsion coating, hy-

S o drogen charging with constant current density, fixing

drogen exit side was covered with liquid nuclear emul- :

. L : .~ and SEM observation.
sion containing AgBr crystal as described by Overjero-
Garcia [20]. Before coating with nuclear emulsion, the
specimen surface was polished down to Q.06 alu- .

. . . .TABLE Ill Permeation data
mina, and etched in dilute aqua regia for metallographic

preparation. During cathodic charhging, hydrogen fluxiron Aluminides Deft (M2/s) JsoL (mol(H)/m:s)
from the metal acted on the emulsion for the desired " "
time causing the reduction of silver ions. Reactions in~¢10A! 6955107 447> 107
Fe-18Al 346x 10~ 6.81x 10~
Fe-18AI-5Cr 784x 10711 252x 1071
. " Fe-28Al undetectable undetectable
TABLE Il Tensile test conditions Fe-28Al-5Cr undetectable undetectable
Pretreatment 1. Polished tensile testing Fe-40Al undetectable undetectable
specimens in vacuum
furnace,

2. 300°C,2x 107" torr, 4 hrs,
3. Furnace cooling to room

temperature.
Test Conditions  Air Test in air (RE:= 65~ 75%)
Vacuum 1. Drop into oil bath with a oil
Treatment coating to prevent contact
with air,
2. Testinair.
Hydrogen 1. Cathodic chargingin 0.1 N
Precharged NaOH 5 g/l NgS-9H,0

with a constant current
density of 300 mA/crf
to the unmasked
gauge area for 72 hrs,
. Rinse with distilled water,
Dry with blowing air,
Dip with ail to prevent the
specimen contact with air,

ENIREN

5. Testin air.
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Figure 3 Fe-18AI-5Cr: (a) grain boundaries, (b) x-ray map showing Cr
Figure 2 Permeation curves of three iron aluminides. rich along grain boundaries.
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Figure 4 Surface of various specimens after cathodic charging with a constant current density (10%niA/émi N NaOH solution at 25 for
(a) 15 minutes, Fe-10Al, (b) 15 minutes, Fe-18Al, (c) 60 minutes, Fe-18Al-5&g/| promoterin 0.1 N NaOH solution, (d) 240 minutes, Fe-28AI-5Cr,
+3 g/l promoter in 0.1 N NaOH solution.

2.4. Tensile testing diffusivity. In our permeation results, the effect of Al
The tensile specimens with gage section of £4 x on hydrogen permeation appears to override the effect
3 mm were fabricated by EDM, and polished throughof Cr addition. Diffusivity decreases in Fe-18AI-5Cr
0.05 um alumina. Tensile tests were conducted atdue to the Cr segregation along grain boundaries. The
room temperature at a strain rate a2 10~%/s in  higher Cr content{25 at %) on grain boundaries was
a Shimadzu AG — 250KNG tensile machine. Test enconfirmed by energy - dispersive spectrometer (EDX)
vironments included air, vacuum treatment and hydroand shown in Fig. 3.
gen precharged. The detailed testing conditions are de- Diffusivity in Fe-18Al was reported 10+ m?/s [16],
signed as in Table II. The relative humidity (RH) of and estimated .5 x 10-3*m?/s [16] in Fe-25AI and
room air were varied from 65% to 75% and tempera-4.4 x 10-13 m?/s [24] in Fe-40Al at room temperature
ture range were 18 to 2Z. After testing, the fracture by previously investigators using other measurement
surfaces were examined by SEM. techniques. Our present results are in the same order of
magnitude and good agreement with the limited work

3. Results and discussion of others.

3.1. Permeation test
Permeation curves for various iron aluminides are3.2. Hydrogen microprint technique
shown in Fig. 2. Permeation rate and diffusivity definedIt was observed that reduced silver grains by hydro-
by Equations 1-3 are presented in Table Ill. The datayen are gradually increased on various specimen sur-
clearly show a decrease in both L and D¢ as alu-  faces after cathodic charging with a constant current
minum content increase for these alloys. No hydrogemensity at room temperature and shown in Fig. 4a—d
diffusion has been detected through the thin specimensspectively. Silver grains are not presented in the blank
containing more than 28 at % Al which is due to Fe-specimens of various iron aluminides same as in Fig. 1.
Al intermetallic compounds acting as an obstacle toSilver grains are uniform throughout the grains and
steady - state and unsteady - state transport. grain boundaries of Fe-10Al and Fe-18Al specimens
The permeation curve also shows 5% Cr additionin Fig. 4a and b. A distinct array of silver grains are
in Fe-18Al alloy lowering both permeation rate and visible at grain boundaries and subgrain boundaries in
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TABLE IV Tensile property of various iron aluminides

Iron Aluminides Test Environment UTS (Mpa) Elongation (%) Ductility Loss (%) Embrittlement Type
Fe-10Al Air 299 63.4 4 Hydrogen
Vacuum Treatment 323 66.1 — Embrittlement
Hydrogen Precharged 290 49.8 25
Fe-18Al Air 389 22.8 5
Vacuum Treatment 421 24 —
Hydrogen Precharged 193 13 46
Fe-18AI-5Cr Air 393 16.6
Vacuum Treatment 396 16.9 —
Hydrogen Precharged 377 21.3 14
Fe-28Al Air 92 8.3 50 Moisture
Vacuum Treatment 331 16.6 — Induced
Hydrogen Precharged 366 154 7 Embrittlement
Fe-28AI-5Cr Air 69 16.4 34
Vacuum Treatment 125 11.2 —
Hydrogen Precharged 157 11 2
Fe-40Al Air 68 16.1 57
Vacuum Treatment 247 16.7 —
Hydrogen Precharged 282 16 4

*Ultimate Tensile Strength.
e __ Elongation in Vacuum — Elongation in Air of Precharge
**Ductility Loss (%)= Elongation in Vacuum qu.OO%.

Fe-18AI-5Cr and Fe-28Al-5Cr after longer cathodic
charging timem 1 N NaOH with 3 g/l promoter so-
lution. So, the hydrogen transport in Fe-10Al and Fe-
18Al is lattice and grain boundary diffusion which is
same as inx-Fe. For Fe-18AI-5Cr and Fe-28AI-5Cr,
the diffusion path is limited along grain boundaries,
subgrain boundaries and periphery of precipitates on
matrix. The fine silver grains located on Cr rich grain
boundaries were analyzed and confirmed by EDX in
Fig. 5. No silver grains are appeared in Fe-28Al and
Fe-40Al after extremely high cathodic current density
and long charging time. These results indicate the hy-
drogen permeation rate and diffusivity are extremely
low in Fe-28Al and Fe-40Al due to B2 ordered struc-
ture of iron aluminide.

The higher diffusivity of Fe-10Al and Fe-18Al is
due to lattice diffusion in bcc solid solutior ¢ disor-
dered) structure, and more silver grains can be observed
on specimen surface after shorter cathodic charging
time. The permeation rate and diffusivity of hydrogen is
strongly affected by diffusion paths and trapping sites.
Microprint technique is well developed to observe hy-
drogen distribution, and detects the hydrogen diffusion
paths and trapping sites accurately. More silver grains
reduced during shorter cathodic charging time, which
means higher hydrogen permeation rate and diffusivity
in metals.

185P1@ 15.8kV X508 '36.@4m

The results of tensile tests in various enVironmem%:igure 5 Fe-18AI-5Cr: (a) silver grains are visible at grain boundaries

are presented in Table IV. The hydrogen prechargeg,y, /. map showing Ag. ’

Fe-10Al, Fe-18Al and Fe-18AI-5Cr showed significant

degradation in elongation and strength. For tests con-

ducted in air, Fe-28Al, Fe-28AI-5Cr and Fe-40Al ex-

hibited most degradation in elongation and strength. precharged Fe-18Al and Fe-18AI-5Cr show transgran-
For the hydrogen precharged Fe-10Al specimen, isllar fracture surface in Fig. 6b and c respectively. This

still mainly simple ductile fracture with a elongation of resultindicates that Fe-18Al and Fe-18AI-5Cr are more

49.8%, is shown in Fig. 6a, while the fractograph of susceptible to hydrogen degradation.
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Figure 6 Fracture surfaces of (a) Fe-10Al, (b) Fe-18Al and (c) Fe-18AI-5Cr with hydrogen precharging, (d) Fe-28Al, (e) Fe-28AI-5Cr, and (f) Fe-40Al
in air.

For iron aluminides containing=28 at % Al, or intergranular fracture. The permeation rate and dif-
the ductility was slightly influenced with hydrogen fusivity of iron aluminides is extremely low and unde-
precharging, but significantly loss in air. Fe-28Al and tectable by electrochemical permeation measurement
Fe-28AI-5Cr specimens test in air both show transgranin this study. Intermetallic compounds considered as an
ular cleavage fracture in Fig. 6d and e respectivelypbstacle (antitrap) to reduce hydrogen diffusion path,
while Fe-40Al shows intergranular fracture. Moisture The susceptibility of iron aluminides-@8 at % Al) to
induced hydrogen embrittlement has been reported amoisture is much stronger than to hydrogen environ-
one of the most possible embrittlement mechanisms ofnent.
the brittleness in intermetallics. Segregation of mois- Therefore, moisture induced embrittiement of iron
ture induced hydrogen atoms at the crack tip, loweringaluminides is not essentially related to either the
the bonding strength, and cause transgranular cleavagiffusivity or permeation rate of hydrogen but related to
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the critical amount of hydrogen generated at the craclReferences

tip. The most practical method to alleviate moisture in- 1.
duced embrittlement of iron aluminides is suggested to
eliminate the hydrogen generation on metal surface.

4.

4. Conclusions

Synthesizing the results and discussion of these systems;

atic experiments, there are some conclusions described

below: 6.
7.

1. From the data of the permeation and tensile tests g
the iron aluminides containing18 at % Al are more

susceptible to hydrogen embrittlement than iron alu- 9.

minides &28 at % Al). Iron aluminides %28 at %
Al) are susceptible to chemisorption of moisture in air,
and induce embrittlement in ordered structure of iron
aluminides.

and diffusivity in iron aluminides, the embrittlement

mechanism can be concluded as moisture induced h;h

5.L. M. PIKE andC. T. LIU, ibid. 38(1998) 1475.
3. To protectiron aluminides from moisture mduced 16.

drogen embrittlement.

embrittlement, coating to prevent contact with air is a
feasible method.
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