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Outline
* Environmental embrittiement and
brittle fracture in iron aluminides
(Fe3Al-FeAl)

* Brittle GB fracture and boron additions
in Fe3Al-FeAl

* Alloy design of ductile iron aluminides

* Brittle GB fracture and boron additions
in NiAl

* Conclusions
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Environmental Embrittlement in
Iron Aluminides (FeAl and Fe3Al)

e Materials Scientists Had Been Puzzled for
More Than 45 Years by the RT
Brittleness of Fe Al Aluminides

o In 1989, Liu et al. First Demonstrated
That FeAl is Intrinsically Ductile, and the
Low Ductility and Brittle Fracture in the

Aluminide is Caused by Environmental
Embrittlement at RT.

e The Embrittlement Involves Moisture in
Alr.

ornl



V94 Jo ubisap Aojle 10} 123D S ANNONP MO]
9y} JO} WsIueydawW a8y} JO UOHBIIIUBPI BY | o

(%) 3HNLYHIAWIL-WOOH LV NIVHLS TISNIL
gl 91 14 cl ol 8 9 1% 4 0

0 _ I _ T I I T i 0
001
02
4 002
(ed £9)
n v I H3LVM NI { 00€ g
— Q31s3L D
mm /\. wn
» 09 | div NI 31831 X3 - 00v o»
Z (IV %59€) Ivod —= 2
> - 00S ..ew
08
—-{ 009
00L (edy,0L X £79) —{ 00z
NIOAXO NI
\ a3.1831 Ivad 1 008
0zt L | _ _ | | _ _ |

diV NI HOdVA H3LVM A9 LNJWITLLIHEWT JHIAIS
40 3SNVO39 FHNLVHIdWIL WOOHY LV 31LLIHE Sl Ivad



VG072792.5

Environmental
Embrittlement in
Aluminides

2 Al+3 HO- Al O3+ 6 H

........._’q

Atomic hydrogen drives
into metals and causes
room temperature

embrittlement H,O / H >(::>
FeAl shows much less

embrittlement

when exposed to l
molecular hydrogen '

Oxygen reduces the moisture-induced
embrittlement

4 Al+30,-2 Al,03
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Both Crystal Structure and
Test Environment Affect the
Crack Growth Behavior of

Fe3Al Alloys
Effect of Order in FA129
1074 -
o B2 ge ®
-5 L in Air
0 Y
1:0°% F ) iErBw2Vacuum © x o'r
o : 8 [ 4
1077 | ° 293 §  x #oF
n Air <§ *
g 3
107° | * DO3
in Vacuum g *,§ é
107° F "
B
10710 ‘
10 20 30 40 5060
AK (MPa ¥ym)

(Stoloff et al., 1992)
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Effect of Test Environment on the
Stress-Strain Behavior of
D03 Fe3Al (24% Al)

1000

800

WET AIR
600 Hs GAS DRY AIR OXYGEN

PRECHAROE

400

CHARGE
200

0.00 3.00 6.00 2.00 12.00 15.00

Strain (%)

 Hydrogen charging appears to soften
Fe3Al and lower oy

(Stoloff, 1992)

oml



VG080293.10

Effect of Strain Rate on
Elongation of PM FesAl
(D03) Tested in Air

Total Strain at Failure

0
10% 107 10® 105 10* 10°® 102 10

Strain Rate

» Grain size = 30 um

(Stoloff et al., 1993)



vg061391.5

' Bend Tests Indicate Environmental
Embrittlement of TiAl (50% Al)
in Air and Ho at RT

200 TiAl(50:50):annealed at 1000°C for 8 days
[ %]
A in vacuunm

1650 .
\ -

in hydrogen gas

':: (-500mmlig)
. in air
1

100}
P
| 5
a
v
L
- S50
[

0

00000

(Nakamura, NRIM, 1991)
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Interstitial Hydrogen Absorbs Electrons From
Iron and Reduces Fe-Fe Bonding by as Much
as 70% (Hydrogen Embrittlement)

Hd (Fa~Al) {a.y)

— )

The charge density contour
plot of FeAl+H on (010) plane

(Fu and Painter, 1990)
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Hydrogen Diffusion Affects the RT
Fracture Mode in bcc- and fce-
Ordered Intermetallics

« Hydrogen diffusion in conventional materials

Material Hydrogen diffusivity, D (cm?2/s)
Grain boundary  Lattice

aFe (bce) 6.3 x 10-5 3.1x10-5
304 SS (fce) 1.0x 10-4 8.6 x 10-13

« Estimation of hydrogen diffusion from
environmental studies of intermetallic alloys

Alloy Estimated hydrogen diffusivity, D (cm?2/s)
Grain boundary Lattice

(Co,Fe)3V 20x105 -

Nia(Si, Ti) 1.8 x 10-5 -

(Chou, Liu and Miura, 1992)
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Boron Enhances GB Cohesion But
Does Not Reduce Moisture-
Induced Hydrogen Embrittlement in
FeAl (40% Al)

Alloy Test Ductility Yield strength Fracture
environment (%) (MPa) mode
FeAl Air 1.2 390 GBF
FeAl Oxygen 3.2 402 GBF
FeAl+B Air 4.3 391 TF
FeAl + B Oxygen 16.8 392 TF

« Boron tends to segregate strongly to GBs and
suppresses intergranular fracture

« However, B-doped FeAl still shows environmental
embrittiement in air.

ornl
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Comparison of the Fracture
Behavior of FeAl at RT

35%, air 4 35%, oxygen

43% Al, air 43% Al, oxygen

(Liu and George, 1991)
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dN/dE (arbitrary units)
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Boron Segregates Strongly to
GBs in FeAl (40% Al)

Mﬂr —

Electron Energy (eV) Electron Energy (eV)
(@) (b)

Undoped Boron-doped

dAN/JE (arbitrary units)

- GBs in FeAl are clean and free from
detectable impurities

* The average boron level on GBs in
FeAl is estimated to be 2.6 at. %

(segregation factor = 43)

(Liu and George, 1991)

- 1%~
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Metallurgical Solutions to
Environmental Embrittiement

« To control surface composition,
thereby reducing the kinetics of
generation of moisture-induced
hydrogen

 To reduce hydrogen solubility and
hydrogen diffusion

+ To refine grain structure, resulting in
reduced stress concentrations during
plastic deformation

« To lower yield and flow stresses

-19-
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Grain Refinement Improves the RT Ductility of FeAl

“et emaTen

(40 at. % Al) Prepared by Mechanical Alloying

(Strothers and Vedula, 1987)
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The BES Effort on Environmental
Studies Led to a New Approach to
Alloy Design of Iron Aluminides for

Industrial Use Under Energy
Conservation and Fossil Programs

Alloy composition  RT elongation Strgngth (ksi)
(at. %) in air (%) e ensile

FeAl (35.8Al) 2.2 51.6 59.4
FeAl+0.05Zr+0.24B 10.7 48.2 109.6
FeAl+0.05Zr+0.24B 14.2 51.8 134.0

+ preoxidationa

aTo form protective oxide scales at 700°C.
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Boron Additions Dramatically Reduce Cast
Cavities in FeAl Alloys Prepared by Arc
Melting and Drop Casting

MILLIMETERS
0 10 20 30

oo oo

a,,’:\.. o,

2

FA. ~ FA-373
. No boron 0.1 wt % B

* It 1s possible that boron occupies

Interstitial sites and reduces the solubility
of H/H»O.
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Intergranular Fracture in NiAl
. NiAl has the B2 crystal structure

+ Stoichiometric NiAl showed ~2%
tensile elongation and GB fracture at
RT (Hahn and Vedula, 1988; Rozner
and Wasilewski, 1966)

e GBs are clean, with compositions

similar to bulk compositions (George
and Liu, 1990)

ornl
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dN/GE Larbitrary units)

NiAi

intergranular

NiAl « 300 ppm C
! intargranular
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Kinetic energy, sV NIAL + 200 ppm B

Microalloying of NiAl
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Suppression of GB Fracture Does
Not Impart RT Ductility to NiAl

« The Weak GB is a Part of the Brittleness
Problem in NiAl, But Not the Only
Problem

« Other Causes of Brittle Fracture in NiAl

— Insufficient Deformation Modes
<100> vs <111> Shp

— Poor Cleavage Strength
« Ductility Improvement in NiAl Requires
to Increase Deformation Modes and to

Enhance Cleavage Strength, in Addition
to Strengthening GBs

ornl
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Boron Additions Dramatically Increase
the Yield Strength and Lower the
- Tensile Ductility of NiAl at RT

400
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(George and Liu, 1990)
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Boron Addition Strengthens
GBs and Reduces Their Crack
Tendency in Compression
Deformed NiAl

Boron-free NiAl  Boron-doped NiAl

» Specimens were deformed 5% under
compression in air (Liu et al., 1993)

» Zr-doping also reduces GB cracking
tendency in NiAl (Bowman et al.,
1992)
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Reduction in Electron

" Concentration Lowers Atomic

Bonding in FeAl But
Not in NiAl.
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The Environmental Study Has Led to
Solve Some Industrial Problems of

Using Iron Aluminides

Cut with
water
lubricant

Cut with
oil lubricant

— 39\_
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Conclusions

» The GB strength of iron and nickel
aluminides decreases with increasing
aluminum concentration

 Boron tends to segregate strongly to GBs in
iron and nickel aluminides and suppresses
intergranular fracture

* Iron aluminides show severe environmental
embrittlement whereas NiAl exhibits no
indication of such embrittlement at ambient
temperatures

* The embrittlement of iron aluminides
involves the following chemical reaction

2Al + 3H-O—Al2O3+6H

* The embrittiement can be reduced by
metallurgical means
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