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ABSTRACT

Ferritic stainless steels possess a number of properties which render them
superior to austenitic stainless steels in certain applications. The fesritic stainless
steels are highly resistant to stress-corrosion cracking and are generally of lower
cost. Previous work had shown that the corrosion properties of the ferritic steels
were optimised at a chromium content of forty percent. Extensive rescarch had
already characterised the mechanical and corrosion behaviour of the Fe-40Cr
alloy in the cast and wrought form. This investigation involves the development
of the material by powd.r metallurgy processing. Particular emphasis is placed
on a proprietary powder production technique as well as on powder
consolidation by Hot Isostatic Pressing. The effect of Ni, Mo, Ru, Nb, Al and Fe
additions and well as various techniques of introducing these additions are
examined. The unique effect of powder metallurgy manufacture on
microstructure and the kinetics of sigma phase formation is lughlighted,
Corrosion tests in various concentrations of sulphuric acid and an industrial field
trial were performed. It was found that combined Ni and Mo contents exceeding
four percent resulted in severe embrittlement due to widespread formation of
sigma phase during the HIP process. The use of powder metallurgy techniques
was also found to enhance the kinetics of sigma phase formation in a particular
alley when compared to the as-cast stute. Direct additions of Fe powder were
successful in inhibiting embrittlement, possibly due to a mechanism of Fe
diffusion into Cr-rich regions. This lowered of the Cr content in these regions,
thereby reducing the tendency for sigma precipitation. Corrosion tests indicate
satisfactory resistance for the Fe-40(r-2Ni-2Mo alloys in 70 weight percent
sulphuric acid at 50°C . Alloys with 0.2 percent Ru additions were found to be
especially resistant, due to the role of Ru as a cathodic modifier. The method of
mixing and diffusion bonding metallic powders of varying composition was
found to be feasible and certain novel combinations of Ni and Fe-rich alloys
exhibited satisfactory corrosion resistance. A mathematical diffusion model was
found to provide an order of magnitude approximation of the time required for
homogentsation in a certain mixture of powders.



CONTENTS

1. INTRORUCTION
2. LITERATURE SURVEY

2.1, General stainless steel overview
2.2, The embrittiement of ferritic stainless steels
“2.2.1. High femperatore embrittlement
2.2.2475°C cmbrittlement
2.3, Sigma phuse embrittlement
2.4, Background to the 40 percent chromium alloys
2.5. The kinetics of sigma phase formation in Fe-40Cr
alloys
2.6, The effect of alloying additions to Fe-40Cr
2.7. An economic assessment of the Fe-40Cr alloy
2.8, Pewder metallurpy
2.8.1. Production of stainless steel powders
2.9. Hot isostatic Pressing
2.9.1, Diffusion bonding
2.9.2, Industrial FIIP
2.9.3. The theoretical basis of powder consolidation
during HIPping
2.10, Milling
2.11. Duplex powders
2,12, Cormrosion
2.12.1, Mixed potential theory
2.12.2, Passivity
2.12.3, Galvanic coupling
2.12.4, Corrosion tests
2.12.4.1, The linear polarisation method
2.12,4.2, Taftl extrapolation
2.12.5. Corrosion of the Fe-40Cr alloys
2.12.6. Sigma phase and corrosion resistance
2.13. The mathematics of diffusion
2.13.1. The Kirkendall Effect
2.13.2, The infinite diffusion couple
2.13.3. The mathematics of homogenisation
2.13.4, Arunsingh’s homogenisation mode)
2,13,5, Heckel's homogenisation model
2.15.6. Larsson’s homogenisation model -
2.14. Summary

......................................

......................................

.....................................

......................................

.......................................

....................................

....................................

-------------------------------------

------------------------------------



CON1" NTS (L ontinued)

Page
3. UXPERIMENTAL PROCEDURE e e T
% 1. Alloys preduced from a single powder Introduction . .. 77
3.2 Alloy deseription e L0
A3 Powderproduction e e 82
4. Hotlsostatin Pressing: e 84
3.5. Heat treatarent and metailographic examination SOOIV
3.6. Heat treatment voraparison between cast and HIPped .. 86
VFA622
3.7. Examination of hard«...s versus time at 750°C SOOI 1
3.8. Extra communition of Y FAS543(24h)-( SPOOT2) b 88
3.9. Experimental procedure s potentivdynamic e 89
torrosion tests
3.10. Experimental procedue for field trials L - 90
3.11. Duplex powdeis JEVOTOUTUPOTUROTTDRRTOVOT '
3,12, Inhibition of siama phase formation by mechanical .. 92
mixing

3.12.1. Mechanic. i mixing with 2%A1 (SP001005) UV
3.13. The addition ='extra Feto VEAS3 and VFAOR2 by ... 94

hand mixing
3.14. The marwfacture of a synthetic duplex alloy SSTRRRO |
3.14.1, Experimental procedure - duplex powders e v6
3.15. Hardness and micro-hardness tests st rtes 97
3,16, Experimental procedure: SEM examination STOIORIDRUNITI
3.16.1, Elemental scans e e 98
3.17. Experimental procedure for potentiodynamie Ve e 99
« torrosion tests on duplex materinls
4, RESULTS e 100
4 1. Powder manufacture: e 100
411 Sinplepowders 100
4.1.2. Carbon and oxygen analysis of VFA622 corrermresnsssmseseessmseenmnieees 100
413 Duplexpowders e 101
¢.1.3.1. Mechanical mixing with Al (SPO01005) revereietremnssenseiesssnemtennen 101
4,1.3.2 Mechanica® blending with added e e e 104
Fe (SP001008)
4.2. Hardness vs time at 750"C for VFAM’I and VFAGSH v, 106
4.3, Metaliography results e s 108
4.3.1. Microstructures of the I‘e-38(‘r~4Mo~'W1 allqu rreemmeressraressssinsvesreeranes 109
{As-HIPped)

4.3.2, Microstructures of the 2Ni-dMo-38CrFealloys . . vcmcniicnnae. 110
{Solution anneaied)



CONTENTS (continued)
RESULTS (continued)

4.3.3, The 2Ni-2Mo alloys
4.3 4, Metallographic results of VFA622
4.3.5. Comparisor of HIPped and cast material
VFAG22,
4.3.6. Extra mi .ed VFAS543 (SP001012)
4.3.7. Analysis of milling media
4.3.8. Microstructures of alloys made from duplex
powders,
4.3.9. The addition of extra Fe to VFAS43 and VFAG622
by hand mixing
4,310, Micrestructures of duplex powders
4.4. Summary of hardness results.
4.5, Elemenial scans
4.6. Corrosion results in 10% sulphuric acid.
4.7, Corrosion results in 70% sulphuric acid at 50°C.
4.8. Ficld trials

S, DISCUSSION
5.1. Pawder production
5.2. Powder particles
5.3. The effect of time at 750°C on hardness
5.4. Mechanical mixing of Al (SP001005)
5.5, Mechanical mixing with extra Fe (SP001008)
5.6. Metaliographic examisation of alloys from single
powders
5.7, Fe-40Cr-4Mo-2Ni atloys
5.7.1. Microstructure of VFAS43
(2Ni-4Mo-0.4Nb-40Cr)-As-HIPped
3.2.2. Microstructure of VFAS43
(2Ni-4Mo-0.4Nb-40Cx)-heat treated
5.8. 38 or 40Cr alloys with 2Mo-2Ni
5.9. The extra~-comnmitad powder VFAS43 (SP001012)
$.9.1. Microstructure of extra-communited VFAS43
{SP001012)-As-HIPped
5.9.2. Microstrugture of extra~communited VFAS43
{SP001012)-heat treated.
5.10.1, Microsteucture of Fe (SP001008), « As-HIPped
5.10.2. Microstructure of Fe (SPO01008), - heat
frepted
5.t1. Extra Fe alloys (hand mixed)

......................................

--------------------------------------

......................................

......................................

--------------------------------------

......................................

--------------------------------------

......................................

......................................

--------------------------------------

......................................




CONTENTS (continued)
DISCUSSION (continued)

5.12. Microstructure of duplex alloys
5.12.1, 20% 316L+80% VFA622
5,12.2. 50% 316L+50% VFA022
5.12.3. 80% 316L+ 0% VFA622
5.12.4. 50% Hastelloy C + 50% Prem V
5.13. Elementa} scans
3.13.1. Alloys with pure Fe additions: SPO01008
{as-HIP) and VFA622+Fe
5.14. Duplex powders with 3161 additions
5.15. 50% Hastelloy C -~ 50% Prem V
5.16. The effect of HIPping on the kinetics of sigma
formation
5.17. Corrosion behaviour {(Fe-39Cr-2Ni-2Mo alloys)
5.18, Corrosion behaviour (alloys vath Fe additions)
5.18.1. (SPO01008 and VFA622+F¢)
5.19. Corrosion of aloys from duplex powders in 10
wid HaS04
5.20. Summary of corrosion resistance of duplex powders
5.21. Springlock field trials
5.22, Composition and manufacturing guidelines
5.23. Mathempdieal model comparison
5.23.1,The infinite diffusion couple
5.23.2. Arunsingh’s model
£.23.3. Heckel’s modsal
5.23.4. Larsson’s modal

6, CONCLUSIONS

7. COMMERCIAL PROSPECTS AND FUTURE WORK
8 REIiEREI*ECES

9. APPENDIX

Page

e 200
v 200

......................................

--------------------------------------

......................................

...................................

......................................

--------------------------------------

......................................

......................................

.....................................

......................................



LIST OF FIGURES

2. LITERATIRE SURVEY

Figure 2.1: Cr-Fe phase diagram.®

Figure 2.2: The effect of SHT (soluticn heat treatment) temperatere
on the room temyperature Charpy toughness of Te-40%Cr alloys®.
Figurs 2.3: Mechameal properties of the wanmn-worke:l.

Fe-40C+ "Ni-2Mo alloy as a fumetion of SHT time at 1100°C,
Figure ...4: The effect of SHT temperature on the tensile propertics
of cold-worked Fe-40Cr-2Ni-2Mo?*.

Figure 2.5: Corrosion rate (mm per annum) of several alloys in 10%
H280,at 30°C%,

Figure 2.6: Pots nhodynam:c curves (againgt the standard calomel
electrode) for the corrosion of four superferritic alloys in 10%
H,S0.,

Figure 2.7: The effect of cathodic modification of Fe-40Cr with Ru
in 0.5M H;80.%.

Figure 2.8: The effect of thermo-mechanical processing on sigma
phase tormation on alloy T15 at 750°C%,

Figure 2.9; The rate of sigma phase formation in a §Nj-40Cr-Fe
as-cast alloy at 750°C*,

Figure 2.10; The rate of sigma phase formation in hot rolled
4Mo-39Cr-Fe at various temperatures™.

Figure 2,11: The rate of sigma formation in warm rolled (300°C)
alloys K(4Mo-29Cr-Fe) and S(39Cr-Fe)*.

Figure 2,12: The rate of sigma phase formation in as-cast
2Ni-2Mo-39Cr-Fe at various temperatures?.

Figure 2.13 The rate of sigma formation at 750°C in the as-cast
altoys containing 2%Mo and 2%Ni, with different stabilizers™.
Figure 2,14 The rate of sigma phase formation at 650°7 in the ns-
cast alloys containing 2%Mo and 2%Ni, with different stabiliscrs.™
Figure 2.15 Formation of sigma phase in hot rolled alloys P (Al+Nb
stabilised), N (Al+Zr stabilised) and Z (Al stabilised) at 750°C *
Figure 2.16 Formation of sigma phase in hot rolled 2%Mo and 2%Ni
confaining alloys V (unstabilised) and W (0.03% nitrogen) at
750°C 2

Flgure 2.17 The effect of prior mechanical vyork on the formation of
sigma phase in 2Nj-2Mo-40Cr-Fe.*

Figure 2.18. Time-temperature-transformation diagrams for the
formation of sigma in as-cast unstabilised (V), Nb stabllised (G, Ti
stabilised {B) alloys.*

Figure 2.19: Cost-life comparisons in boiling 10% (by mass)
sulphuric acid®

Figure 2.20: The principle of HIPping ¥

..........................

........................

.........................

........................

.........................

Page

14
14
15
15
16

16
18
18
19
19

20

e 20

.........................

.........................

.........................

.........................

21

21




=+ o e bt gl ke o e T D e s R ae s

LIST OF FIGURES (continued)

LITERATURE SURVEY {continued)

Figure 2.21: Comparison of material properties: as-cast and
cast+HIPped. The material is Al-7 wi% Si olloy L99."

Fipure 2.22: Wlustrative comparison of material propertiss; as-cast
and cast+HIPped ™

Figure 2,23: Tumbler used for milling, metal powders.*

Figure 2.24: Representation of communition by ball milling. The
large circles represent the balls, whilst the particles around them
represent the powder.®

Figure 2.25; Natrow particle size distribution caused by tendency of
small particles to weld and large particles to fracture

Figure 2.26; Cold welding of particles during ball milling.

Figure 2.27: Overvolinge versus cutrent density.!

Figure 2.28: Electrode kinetic behaviour of Zn 1n acid solution’
Figure 2.29: Behaviour of non-passive metal.

Figure 2.30: Ty sical anodic dissolution behaviour of an
active-passive metal.!

Figure 2.31; The effect of temperature and acid concentration on
passivation.!

Figure 2.32: Galvanic couple between two corroding metals.!
Figure 2.33: Requirements for cathodic modification!

.........................

Page
30
30
33
34
35
36
40

41
£y

o 42

.........................

.........................

Figure 2.34: Linear region in cathodic and anodic polarisation , ‘

curves.?

Figure 2.35: Applied cutrent cathodic polarisation curve of a
corroding metal showing Tafel extrapolation’.

Figure 2.36: Potential-time curves for Fe-40Cr-Ru alloys displaying
spontaneous passivation in 0 5M acids at 25°C ™ .

Figure 2.37: General corrosion rates of Fe-40Cr alloys and
commercial stainless steels in 10% H,S0, af 30°C .}

Figure 2.38: General corrosion rates of Fe- 40Cr alloys and

.........................

.........................

.........................

commercial stainless steels in 10% HaSO, +100ppm KSCN at 40VC*.
Figure 2.39: Pitting potentials of 40Cr-Fe alloys and commercial ... .o

stainless steels in 3%NaCl at 60°C.*
Figure 2.40: Potentiodynamic responses of Fe-40%Cr-Ru alloys in
10% H:80; at 25°C.

-------------------------

Figure 2.41: Potentiodynamic responses of Fe-30%Cr-R: alloys in i

10% HoSO,at 25°C*.
Fipure 2.42: Open circuit corrosion potential variati.on with time of ..o
Fe-30%Cr-Ru alloys in 13%,80, at 25°C. . -

Figure 2.43: Open circuit corrosion potential variations with time of
Fe-40%Cr-Ru alloys in 10% H,S04 at 25°C %

Figure 2.44: Breakdown potentinl (Ew) and critical current density ... ..

{ic) as a function of ageing tims (i.e.increasing sigma content).®

43
4¢
47
49
51

52

35
36
57




LIST OF FIGURES (continued)

LITERATURE SURVEY (continued)

Figure 2.45: Critical crevice corrosion tempersture (CCT) and
impact value as a function of apeing time (i.e. increasing sigma
comntent).%

Figure 2.46: Potentiodvnamic responses for SAF2205 duplex
stainless steel with varicus sig, . + phase contents at 10%H.S0y at
259C.5»

Figure 2.47: Anodic pitting polarisation curves of duplex alloy
SAF2205 with various sipma phase contents exposed to 3.5%Na(Cl
solution at 25°C.%

Figure 2.48; Basis for denvation of Fick’s first law.*

Figure 2.49: Diffusion couple used by Kirkendall *

Figure 2,50; Normalised concentration profile produced by diffusion
in an infinite diffusion couple.

Fipure 2.51; Arunsingh’s model.5

Figura 2.52: Heckel’s model.*

Figure 2.53: Homogenisation behaviour of planar, cylindrical and
spherical models in terms of the depree of interdiffusion F, asa
function of normalised homogemsation time, for vanous mean
compositions C.%

Figure 2.54: Normalised degree of interdiffi:sion F as a function of
D,t, l,nand Y.

Figure 2.55: Comparison of experimental F data on Ni-0.20Cu
compacts with mode] predictions.®

Figure 2.56; Comparison of data from two alloy systems (Ni-Cu)and .........

(Cu-Ni) with model predictions.®

Figure 2,57: Larsson’s model of homogenisation. **

Figure 2.58: Concentration profiles along radius of sphore nfter

variocus homogenisation titnes. Relative starting surface

concentrations were: (2)10, (b}, {c)e0, (4121

Fipure 2.59: Comparison between predicted homogenisation

behaviour based on the equation of Lavender and Jones and

Larrson s study. Numbers on the curves show surface concentrations
_0 &6

-

J.EXPERIMENTAL PROCEDURE

Figure 3.1: Particle size distribution of VEAS43 (as mce:ved)
Figure 3.2: Experimental springlock used in industrial field trial

.........................

.........................

Page
58

39

60

61

. 63

.........................

.........................

-------------------------

.........................

65
68
69

70

71

. H

73
74

85
n



LIST QF FIGURES (continuzd)

RESUL'TS
Fig ¢ 4. I:Microaraph of FeCr powder particles.
Figura 4.2; Malvern anelysis of VFA543.
Figure 4.3: Malvern analysis of SFQ01005,
Figure 4.4: FeCr-Al agglomerates afier ball milling,
Figure 4 5; Detail of FeCr-Al agglomerate.
Figure 4.6: Particle size distribution of Fe powder.
Figure 4.7: Particle size distribution of SP001008 (Extra Fe).
Figure 4.8: Hardness vs time at 750°C,
Figure 4.9: VFAS543, as-HIPped, unetched {100%).
Figure 4,10: DS-1, (1100°C). KOH esectrolytic etch, (200X}
Figure 4.11: DS-1, (1106°C), KOH electrolytic etch, (S00X).
Figure 4.12: D8-C, (annealed 1100°C), (200X).
Figure 4.13: DS-C, (annealed 1100°C), (500X).
Figure 4.14: VFA417, (annealed 1100°, HC! etch, (200X).
Figure 4.15: VFA417, (annealed 1100°, HCI etch,){500X).
Figure 4.16: VFA419, (annealed 1100°C), HCI etch, (200X).
Figure 4.17: VEAALY, (annealed 1100%C), HCI etch, (500X).
Figure 4.18: VFA420, (annealed 1100°C), HCI etch, (200X).
Figure 4.19: VFA420, (annealed 1100°C), HCI etch, (500X},
Figure 4.20: VFA423, (annealed 11009C), HCI etch, (20030),
Figure 4.21: VFA423, (annealed 1100°C), HCI eteh, (500X).
Figure 4.22: VRAS43, (annealed 1100°C), HC etch, (560X
Figure 4.23: PremAlloy V, {as-HIPpad), HCI etch, {100X).
Figure 4.24: PremAlloy V, (amealed 1100°C), (100X,
Figure 4.25; PremAlloy V, (annealed 1100%C), (200X).
Figure 4.26: PremAlloy V, (annealed 1100°C), (500X).
Figure 4,27: VFA487, (as-HIPped), HC] etch, (100X},
Figure 4.28:VFA 487, (annealed 1100°C), HC] etch, (200X).
Figure 4.29: VFAG22, (HIPped + anmealed 1100°C), (200X),
Figure 4,30: VFAS22, (HPped + annealed 1100°C), (500X).
Figure 4.31: VFA622 | (Cast and HIPped), (200X).
Fipure 4,32; VFAG22 , (Cast and HIPped), (500X).
Figure 4,33: VFA622 , (HiPped+solution annealed), {500X).
Figure 4.34: VFA622 , (HiPped twice only), (200X).
Figure 4.35: VFA622 , (HIPped twice only), (500X).
Figure 4,36: Microstructure of steel milling media (500X),

------------------------

.........................

........................

.........................

.........................

.........................

.........................

.........................

.........................

.........................

.........................

.........................

Figure 4.37. Frequency and cumulative particle size distribution of ..o

(Extra milled VFA343-5P001012). ™

Figure 4.38:5P001012, (As-HIPped), HCl etch, (IOOX)
Figure 4.39:5P001012, (As-HIPped), HCI etch, {500X).
Figure 4.40:8P001012, (As-HIPped), (200X).

Figure 4.41: 3P001012, (annealed 1100%C), HCT etch, (500X).

L]

Page

100
101
102
103
103
104
105
107
109
110
110
111
111
112
112
113
113
114
114
115
115
116
117




LIST OF FIGURES (continned)

RESUI TS (continued)
Figure 4.42: Micr. structure SPO0T00E, (As-HiPped), 200X.
Figure 4.43: Microstructure SPOM QDR (As-HIPpad) SOUN
Figure 4.44: SP001008 (HIPped + solution anncaled), {200X).
sgure 4.45: $PO01008 (solution anncaled 1100°CY RO0X.
Fipure 4.46: VFA622+Fe (as-HiPped), HC etchant, {200X}.
Figure 4.47: VFAG224Fe {1100°C anneal), (200X).
Figure 4.48; VFA622+Fe (1 100°C anneal), {500X).
Figure 4.49: (20% 316L~00% VEAS22), As-HIP (200X)
Figure 4.50: (20% 3161,+80% VEFAG22), As-HIP (500X).
Figure 4.51. (20% 216L+80% VEAS2Z). 1100VC(S00X).
Figure 4.52: (50% 316L+30% VEAG22), As-HIP,(200XK).
Figure 4.53: (50% 316Lr 50% VEAG2D), 1100°C(200K).
Figure 4.54: (80% 316L+20% VEA622), As-HIP (25X).
Fipure 4,55: (80% 3161.+20% VEAG22), As-HIP (200X).
Figure 4.56: (80% 3161 +20% VFA622), As-HIP (500X).
Figure 4.57: (80% 3161:+20% VFAG22), 1100MC (500X,
Figure 4.58: (80% 316L:+20% VEA622), 1100°C (200X).
Figure 4.59: (50% Hastelloy ¢ + 509 PremV), As-HIP (200X).
Figure 4.60: (50% Hastelloy C+30% Prem V), As-HIP (300%).
Figure 4.61: (50%Hastelloy C+50%PremV), As-HIP (S00X).
Figure 4.62:{50% Hastelloy C + 50%% Prem V). 1100°C (200X,
Figure 4.63: (0% Hastelloy C + 50% Prem V), 1100°C (300X}
Finure 4.64: (50% Hastelloy C+50% Prem V), 1100%C (500X).
Figure 4.65: Elemental scon of SP001008, As-HIP,

(Across 123.34m).
Figure 4 66: Elementol scan of VFAG22 +T'e, As-HIP,

{Across 124.6um).
Figure 4.67: Blemental sean of VEAGI2+Fe, As-HIP,

(Across 504.3uml

Figure 4.68: Elemeninl scun of VEA622+Fe, As-HIP,
{ Across 990.6um).

Figure 4.69: Elemental scan of VFAS22+Fe, heat treated,
{Acioss 101 1um).

Figure 4.70 Elemental scan ot 30%¢ Hastelloy C ¢ S0% Prem V
(Across H0Fum).

Figure 4.71: Corrosion scan for Prem V, as-HiPped.

Fipure 4.72: Corrosion scan for Prem V, heot treated.

Figure 4.73; Corrosion scan for VFA437, as-HIPped, «

Finure 4.74: Corrosion scan for VFA487, heat treated.

Fipure4.75: Corrosion scan for VEA622, HIPped(2X).

Figure 4.76: Corrosion scan for VFA622, HIPpedi2X)+ heat treated,

Fipure 477 Corrosion scan for SPO01008, as-11IPped.

.........................

........................

.........................

Page

129
130
13
131
132
133
133
134
134
135
135
136
137
137




LIST OQF FIGURES (continued)

RESULTS (continued)

Figre 4 78: Corrosion scan for SP001008, heat treated.
Figure 4.79: Corrosion scan for VEAG22 + Fo, as-HIPped.
Figure 4 8. Corvosion svan for VFA622 + Fe, heat treated.

Fisure 4.81° Corrosion scan for 20% 316L+80%VYFAG2Y, heat treated . . ... ..

Figure 4.82: Comosion scan for 50% 3161+ 50% VFA622, haat treated,
Fipure 4.83: Corrosion scan for 80% 3161 +20% VFA622, heat treated.
Figure 4.84: Corrosion scan for 50% Hast C + 50% PremV, heat treated.
Fipure 4.85: Corrosion scan £ PremV, heat treated.

Figure 4.85: Corrosion scan for VEA487, heat treated.

Fipure 4.87: Corrosion sgan for VEAGI2, HIPped twice.

.........................

........................

Figure 4.88: Corrosion scon for VFAS22, HIPped iwice® heat traated o coworme

Figure 4.89; Corrosion scan for VFAG23+Fe (As-HIPped).
Figure 4.90: Corrosion scan for VFA622+Fe (Heat-treated).
Figure 4.91: Corrosion scan for 80%5 316 + 20% VFA622, heat treated.
Figure 4.92: Corrosion scan for 30% PremV+50% Hast C heat trearad.

DISCUSSION

Figure §.1: Al-Fe phase diagram.”

Figure 5.2 Mill limit ®

Figure 5.3: Plastic deformatior of sphetical powde . particles during
HIPping.3*

Figure 5.4: Diagram illusirating the effect of composition on the
properties of the alloys, A - takes too Jong to convert to powder, B -
Comes out of HIP as ferrite, C - comes out of HIP as sigma phase.
Figure 5.5: Par~ ~etess utilised in the examination of Arunsingh’s
and Heckel’s humogsnisation models. )

Figure 5.6: Application of Larsson’s model to the homogenisation of
Fe-Cr and pure Fe particles.

.........................

-----------------------

.........................

-------------------------

........................

.........................

.........................

.........................

Page

1539
160
161
162
163
164
165
166
166
167
167
168
169
170
71

226

. 229



LIST OF TABLES

Page
2. LITERATURE SURVEY
Table 2.1: Typical HIP parameters®, 31
3. EXPERIMENTAL PROCEDURE
Table 3.1: Composition of experimental mel*s(weight %8). ...t i, 78
Table 3.2: Thermomechanical processing prior 1o powder 83
production.
Table 3.3: Size fractions used for HIPping. 84
Table 3.4: Composition of experimental melts VFAGAT . ctmreenrrnenn 87
and VEAGS4 (wt %6).
Table 3.5: Milt charge for mechanically mixed 93
4Mo-2Ni-2A1 (SP001005) and Prem V with extra Fe
(SPQ01008).
Table 3.6: Mix ratios for VFAS43+Fe and VEAGX2¢Fe, ..o o4
Table 3.7: Suramary of compositions. v 95
Table 3.8: Composition of 316L atomised powder. . 96
Table 3.9: Sieve analysis of as supplied powder. e 96
Table 3.10: Composition of Hastelloy C (weight %). 96
4. RESULTS
Table 4.1: Chemical analysis of starting and milled 105
powder {SPCO1008).
Table 4.2: Harciness vs time at 7500C for VFAS47 and e erenemncsnnarens 106
VFAG54,
Table 4.3: EDS analysis of inslusion inPrem V, s comrvensanenns 118
Table 4.4: EDS analysis of SP001008. 129
Table 4.5: EDS analysis of precipitate in SP001008, HIP, 130
Table 4.6: EDS analysis of VFA622+Fe in Figure 447, 133
Table 4.7: EDS spot analysis of 50% 316L450% i 136
VFAG22,
Table 4.8: Mivohardness results of 80% 3I6L+20%0 i eneenivensesiens 138
VFAG22, as-HIP.
Table 4.9: EDS analysis of sigma phase at point B. 138
‘Table 4.10: Precipitate in Hastelloy C. 111
Table 4.11: EDS analysis of 50% Hast C * 502 PremV. .ienmmeamincnne 142
Table 4.12: Summary of EDS analyses, 144
Table 4.13: Summory of hardness results. ™ e 145
Table 4.14: Summary of microhardness results. 143
Toble 4.15; Summary of corrosion data in 10 %6 HiS0.™ e ciicrneennens. 172
Table 4.16: Summary of corroston data it 7090 HB0: oo e 173
acid at 50°C.
Table 5.1: Nominal composition of grade 9041, (wt %)™ am
Table 5.2: Diffusion data and calcylated diffusion 26

coufficients at 1120°C (1393K).Y




LIST OF EQUATIONS

1, M—M2" 4+ ne

2. 2H '+ 2 = I—Iz

n=4B {Iog"")

de Bn He

dfﬂpp]j‘g;{ 2. 3ole+Br‘]

= '%;;
J = -D(

7 ‘=: i)x

8.0= Doe‘Q'm

9, D= DyNa+ DaN;

10. C(x,t) = 0.5C,[1 + erf(-jj--;?- ]

1. & D(az"+ 2%,

a(* azu
12.°5D(52) .o
=n*nefit

13. = -——-Zl Sl 2m".?’ at
_"..J.'.’!.
14.C= --“C—'sm Zre ot
2('1:
15, t'“ log
16. Fee mw

oo B 2
17. BI“D( * o)

('*(‘

18, F" "I w(ca- cuyamr2 | b “(C'a- Cydnride ™"

19, F = 1,10+ 0. 44logol(5n?Y]
a6 e 2 &
":"“(m'z Yaxr)

21, c’a "(1-61-..)(,0+ 6KC‘

2. C’N = "KCN_1+(I-2K}CN _
2. ¢y =kadye, L eakich cRaeeh

24, =03

Page

v 38
. 38

39
48

. 48

. 62

61

. €
. 63

........................................

........................................

. 64

66
66
66

67

67
68
68

69

. 70
. 73

o ™

..............

......................................

........................................

74
74
75
227
231



- INTRODUCTION

Stainless steel is a genene wein for a range of alloys composed nominally of iron
and chromium, These alloys are commonly used in numerous industrial and
commetrcial applications due to their excellent corrosion resistance in numerous
aggressive media and conditions. 1t has Jong boun established! that the general
corrosion resistance of the stainless stecls typicaay increases with increasing
chromium content. However, increasing the chromium content leads to the
various problems of alloy cmbrittlement and difficulties in fabrication®.
Commercially avaiiable alloys therefore only contain typically a maximun: Jf
thirty percent chromium. Steels which contain thirty to forty percent chromivm

have been termed ultra-ferritic alloys®, The work of European rescarchers in the
1970s and South African rescarchers in the 1980s and 1990s indicated that an
ultra-fenitic stainless stoel alloy conteining forty percent chromium and minor
ruthenium additions had many attractive propertics which could render the alloy
economically viable'**”, This research culminated in the commercial 1elease of a
new grade of cast stecl under the tradename "Ruthalloy*™" in 1996,

In the course of fundamental research, a proprictary method of manufacturing an
ultra~ferritic stainless steel powder was developed by Mintek. This was achieved
by utilising the alloy's ease of embrittlement under the appropriate heat treatment
conditions. Various applications for the powder were explored and it was felt
that powder consclidation by Hot Isostatic Pressing (HIP) was the most suitabie
technology to fully exploit the commercial potential of f & powder, Tais is
because HIPping allows for the consolidation of meterials which are usually
difficult to manuficture by convemional means. The technigue is also considered
to be the state of the art in the production of many alloys, and is known to
produce optimal material properties under the correct manufacturing conditions.
An advantage of the technology is that it allows powders ol vastly different
composition to be diffusion bonded. These mixtures usuaily cannot be
satisfactorily bonded by standard methods. Very little informaiion is available in
the liwrature relating the properties of this family of alloys when manufactured
by powder metallurgical means. HIPping is primarily a method of solid-state
consolidation by means of enhanced atomic diffusion. Whilst these diffusion
mechanisms are not always of central importance in meny conventional
manufeoturing processes such as casting, they are of primary importance in
HiPping.




ey o ———— e o

R FLE- T S

The primary aims of the project are thus to describe the unique peculiarities in
alloy behaviour, microsiructure and corrosion resistance which may be attributed
to powder metallurgical manufacture, and to examine the underlying mechanisms
which produce this behaviour. Possible commercial prospects for the material are
also considered. The project has been separated into two sections: the HIPping of
only the ultra-ferritic powder, and the consolidation of the ultra~ferritic powder
when mixed with powders of different composition.
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2. LITERATURE SURVEY

This literature survey outlines the general properties of ferritic stainless steels,
Emphasis is placed on the research and development work which has been
undertaken with regard to experimental ultra-ferritic steels with a nominal
composition of forty percent chromium, The mechanical properties and corrosion
behaviour of the alloy in the cast and wrought states are reviewed.

The densification of steinless steel powders by means of powder metallurgy
methods is also mentioned, with particular reference to the specific consolidation
technique known as Hot Isostatic Pressing (HI} ;. The methods by which metallic
powders may be produced are reviewed. A specialised, proprietary powder
manufacturing process, which was utilised in this project, is also discussed.

.1 General stainless steel overview
Steels which contain over thirteen percent chromium are referred to as stainless
steels, The addition of chromium prov.des good corrosion resistance through the
formation of a protective passive layer in aggressive environments.

These steels are categorised as either ferritic, austenitic, martensitic,
precipitation-hardening or duplex stainless steels according to the phases that are
predominantly present. The austenitic types are the most widely used in industry
due to their excellent resistance in oxidising, reducing and elevated temperature
conditions. A review by Cortie® has shown that austenitic steels comprise
approximately seventy percent of the total worle! stainless steel production, with
the ferritic steels constituting about twenty five percent.

A drawback of the austenitic steels bas been their susceptibility to stress
corrosion cracking and pitting in chloride-containing enviromnents, Also since
austenitic steels contain significant additions of nickel, they are generally more
costly than other types of stainless steel.

The ferritic stainless steels have often been considered ag an alternative to the
austenivc types, The ferritics are highly resistant to stress corrosion cracking and
pitting attack in many environments which are unsuitable for austenitic stainless
steels. When molybdenum is, added, ferritic stainless steels exhibit corrosion
resistance equivalent or superior to the austenitic grades.
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Ferritic stainless steels also contain far smaller proportions of nickel and are
generally less expensive than austenitic stainless steels. However, ferritic
stainless steels have traditionally been susceptible to the problems of
embrittlement, low toughness, as well as reduced formability and weldability, in
comparison to the austenitic grades. This has hindered their .+ * as a material of
construction and fabrication,

A better understanding of the behaviour and characteristics of the ferritic
stainlegs steels may be obtained by an examination of the Fe-Cr binary phase
diagram (Figure 2.1). Commercial ferritic alloys contain between 12 and 30
percent chromium, The upper chromium limit is arbitrary and experimental alloys
with up to forty percent chromium have been developed®.

From the diagram it can be seen that alloys in the 12-40 percent chromium range
do not have a FCC (face centred cubic) crystal structure at any temperatures up
to their solidus. This is significant, since it indicates that ferritic steels do not
exhibit the alpha to gamma phase transformation upon heating at high
temperatures, These steels, itherefore, cannot be hardened by the classic gamma

to martensite mechanism, The gamma ~¥ alpha ~> gamma phase transformation

is often employed as a technique of grain refinement. The absence of this
transformation implies that the ferritic steels are wulnerable to grain growth at
elevated temperatures. Large grains are generally undesirable in these alloys
since room-temperature toughness and formability are impaired.

Another significant feature to be noted on the phase diagram occurs in the 20-70
percent chromium range between 820 and 600 degrees centigrade; sigma phase
occurs in this region of the diagram. Sigma is 3 brittle intermetallic compeund
which is detrimental to the toughness ar corrosion characteristics of the alloys
in which it occurs.
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2 2 The embrittlement of ferritic stainless steels

Due to the fact that ferritic steels exhibit a BCC (body centred cubic) structure
they are subject to several embriitlement phenomena which are more
pronounced than in alloys with an FCC structure. Amongst the more important of
these phenomena is the exhibition of a ductile to brittle trangition temperature
which is close to room temperature, Although this characteristic may be modified
by the additio of various alloying elements, the presence of such a high
transition temperature has hindered the use of ferritic steels in many applications.

In plain chromium steels with high chromium contents, it was initially thought
that embrittlement was actually due to the large amounts of chromium present.
However, it was shown by Spendelow!” in the 1950s that it was actually the
presence of the interstitial elements, nitrogen and carbon, whiclt were the cause
of brittleness. Carbon and nitrogen are introduced during the steelmaking
process and cannot be removed entirely.

The ferritic steels have a stable BCC crystal structure at temperatures up to their
melling points. Since the BCC lattice does not have a high solubility for
interstitial carbon and nitrogen, there is a tendency for the carbon and nitrogen to
come out of solution in the form of brittle chromium-rich carbides and
carbonitrides®. Consequently, the carbon and nitrogen levels have to be kept to a
minimum, as low as 150ppm in some cases', in order to achieve acceptable
toughness characteristics. These low levels have been made possible through the
development of modem steelmaking technologies such as the
Argon-Oxygen-Decarburisation {(A.0.D.)) and Vacuum Induction Melting
(V.IM,) processes. It has also been found® that the addition of certain
"stabilising” eiements such as Ti or Nb, lessens the effect of high interstitial
element levels, by tying up carbon and nitrogen as Ti or Nb carbides and nitrides.
Modern ferritic alloys with above eighteen percent chromivm and with low
interstitial element contents are re  red to as E.L.I. (Extra Low Interstitial) or
superferritic stainless steels. However despite improvements in touglness, the
superferritic grades are still only emp!  in sections of up to 12mm thickness®,
This is due to embrittlement effects - h :1: would be apparent in thicker sections,
The three most common mechanisms of embrittlement are high temperature
embrittlement, 475°C embrittlement and sigma phase embrittlement.
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2.2.1 High temperature embrittlement

This form of embrittlement oceurs when ferritic stainless steels are heated to
above 1000°C and cooled. The precipitation of ciromium-rich nitrides, carbides
and carbonitrides during cooling results in decreased impact toughness and
ductility. The exact mechanisms by which the precipitates form and affect the
toughness of ferritic stainless steel are still the topic of much debate. It was
suggested that embrittlement was due to the precipitation of carbides and nitrides
at grain boundaries®, Alternately, Demo'! considered that dislocation locking by
intragranular precipitates was a possible explanation.

Higly temperature embrittlement is dependent on the carbon and nitrogen contents
of the ferriiic stainless steel, Since these interstitial elements have a relatively
low solubility in ferrite, it can be seen that their amounts should be kept at a
minimum, This becomes more critical as the amount of chromium is increased,
since chromium decreases the solubility of catbon and nitrogen even further,

The addition of stabilising elements such as Ti and Nb has been used with some
success® to tie up carbon and nitrogen as Ti or Nb compounds. This prevents the
formation of detrimental Cr-rich nitrides and carbides and therefore results in
increased toughness, However, it has been shown that the addition of excessive
amounts of Ti and Nb produces a corresponding deterioration of properties.
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2.2.3 475°C embrittiement

When ferritic stainless steels are heated in the 450-500°C v rature range,
they become embrittled. This embrittlement results in a...cased impact
toughness, ductility and corrosion resistance®. Finbrittlement effects become
more severe with increasing chromium content'. Eatly studies observed that
embriitlement occurred even in Fe-Cr aioys of high purity and low carbon and
nitrogen contents, It was therefore deduced that embrittlement could therefore
not be due to the formatio™ of nitrides or carbides. Early investigators such as
Heger"® believed that 475°C embrittlement was caused by the formation of a
transition lattice intermediate Getween the alpha and sigma phases, prior to the
formati~n of the sigma phase a1 a higher tempetature. However, the work of
Houdremont™ showed that this explanation was not feasible. Other studies'
indicate that cmbrittlement eveniually occurs due to the precipitation of a Cr-rich
BCC phase, alpha prime, which forms due to the presence of a miscibility gap in
the Fe-Cr phase diagram below 550°C, Two distinct ferrite phases, the Cr-rich
alpha prime and the Fe-rich alpha, occur in alloys which are held at the
anoropriate temperature within the miscibility gap. The fonnation of these
auferent enriched phases within a miscibility gap is known as spinodal
decomposition. The products of the spinodal reaction differ in composition from
each other and from the parent phase. However, the products share the same
crystal structure as the parent phase. Spinodal decomposition has been reportet
in other alloy systems, most noticeably the Cu-Ni-Sn system, where it is utilised
as a method of hardening the alloy'®, The spinodal reaction differs from the
classic mechanism of nucleation and growth in that discrete nuclei of the product
phases do not form in the initial stages of decomposition trom the parent phase. If
the alloy is held at the necessary temnperature, a gradual sinusoidal varfation in
composition with distance occurs instead. These wvariations in composition
become more pronounced with time until the diserete product phases are
eventually formed at the end of the reaction. Spinodal structures are typically
extremely fine with distances between regions of identical composition being of
the order of 50 to 1000 angstroms'®,

There is still some debate as to the exact mechanistz »f alpha prime formation
and how it causes embrittlement. Grobner'* proposed that alpha prime
precipitation caused dislocation locking, whereas Jacoboen' suggested that
subgrain strengthening due to alpha prime precipitation on subgrain boundaries
was the cause of embrittlement. Interestingly, Cortie and others'™ have shown
that the embrittlement caused by alpha prime precipitation is in any case
preceded by embrittlement caused by the precipitation of minute CrN clusters
which impede dislocation movement.
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Alpha prime <1ay be dissolved by sustained heating at above §50°C. However,
the heating temperature should be below that which favours sigma phase
precipifation.

2.3 Sigma rhase embrittiement

The sigma phase is an equilibrium constituent of the binary Fe-Cr system and
occurs in bulk form at 40-50 percent Cr content, after heating in the 500-900°C
temperature range. Duplex structures, ¢ 1 sisting of alpha and sigma have baen
reported in alloys containing between 2C and 70 percent Cr. The presence of
sigma phase results in a decrease in room temperature toughness and ductility.
The irregularly-shaped sigma particles may act as a stress raiser’” or increase
resistance to slip.

The sigma phase is a hard, brittle, non-magnetic, intermetallic compound and has
the nominal composition FeCr. Sigma formation is favoured by increasing Cr
content. In binary Fe«Cr alloys sigma phase takes a number of hours to form,
even at favourable temperatures. The formation of sigma phase is affected by the
presence of impuritics, alloying elements, the depree of cold work present, and
temperature. It appears that pressure may affect sigma formation. Otaguchi®
found that a high Cr (45 atomic percent) steel, when subjected to a high
hydrostatic pressure of 900MPg, formed sigma in helf the time that it took to
form at atmospheric pressure.

Premachandra™ conducted an extensive examination into the mechanism and
kinetics of sigma formation and defermined the exact composition of varioas
sipma phases. It must be mentioned that whilst it is mainly the ferritic stainless
steels which are vulnerable to sigma phase formation, the phenomenon has also
been observed in austenitic and duplex stainless steels.

9



2.4 Backeround fuo the 40 percent chrominm aflovs

It has been known since the 1970s. from the work of Tomashov and Chernova®,
thet the optimum passivation properties of binary Fe-Cr alfoys oceurs at the 40
percent chromium level. It has also been shown that the passivating effects of
platinum group metal (PGM) additions™ are most effective at the 40 pereent
chromium level,

This Fe-30Cr alloy showed possible commercial potential as o« highly
corrosion-resistant steel in reducing and pitting environments. A significant
amount of work was initiated by South African rescarchers in the 1980s and
1990s, ‘The possibility of producing a cost-effective 40 percent chromium ferritic
alloy which could compete with the more expensive austenitic or nickel-based
grades was examined.

Barly work by De Marsh® examined the effect of Ru, Ni, Ti, Nb and Al additions
on impact toughness of (e Fe-40Cr alloys. It was found that each of these
¢lements, or combinations of these elements, reduced the ductile to brittle
transition temperature of the alloy. Ni additions of two percent produced the
greatest reduction in ductile-to-brittle transition wmpetature,

e Marsh™ also investigated thermomechanical processing variables by rolling
the Fe-dOUr alloy in the 650-950°C temperature range followed by high
temperature annealing. e best toughness properties were obtained by an
intermediate anneat at 800°C or 850°C . followed by a solution anneal at 1080°C
for one hour, D¢ Marsh attributed the differing duetile and brittte behaviour of
the alloy to the presence of sigma phase. However, this postulation was
contradicted by Van Zwicten”, who considered the alternative possibility that
brittle behaviour ¢ould instead be aseribed to the precipitation of Cr-rich
carbides and nitrides.

Hermanus® concentrated on improving the toughness propurtios of the plain
binary TFe-40Cr alloy. The effect of various melting, mmealing and
thermomechanical treatments on the toughness characteristics of the wrought
plate material were vxamined, ‘The role of C, N, Ru. Nb, Al Ti and rare caxth
metal additions were also investigated. Hormanuy concluded that tough Fe-40Cr
alioys could be produced by rolling at temperatores between 1050 and 750
degrees centigrade, with a solution anneal at 950 degrees centigrade for one
hour, follnvced by a water quench, Charpy impact values of 2000 nd a
ductile-to-biitle fransition temperature of ~10 degrees contigrade were reported.
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It was also found that toughness values decreasad as the interstitial content of the
alloy increased. It must be mentioned that the toughness values obtained by
Hermanus were hampered by poor raproducibility within the investigation.

The embrittling effects of the interstitial elements €, N and O were studied by
Van Zwieten®. He reported that even with as little as 130 ppm C+N and 260 ppm
O, the plain Fe-40Cr allov became severely embrittled. No intenmediate
annealing was utilised. Room temperature Charpy itpact values of 15J/em?® and
hipgh ductile-to-brittle fransition temperatures of 130°C were encountered. In this
investigation, it was also shown that the dynamic fracture toughness test
produced more reproducible results than the Charpy impact and slow bend tesis
used by Hermanus and De Marsh.

Wolff’ examined plain Fe-40Cr alloys that had been annealed in the 750-850°C
range. It was reported that mobile dislocations were formed in this temperature
range, ieading to improvements in toughness. The beneficial effects of Ni
additions were also abserved.

Tullmin' conducted a comprehensive investigation into the toughness, corrosion
behaviour and weldability of same Fe-40Cr alloys. Sigmificant information
regarding the mechanisms by which the toughness and corrosion propeities could
be controlled were obtained in this study. Alloys were prepared by vacuum
induction melting and hot rolling. Intermediate annealing treatments were
unde-taken at 850°C and followed by a solution anneal at 1030°C, culminating in
a water quench, Elements such as Nb, Ru, Al, Nb, Mo, Ni and ‘I were added to
the melts. ‘

With regard to toughness considerations, Tullmin' found that undesirable Cr-rich
carbonitrides precipitated at gre‘n boundaries despite using interstitial levels
below 200 ppm and rapid quenching. It was found that the addition of' a stabiliser
clement such as Nb, at concentrations of LHC +N), could be used to prevent
grain boundary precipitation.

An important finding of the study was that mobile dislocations were formed due
to sigma phase dissolution during the 1050°C solution heat treatment. These
mobile dislocations were considered essentialin increasing the toughness of the
alloy. Ni was alse found to improve touglmess by promoting deformation
twinning. Deformation twinning favours plastic deformation during impact tests,
Charpy impact values of up to 132J4m® were reported in the Nb stabilised
alloys. Fe-40Cr allovs with the correct alloving additions exhibited a gradual
teansition from ductily to brittle fracture over a large temperature range whereas
alloys without the addinuas had a sharp DBTT.

11
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Iorio, Witcomb and Cotnish® performed a study with transmission electron
microscopy on a Fe-40Cr alloy which exhibited a large variation in ductile
behavicur. Variations in observed dislocation density, twinning and thus ductility
were attributed to differences in the cooling rate after solution annealing, and the
embrittling feature was deduced to be vacancy clusters,

Prior to Tullmin, wvery little work had been done describing the corvosion
characteristics of the Fe-40Cr allov. Work done by previous researchers™ had
concentrated chiefly on the cathodic modification of the alloy by addition of Ru
and other platinun group metals.

Electrochemical corrasion testing was carried out by Tullmin®. It was found that
additions of 2 percent Mo and 2 percent Ni were significantly beneficial in
improving the passivation characteristics of the alloy under strongly reducing
general corrosion conditions. The improvement in general corrosion resistance by
the addition of 0.2 percent Ru was only considered to be moderate.

During pitting tests, pits were found to initiate at 8- or Si- rich inclusions. Mo
was found to greatly improve pit repassivation, whilst Ni and Ru additions
produced no such improvement. Mo and Ni were also found to increase
resistance to crevice corrosion, whilst Ru had minimal effect.

Tullmin® found that the Fe-40Cr alloys were vuinerable to sensitisation effects
and thus intergranular corrosion, dug to the precipitation of Cr-rich carbonitrides.
He found that Nb stabilisation was beneficial in preventing sensitisation as well
as in enhaneing toughness properties. Unsensitised Fe-40Cr alloys were reported
toy exhibit sigmficant resistance to pit iwitizijon in corrosive environments.

Work was also initiated into the welding characteristics of the alloy*. This area of
investigation had been ignored by previvus researchers. It wax found that good
toughness and corrosion resistance could be obtained, in the as-welded condition,
if laser or electron beam welding was employed, The presence of highly mobile
dislocation densities and lack of harmful precipitates, due to low heat input
during welding, was suggested as an explanation. TIG (Tungsten Inert

Giag) welding was considered to be unsuitable due to the higher heat input which
resulted in brittleness in the heat affected zone
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All the alloys used in the study were coarse grained. Grain refinement by means
of cold working, followed by recrystallisation, was attempted. While the
procedure was found to produce fine-grained microstructures, a number of these
fine-grained Fe-40Cr alloys were found to be unacceptably brittle. It was
surmised that recrystallisation effects had reduced the number of mobile
dislocations, thereby resulting in embrittlement. After further experimentation
Tulliin concluded that tough, fine-grained Fe-40Cr alloys could be produced by
cold rolling, followed by recrystallisation at 800-1050°C, and a finishing cold
rolling reduction of 2.5-5 percent. The effect of the final cold work, according to
Wolff” was to generate additional mobile dislocations.

The effect of solution heat treating temperature (SHT) on the mechanical
properties und grain growth of the high chromium steels had also been studied by
Cottie et al**, The results of this work are shown in Figures 2.2-2.4. The Charpy
impact values of a Fe-40Cr alloy were found to have a maximmum at a SHT of
approximately 1020°C. Solution heat treating femperatures which were either
above or below this value produced a decrease in impact toughness (Figure 2.2).
It was found that mechanical properties of the Fe-d0Cr-2Ni-2Mo alloy
deteriorated as the holding time at the SHT was increased (Figure 2.3). It was
also found that grain growth increased and both ultimate tensile strength and
pereent elongation decreased as the SHT was increased from 1000°C #» 1150°C
(Figure 2.4),

Cortie et al** also conducted corrosion tests comparing the behaviow - { the high
chromivm stecls to several commercial alloys. The results are shown in Figures
2.5 and 2.6. The general corrosion resistance of Fe-10Cr-2Ni-2Mo and
Fe-40Cr-0.2Ru in 10 percent sulphurie aeid ot 20°C was superior or comparable
to superalloys such as Hastelloy C-276 and AI-6XN. The corrosion resistance
was also found to be superior to a commereial super-territic alloy. The beneficiul
effects of cathodic modification by means of Ru additions to the basic Fe-10Cr
alloy were also confirmed (Figures 2.5-2.7). The pitting resistance of
Fe~-40Cr-2Ni-2Mo in an agpressive chloride environment was found by Tullmin'
to be comparable to Hastelloy-C276 and AL29-1C" and superior to 9041, and
316L.
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2.5 The kinetics of sigmma phase formation in Fe-40Cr alloys

The work of Tullmin® implied that the formation and dissolution of sigma phase
was important in the establishment of mobile dislocations. The presence of these
distocations was considered essential if a tough Fe-30Cr  alloy was to be
produced. At the time of Tullmin's investipation, very little information was
available regarding the kinetics of sigma phase formation in high chromium
ferritic steels. It became apparent that establishing the kinetics of the reaction
would be beneficial in ierms of furthering the understanding of the Fe-40Cr alloy,
as well as aiding in further development.

In 1993, Premachandra®® conducted such a study and the kinetics and
mechanisms of signa phase precipitation in Fe-d0Cr steels were determined for
the first time. Time-temperature-transformation diagrams of sigma phase were
established for the plain binary alloy. as well as for alloys with additions of Ni,
Mo, Al, Ti, Zr aud Nb (Figures 2.8-2.18¥>.

It was found that additions of Ni and Mo increased the kinetics of sigma phase
formation in high~-chromium ferritic steels. The addition of Nb as a stabiliser to
the Fe-39Cr-2Mo-2Ni stecls retarded sipma formation, whilst the addition of Ti
and Zr increased the rate and temperature range at which formation occurred. A
concentration of one percent Al was found to have a potent retarding effect on
sipma growth. The greatest rate of sigma formation in the Fe-40Cr-2Ni-2Mo
alloys was found to occur during isothermal heating at 750°C. Cold and hot
working prior to isothermal heat treatment increased the rate of sigma formation
(Figure 2.16)".
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2.6 The effect of alloving additions to Fe-40CT

The addition of two percent Ni has been shown by previous workers® fo improve
toughness properties as well as corrosion resistance in reducing environments.
However, higher levels are reported to promiote stress corrosion cracking in
furritic stainless steels. Ni promoies the formation of sigima phase™.

The presence of two percent Mo improves pitting resistance. Levels greater than
two ‘percent Mo are reported to result in loss of ductility in the presence of
stabilising ¢lements Ti and Nb'. Mo promotes the formaticn of sigma phase®,

Both Nb and Ti are used as stabilisers and prevent sensitisation due to
precipitation of Cr-rich carbides amd nitrides. Nb narrows und retards the
temperature range of sigma formation. Ti stabilisation is reported to resunlt in
decreased toughness™. Al may be used as a weld-ductilising element. The
addition of one percent Al to Fe-40Cr is reported to have a potent retarding effect
on sigma formation®™.

Additions of approximately 0.2 percent Ru improve the passivation
characteristics of the alloy in reducing media®™. Larger additions appear to
produce no further beneficial effects on corrosion resistance. There is very little
mformation regarding the influence of Ru on sigma phase. However, a recent
(1998) publication by Wolff et al™ indicates that Ru enhances the kinetics of
sigima formation.



3 % An economic assessment of the Fe-40Cr allov

The Fe-40CT alloy has certain economic and corrosion redistance advantages
over many commereial Fe and Ni-based alloys, The results of a Mintek survey
are shown in Figure 2.19. The material denoted "Mintek alloy" is a superferritic

stainless steel containing 2%Ni and 0.2%Ru.

18000 Hastei!ﬂoy Be2

14000 |- -Hastolléy C-276
Haste!hoy G

10000 p

Mintek Alloy 825 w
Altoy 20Cb3 ™

Cost, 3 per ton

6000, ;
alloym 9041, st
GN- )
2000 . | ! N-TM 23
00001 0001 001 01 1 10 100

Corrosion rate, mm/a

Rimmee 2.19; Costalife comparisons in hoiling 10% (by, mass) suiphurie agid

i
T



2.8 Pawder metaliurpy

Powder metallurgy deals with the production of solid compacts from the
consolidation of metallic powders. Metallic powders may be compacted to, or
very close to, maximum theoretical density. Various techniques such as liquid
phase sintering or hot isostatic pressing (HIP) are utilised in order to achieve
consolidativn. There are numerous advantages in utilising powder metallurgy
processing. Powder metallurgy allows for the production of components from
metals which are very difficult to produce by melting and casting, such as
tungsten. Many composite materials, such as the cemented carbides, may only be
manufactured by powder metallurgy. In  addition, deliberately porous
components, such as filters, are easily produced by this route. One of the major
advantages of powder metallurgy processing is that it allows for the production
of iron, nickel, aluminium and cobalt-based alloys which have superior
microstructures and properties compared to the properties of the same alloy
processed by casting and forging. Such powder metallorgy components or
coatings typically exhibit preater wear resistance™, enhanced mechanical
properties and improved performance in service™, compared to their
conventionally-produced eaunterparts,

The advaniages of powder metallurgy components are due to fhe chameteristics
of the starting powdets. Depending on the manner of powder praduction, the
powders generally have uniform, homogeneous, fine-graived microstructures
with minimal segrepation. Ideally, all powder particles could be considered
"mini-ingots" with the nominal composition of the starting melt. Depending on
the manner of powder manufacture and consolidation, material produced from
these consolidated powders covld therefore be expected to exhibit supenior
properties.
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2.8.1 Production of stainless steel powwders

There are numerous methods by which powders may be produced. These include
communitior of solid metal, precipitation from solution of a sait, thermal
decomposition of a chemical compound, reduction of a compound,
electrodeposition and the "atomisation” of molten metal. Only the methods
relevant to the production of stainless steel powders will bc reviewed here.
Further information on the other processes is given in reference 33.

The majority of stainless steel powders are produced by water or gas atomisation
of the melt. This method involves the disintegration and solidification of a thin
stream of metal by the impingement of gas (usually inert) or water jets.
Subsequently, each powder particle has the nominal composition of the parent
melt. This process produces extremely fine, homogeneous microstructures with
minimal segregation, However, the equipment required for powder atomisation
is costly,

A novel method of producing powder from high-chromium ferritic steels has
been developed and patented by Mintek™. The process appears to be specific to
those alloy systems in which sigma phase is apparent. The technique involves
embrittling the alloy by sustained heating in the temperature range of sigma
formation. When sufficient sipma has formed, the mawerial is subjected to
mechanical communition in a bull mill. The powder which is produced by this
method is reported to be free of surface oxide contamination, as weil as having
uniform compositior Numerous economic advantages have been claimed by this
process. Standard milling and heat treating equipment, which are common in
industry, may be employed in the powder production process. Minimal capital
outlay (on new equipment or technology) is specified to be required in order to
manufacture high-chremium ferritic stainless steel powder by this route. The
costs of powder production by the process would therefore be expected to be far
less than equivalent powder produced by atomisation.
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A number of methods may be used to consolidate a metal powder, Some of these
methods are powder rolling, liquid phase sintering, the proprietwry Ceracon™
process and hot isostatic pressing (HIP).

Hot isostatic pressing (HIP) is a manufacturing technique which involves the
simultaneous application of high pas pressures and an etevated temperature. The
principle is straightforward. A component is plac.d within a specially designed
pressure vessel. An inert gas, usually argon, is then pumped into the vessel. The
temperature of the gas is raised, and this causes the gas pressure within the
confines of the chamber to increase, Since & gas exerts uniform pressure in all
directions, the nett result is the application of isostatic fluid pressure onto all
surfaces of the component. Typical pressures would in the region of 1000bar
(100MP. at a temperature of 600-1300°C. depending nn the composition of the
alloy. The principle is illustrated in Figure 2.20,

The main effect of HiPping is the closure of internal pores within a metallic or
metal etriched body c¢.g. cemented carbides, The upgrading of castings and
sintered components is also a major industrial application of hot isostatic
pressing. Some foundries and many ¢cemented carbide manufactures specity the
process as an essential stage in their manufacturing cycle, The detrimental stress-
raising and weakening effects of internal porosity within a monolithic body are
well documented and cannot be tolerated in many critical applications,

Another industrial application is the consolidation of metal powders to form fully
dense components. The process involves placing the required metal powder inte
2 mild steel canister of the desired shape. The canister is gastight and is
evacuated, then sealed by welding, prior to HiPping. The high temperatures and
pressures during IiPping results in yiclding of the powder particles and
enhanced atomic diffusion at their points of comtact. The overall effect is to
achieve complete metailurgical bonding of the powder particles which produces
a fully-dense compact at the material's theoretical maximum density. A varjety of
materials such as stainless steels, tool steels and superalloys may be densified by
this method, ‘The major advantage of the technique is that all bonding oceurs in
the solid state. This avoids undesirable microstructural features such as the
heterogencous distribution of secondary phases and grain growth which are
prevatent during solidification from the liquid phase. Since many metal powders
(e.g. gas atomised powders) are typically manufactured with fine-grained,
homogeneous microstructures  these  characteristics are  preserved  during
HIPping,
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The improvement in tensile, hardness and toughness properties in HiPped
powder metallurgy alloys and HIPped castings is due to the removal of residual
porosity and improved microstructure, Over the years, a number of workers have
studied the differences between HIPped and unHIPped components. The findings
indicate that hot isostatic pressing is a beneficial material enhancement technique
for many alloy systems., Graphs which are illustrative of improvements in
material properties in both powders consolidated by HIPping and castings which

- have undergone hot isostatic pressing are shown in Figures 2.21 and 2.22%, The

temperatures used in HIPping are typically greater than 0.7T.(where T, is the
melting point). This ensures that sufficient atomic diffusion occurs to ensure
complete particle bonding and pore closure within a reasonable time during
commercial operation. Too low a temperature results in excessive cycle times,
whilst too high a temperature introduces the risk of forming the liquid phase. The
degree of pressure applied is usually derived from empirical data. Gas pressures
between 80-100MPa have been found to be sufficient. A list of common
temperatures for various materials is shown in Table 2.1.
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Table 2.1; Typical HIP parameters.™

Material HIPping HIPping pressure {Melting point
temperature (MPa) {cC)

SiC 1850 200 2837 ;

AL, 1500 100 12080

Aland Alalloys 1500 1100 660 (Al)

Nimonicand  |1100-1280 100-140 ,453 (Ni)

superalloys

Steels 650-1160 100 ' 1536 (Fe) |
< [WQ\Co 1350 100 2867 (WC)

Tiand Ti alloys 1920 100 1670 (TD)

Cu and Cu alloys |800-950 o0 1083 (Cu)

From Table 2.1 it can be seen that HiPping is extremely versatile and can be
applied to numerous materials, However, ceramics such as Al;O; and carbides
such as SiC, generally require extremely high temperatures. These temperatures
can only be achieved with specialised HIP equipment and are usually nct
economically viable, Most commercial HIP facilities therefore only process
materials which can be HIPped at 1400°C or below.

2.9.1 Diffusion bonding

HIPping may also be utilised to diffusion bond or join similar or dissimilar
materials. The major advantage relative to traditiopal fusiou welding is that no
melting of the parent metals occurs, This minimises problems such as
microstrucioral  segregation and solidification ¢racking. Distortion is aiso
decreased. Metallurgical bonds are produced in the process, and bond strengths
are acceptable for commercial applications™. Diffusion bonding allows a far
greater combination of alloys to be joined. Many of these combinations would b=
difficult or even impossible to produce in fusion welding processes. Some
material combinations which are possible, fypically for hardfacing or protective
coating applications, are Stellite (cobalt-chrome) alloys/austenitic stainless steel,
tool steel/stainless steel, nickel-vased snperalloys (e.g.Inconel)/Stellite, and
Zircaloy/uranium oxide.
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2.9.2 Industrial HIP

Whilst the earliest equipment for hot isostatic pressing was originally designed in
the late 1950s by the Battelle Institute of America, the technique only became
commercially successful in the 1970s. Only some companies in Europe and
America generally offered the technology during this period. The world-wide
vatue of finished HIP products in 1987 was estimated at over two billion pounds
sterlwig®, In 1991 Ultra High Pressure Units made the process avaifable to the
South Afric- » industrial market for the first time,

2.9.3 The theoretical basis of powder consolidatio ing HIPpi

Hot 1sostatic pressing relies on the simultancous effects of applied temperature
and pressure to acnieve metallic diffusion bonding, There are a number of
distinct stages. Initially, the efevated temperature reduces the yield strength of the
powder particles such that the applied pressure results in compaction and plastic
yielding of the powder particles. This causes the exposed surfaces of the
particles to come in intimate contact with each other. The compact therefore
consists of a neiwork of powder particles with interconnected porosity. Further
consolidation occurs by means of various creep mechanisms such as
Nabarro-Herring and Coble creep which provide a means for matter transport. In
the sccond stage, the bond interface consists primarily of bonded arcas and
residual voids, The driving for the removal of porosity is the overall reduction of
the suzface arca of the compact. A reduction in surface area feads io a lowering
in the overall energy of' the system and is therefore thermodynamically favoured.
Final bonding and pore removal occurs by means of atomic diffusion, as well as
recrystallisation and grain boundary migration™.

The end result is complete bonding of all the powder pasticles in & compast
which is at the theoretical density for that material, The various stages of HIP
consolidation have been modelled mathematically by a number of workers®.
These models are tairly involv d, and are beyond the scope of this literature
survey. A useful review and discussion of the various mathematical models may
be foand in the work of Eisen™.




2.10 Milling

Milling involves the mechanical communition of 1 powder in vrder to reduce the
sizv or alter shape of powder particles. It may also be used to voat the powder
particles, or to mix or blend vwo or more meferials.

There are a number of techniques i which milling 1 achieved. Difterent
variations are vibratory, ball and attntor milling. Ball milling is one of the more
commenly used methods. This involves placing @ powder charge in a evbndrieal
tumbler wlicl is filled with spherical milling media and a proteetive flnid (Fipure
2.23). The milling media are usually produced from hard material such as
gemented carbide or hardened steel. The protective fluid is usually a
hydrecarbe  uch as acetone or hexane. In certain specialised eases, water may
he used.

Figure 2.23: Tumbler nsed for milling metal powders,

The principle of ball mi*ing ix straigltforwacd. The tambler is rotated at a certain
angular velocity, cansag relative motivg between the milling media and the
powder charge. This causes powdur partiches to hecome entrapped b o een the
impacting mifling media (Fgure 2 200 A munber of ditferent rospeor o this
impact are possible. Hard, britthe powder particles will tend to fi ure with
minima?  deformativn, whereas duetile materiads wal deform plastically and
experience agglomeration and eold welding between particles.
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Thae is a limit to the to the amount of particle size reduction which con te
achicved by milling. Particles may apglomerate by means of cold welding or
~wechanical interlocking, and as the particles become finer, there is a tendency for
-~ agelomeraiion forces to become stronger. Eventmally, the agglomeration
torces {(cold widing) reach an equilibrium with the tendency for particle size
reduction (iraeture), and a minimum  particle size is reached. A narrow particle
size distribution is then obtained. Particles Iarger than average are reduced in
size, whilst particles smaller than average are agglomerated (Frgure 2.25). This
means that excessive milling times are ineffective in achieving any further
significant reduction in particle size.

Fignre 2.24: Representation of communition by ball miiling The large cireles
represent the balls, whilst the nartieles around them 1. present the po.-der.
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Vipgure 2.25: Nareow partiche size distribution caused by tendency of small
particles to weld and large particles to fracture, ™

Milling is dependent on a number of factors such as angudar velogity, media to
powder ratio, type of protective liguid. milling time and the characteristics of the
powder und mill media, As angular veloeity increases, communition increases.
However, onee a eritical velocity 1 exegeded. the balls will tend to be held
against the walls of the mill chamber by centrifupal foree, and minimal
vommunition will ogeur. As the media to powder mtiv is increased. the degree of
communition and mixing increases, since there is a greater chanee of a powsder
particle heeoming entrapped between colliding balts.

The protective fluid interferes witlr cold welding, but absotbs the heat of
communition and protects the reactive powder surfices against oxidation  trom
the atmosphere. ‘The shape, size and material of the milling media affects the
mitling procers. Brittle powders will tend to be communited more easily than
ductife powders.

During bali milling, a great deal of cold welding ocours between abe halls,
powder particles and mill chamber. The vontinuous welding and fracturing
(Figure 2.26) of individual particies results in homopenisation of the constituent
powders. However, the homegenisation process is preatly enhanced and leeomes
truly effective only when ihe protective liguid environment is removed,
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In this situation, the dry ball milling process is then referred to as mechanical
alloying. Mechanical alloying may be treated as a separate branch of ball milling,
and no further discussion on the topic is necessary at this time since the
technique was not employed in this study. A more involved and mathematical
analysis of the milling process is possible. These aspects will not be dealt with in
this report, but can be found elsewhere™.
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Fipure 2.26: Cold welding of particles during ball milling,
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2.11 Duplex vowders

The majority of work in the field of compuosite allovs and materials s
concentrated on improving wear and steength characteristics of metallic alloys.
The most common technique used is the mechanical alloying or mixing of metal
powders with a flne dispersion of hard particles. These hard particles are
fypically carbides or oxides. Such matenals ore known as  dispersion
strengthened alloys or metal matrix composites and are said to produce desirable
mechanical properties which are difficult to obtain by conventional means™-4,
As an example, Velasco®, found that the wear resistance of 3161, stainless steel
could be improved by S0 percent with the intraducticn of 4 weight percent yitria
or alumina particles. The standard manufacturing route for metal matrix
composites is mechamcal milling/alloving of various powders foliowed by
compaction and then conventional sintering techniques®. However, some
workers such as Pierronnet and Raisson have utilised HIPping™ in their study of
the addition of various carbide particles to 11 and Ni alloyvs. These wuakers only
used conventional mixing and blending technigues prior to hot isostatic pressing,
and their chief finding was that HIP technology could be successfully used in the
production of 3 metal-matrix compuosite,

No references could be found in the literature involving the simple mixing and
HIP consolidation of different pre-alloyed netal powders. The only investipations
in this area were examinations of the diffusion 2one between bulk alloys which
were bonded by HIPping. The work of Jarvenpaa™, Zeedijk™, and Raisson®
provides a useful background tu the ficld. Ashworth™ conducted an interesting
investization into the strength of diffusion bonds, and found that high stength
bonds could be produced between dissinnlar materials, such as tool and stainkess
steels. However, none of these studies examined the reactions between powders
of different composition which were mixed and HIPped topether, The literature
also indivates that almoest e work has been done on producing o powder based
composite alloy with the ventral aim of improving cotrosion resistance.
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212 Corroxion

Corrosion may be defined as the deterioration of a metal through mainly
chemical interaction with its environment. Many metals in the pure state are not
in thefr most thermodynamically stable forms. Corrosion is therefore the
tendency of a metal to revert back o its most stable state. This state is typicaliy
some form of oxide The electrochemical nuture of this process may be
demonstrated by considering a simplitiad corrosion regetion  which may be
represented by the following equations:

Oxidation (anodic reaction) MM +ne (1)
Reduction (cathodic reaction) 2Z2H"+2¢ -+ Hy (2)

{Where M - metal).

During the oxidation process (reaction 1), the metal reverts from s metallic state
to an iomsed form. The clectrons which are released are then taken up by a
corresponding neductic  process (reaction 21 A variety of reduction processes
are possible and reacuon (2) is ondy utilised as an example. The importent
feature to note is that an clectrochemical vell is formed hetween the mewl
surface and a corrosive environment, Reactions (13 and (2) are therefore referred
to as halfecell reactions. The reduction reaction vecurs at the cathode, whilst
oxidation occurs at the anode.

The electrochemical approach to the corresion process allows for certain
relationships between the cell potential and cutrent 1o be  defined. When an
clectrochemical cell is at equilibrium, there is no nett oxidation or reduction
reaction ie. the rate of reduction and osidation is the same, There is no
accumulation or deficiency of charge. At equilibrivin @ certain cell potential, 0,
exists. These cell potentials are referenced with respect to the standard hyvdrogen
clecirade and are listed in the palvanic series. The rate of the reduction and
oxidation reactions of the celt are expressed i terms of the exchange current
density i. (current per unit surface area). At equilibrium ingmwn et b The
value of i, is derived empirically and tables with the i, imeasurements of various
systems are available,

Mertals which undergo corrosion form electrochemical cells which are not at
equilibrium. Paolarisation is then said t© oceur. This polarisation resulty in an
overvoltage n, which represents a deviation from the equilibrivm cell potential
l‘u.
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Two types of polarisation, activation and concentration polarisation, ¢an oceur it
an electrode. Activation polarisation is the clectrochemical reaction which is
controlled by the reaction kinetics at the metal-electrolyte interface. A reacting
species must{ be adsorbed onto the metal surface before a react 1 can nccur. The
rate of reaction at the inferface is thus the rate-controlling step.

Concentration polarisation refers to  electrochenmic actions which are
controlled by the diffusion of reactant species through we electrolyte. In other
words, the rate of reaction at the metal-electrolyte interface is far faster than the
rate of diffusion towards the interface. The overall reaction rate 1s therefore
governed by the diffusion of species through the bulk fluid, rather than the
reaction at the interface.

Both activation and concentration polarisation can oceur at an clectrode. At high
reaction rates, concentration polarisation is dominant, wh™  low reaction rates
activatinn polarisation is the dominant factor. Concent.o wolarisation is not
usually a factor during currosion.

The relationship between reaction rate and overveltage is expressed by the
following equation:

n=+B(log;*}  Activation polarisation (3)

n = gvervoltage

B = the Tafel constant

i = rate of oxidation or reduction in terms of current density
i rate of oxidation or reduction at equilibrium

In practice, B is typically assipned the value of (1 volt. It a plot of equation (3}
is shown for a typical equilibrium reaction. the praph in Figurs 2.27 is obtained.
The grapli is lincar and the lines are the anodic and cathudic polavisation curves
for the cell in question. It is apparent that small changes in overvaltage produce
large changes :h current density.

34




oz F %

B s )
foblg
o
3
o

DOvervoltage 1, volfs

t {

1

}
i t

i I

L

-ﬁ—_'—
Ac¥ue

|
=03 1 1 A I
oM Ot i w0 100

Curren! deagity

Fipure 2.27: Qvervoltage versus current density.!




2.12.1 Mixed potential theory

Mixed potential theory allows for the prediction of corrosion rates in systems in
which more than one oxidation or reduction reaction takes place. The theory is
based on two hypotheses:

I. Any electrochemical reaction can be simplified into two or more partial
oxidation or reduction reactions.

2. There is no nett accumuolation of charge during an electrochemical reaction, i.e.
the rate of reduction must equal the rate of oxidation.

The case of zinc immersed in hydrochloric acid can be used as an iliustrative
example of the theory, as shown in Figure 2.28.
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Fisure 2.28: Electrade kinetic behaviour of Zn in agid sulution.!

From the graph it can be seen that the zine and hydrogen reaction cannot lie at
their equitibrium potential values since charge must be conserved. Therefore the
only point at which equivalent reaction rates can occur will be at the intersection
points of the hydrogen reduction and zine oxidation lines. The current density at
this point of intersection is referred to as i, the critical current density, and the
corresponding overvoltage walde as E. . 'The yalue of e can then be utilised to
determine the corrosion rate of the system,

In complex systems with more than two oxidatien and reduction reactions, the

averall reduction and oxidation rate has to be determined. Fontana® provides a
more detaited explanation of the principles and proecedures involved,
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2.12.2 Passivity

Passivity is the loss of reactivity of a metal in certait environments. The
phenomenon is due to the formation of a relatively inert film on the metal surface.
The film or passive layer is extremely thin and is estimated to be of the order of
30 angstroms in thickness'. lis composition is thought to be oxides and water of
hydration The behaviour of a metal which does not exhibit passivity under
increasing oxidising conditions is shown in Figure 2.29.

Increasing E

logi
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Figure 2.29: Behaviour of non-passive metal.

Metals such as chromium, titanium, nickel and their alloys have the ability to
passivate. The typical behaviour of these metals is illustrated in Figure 2.30,
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Figure 2.30: Typical anodic dissolution b *haviour of an active-passive metal,!




From the Figure 2.30 it can be seen that as the overvoltage is increased above the
equilibrium potent.al, then the current density (corrosion rate) increases as well.
The metal is termed to be in its active state. At the primary passivation potential
Eyp. the anodic current density achieves its maximum value I , the critical
anodic current density.

At overvoltages greater than B, the current density decreases drastically until it
remains at a fairly constant value. In this potential range the oxide layer is stable
and corrosion occurs at a very low rate. The metal is then said to be in its passive
state. As the overvoltage is increased, the passive layer is eventually broken
down at E;, and the current density increases accordingly. "[his is the transpassive
region.

The effect of increasing temperature and acid concentration on passivation
behaviour is shown in Figure 2,31,
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Fieure 2.31: The effect of temperature and_ acid cong tion on passivation.'

Increasing acid concentration and temperatures produces a higher 1. However,
lpas and E,, are relatively unchanged. The passive film is stable over a smaller
patential range with increasing temperature and acid concentration. It is therefore
apparent that metals or alloys which have a low anodic current ensity and an
active primary passivation poiential will be more casily passivated.
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%.12.3 Galvanic couplng

A gal anic couple is formed when two dissimilar metals arc joined . The more
noble metal exhibits decreased corrosive attack, whilst the less noble metal
experiences an increase in corrosion rate. The mixed potential theory provides an
explanation for this phenomenon. Figure 2.32 indicates the behaviour of
corroding ~ metals M and N hefore and  after galvan,.
coupling.
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Figure 2.32: Galvanic conple between two corroding metals.'

Metal M is more noble than N and has a lower corrosion rate. When the M and
N are joined, the entire redox system chanfies. The corrosion potential ocours at
Eeupie and the overall behaviour of the system is defined by considering the tota’
oxidation and reduction rates which occur. Eange occurs where the lines
rpresenting the iotal oxidation and reduction rates intersect, The cOrrosion rate
of metal M decreases to lua(M-N), whilst the corrosiun rate on metal N increases
10 founl M-ND.

T
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The mixed potential theory con also he used to describe the alloy engineering
technic i known as noble meta: wloving ¢r cathodic modification. The technique
extends the range of environments, concan'rations and temperatures over which
an alloy exhibits passivity. A review of the ficld has bheen performed by
Higginson® and further details may be found in the references.

It has been observed® that chromium ang titanium passivate spontancously when
palvanically soupled or alloyved to the platinum group matals (PGM), This is due
to the fact that the platin, m group metals are extremely noble and raise the
voltage of the Cr/Ti-PGM galvanic couple into the potential region in which Cr
or Ti passive layer is stable. As a consequence of the change in overpotential
after alloying, the rate of the cathodic (hydrogen evolution) reaction is increased,
hence the term cathodic modification. It has been established™ that in order for
cathodic modification to be successful certai criteria bave to be satisfied. The
first criterion is that the reversible cathedic (hydrogen evolution) potential must
be creater than the primary passivation potential. The second criterion is that the
cathodic {hydrogen evolution) process must supply a current density which is
greater than the critical current density required for passivation,




Thiee cases with different cathodic (hydrogen evolution) conditions are
illustrated in Figure 2,33,

log 7

Fimwe 2.33; Requirements for cathodic modificatizn '

In case one, intersection of the anodic and cathodic reactions can only occur at
point A. Point A is at a potential below Ey,. The alloy wili therefore corrode
actively. In case {wo, three intersection points are possible. Only B and D are
stable, so the metal can exist in both the passive or the active state under
identical environmental conditions. This situation is not desirable since the metal
will not exhibit consistent corrosion behaviour. The third case is one which
satisfies all the requirements for successful cathodic modification. Passivation
will occur spontaneously and the addition of a PGM will be successful. In other
words, the addition of a PGM will modify the electrochemical behaviour of the
alloy such that overall electrochemical system follows the behaviour of case
three, The requirements for cathodic modification are only satisfied by the
chromium and titanium alloy systems with PGM additions.
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2.12 4 Corrosion tests

Mixed potential theory is a valuable tool in corrosion studies. Graphs of
overvoltage versus the logarithm of current density provide useful information
with regard to the behaviour of a metal. Values of I, Ie,Ex , Ep and the range
over which the passive film is stable, allow the corrosion characteristics of a
metal to be determined. In addition, these graphs allow the corrosion rate or'a
metil to be measured by means of Tafel and linear polarisation,

2.12.4.1 The linear polarisatior method
The linear polarisation method is a common technique for determining corrosion

rates from anodic and cathodic polarisation curves. The principle is based on the
observatior of a region of apparent linearity near the origin of a polarisation
curve, The slope of this linear region is inversely proportional to the corrosion
rate, The linear region typically occurs over a restricted range, as shown in
Figure 2,34,
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Figure 2 34: Linear region in cathodi+ and anodic polarisation curves,”
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It can be shown? that the following relationship exists between the slope of the
linear region and the corrosion current density:

de B..01.

Where:

de = potential chanpe from the steady state cotrosion potential Ec.o(mV)
di(applied) = applied polarisation current density (uA/em'™)

B, = anadic Tafel constant (inV)

B= cathodic Tafel conatant (mV)

i = corrosion current density (uA/em )

It has been shown* that the Tafel constants may be approximated by B, =B. =
100mYV to achieve good correlation with experimental results. The use of such an
approximation has been shown to produce a maximum error in calculated
corrosion rate of a factor of two, and is within the experimental scatter of plant
corrosion data, In addition, relative corrosion rates rather than absolute values
are generally of more importance in laboratory studies. Equation (4) may
therefore be simplified to the following form:

e 2074
Slop e= dilapplicdy ™ i
Rearranging for i yields 2173 .
13 g (3

A further calculation is required to convert i to a corrosion rate, For stainless
steels, a ocwrrent density of luA.cm® corresponds to & corrosion rate of
approximately 0.011mm per year,
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2,12.4.2. Tafel extrapolation

Tafel extrapolation is another method which may be used to determine corrosion
rates from electrochemical potentiodynamic corrosion tests. During
potentiodynamic tests it is found that in the absence of an applied current, the
measured potential corresponds to the corrosion potential of the test specimen in
“1¢ test media with respect to the reference electrode. If a current is applied then
the graph of potential versus the log of the current appears as shown in Figure
2.35, The curve of applied current is non-linea~ 7t low cwrrents but becomes
linear as the current is increased. The linear region is referred to as the Tafel
region. Extrapolation of the Tafel region to the corrosion potential E.,, provides a
value for i at the point of intersection. The main restriction of this method is
that the Tafel region must extend over at least one order of magnitude to achieve
reliable results for i.r. Additionally, the method can only be applied to systems
in which one reduction process occurs. If more than one reduction process is
present, then the Tafel region becomes distorted. The advantages of Tafel
extrapolation are that it allows for the measurement of extremely low corrosion
rates and provides good accuracy'.
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Figure 2.35: Applied current eathodic polarisation curve of a corroding metal
showing Tafel extrapolation.!

49




2.13.5 Corrosion of the Fe-40Cr alloys

Interest in the Fe-40Cr alloys can be generally attributed to the work of
Tomashov and Chemova®™ who studied the passivation behaviour of Fe-Cr-Pd
alloys with varying amounts of chromium. Tomashov determined that the
optimal effect of a 0.2%Pd addition occurred ot a chromiw content of 40
percent (Fe-40Cr-0.2Pd). These results prompted further researcy in the field,
and Higginson® and Streicher® found that the substitution of Ru instead of Pd
yielded similar results in sulphuric acid ¢ jutions. The lower cost of Ru relative
to Pd was a motivating factor.

Initial corrosion tests were on the binary Fe-40Cr or Fe-40Cr-0.2Ru alloys and
were conducted in HoSQO. and HCI environments®. These tests concentrated on
general corrosion, and no localised corrosion tests were performed. The work of
Higginson® provides some information on the bebaviour of the Fe-40Cr-Ru
alloys with varying Ru content. It was found that Fe-40Cr-0.1Ru and
Fe-40Cr-0.2Ru alloys underwent spontaneous passivation in 0.5M HC! and 0.5M
Hz80, at 25°C. The addition of 0.2%Ru was found to be more beneficial than
0.1%Ru, and the potential-time curves are shown in Figure 2.36.
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Fipure 2 36: Potential-time curves for Fe-40Cr-Ru allovs displaying spontaneous
passivation in 0.5M acids at 25°C.#

Higginson, Newman and Procter® studied the passive films on the Fe-40Cr-Ru
alloys by Auger spectroscopy. They were found to be similar to those formed in
conventional stainless steel, and were not enriched in Ru. Only in conditions of
borderline passivity {in which the passive layer is only metastabie) did Ru
become the major alloying constituent of the film,

Tullmin® conducted a fairly comprehensive study on the general and Jocalized
corrosion characteristics of Fe-40Cr alloys, with and without Ni, Mo, Cu, Nb.
Ti, V and Ru additions. Comparisons were also made with alloys available on 2
commercial basis; 904L, Hastelloy C276, 3161, AL29-4C and AL-6XN. The
test solutions used were 1G volume percent de-aerated H,SO, at 30°C and 20
volume percent de-aerated HaSQO, at 40“C (with 100ppm KSCN).
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The latter solution was utilised in order to obtain satisfactory active to passive
polarisation behaviour in the alloys which contained Mo, For accelerated
electrochemical pitting tests, Tullmin utilised 3 percent NaCl at 60°C and
industrial effluent at 50°C. Crevice corosion tests were conducted in de-aerated
3.5 percent NaCl at 30°C. In the study, the compositions of the passive layers
were examined by means of XPS surface analysis. The results of the study
indicated that simultaneous additions of two percent Ni and two percent Mo were
essential in producing general corrosion resistance which was comparable to the
commercial alloys. Binary Fe-40Cr or Fe-40Cr-Ni alloys were found to have
lower corrosion resistance than 316L in the test environments, The addition of
0.2% Ru alone was find 10 only have a limited beneficial effect i.e. 2%Mo and
2%Ni alone were as good as 0.2%Ru alone in certain environments, Some of the
results of the study are shown in Figures 2.37 and 2.38.
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Figure 2.37: General corrosion rates of Fe-40Cr alloys and commergi ' stainless
steels in 10% H.S0, at 30°C.3
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Figure 2.38: General corrosion rates of Fe- 40Cr alloys and commercial stainless
steels in 10% H>SO, +100ppm KSCN at 40°C.2

The pitting and crevice corrosion tests in the study® indicated that Fe-40Cr alloys
without Mo additions had poor resistance to pitting and crevice corrosion, The
presence of Ru was found to have only a minimal beneficial effect on pitting
resistance in the test environment. Some results are shown in Figure 2.39.
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Figure 2.39: Pitting potentials of 40Cr-Fe alloys and commercial stainless steels
in 3%NaC} at 60°C }
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Tullmin® found evidence from XPS (X-ray photo-spectrometry) analysis that
CrO(OH}) and water of hydration were the main constituents in the passive layers
of the Fe-40Cr alloys, No Ni, Mo or Cu enrichment was observed in the layer.
Mo enrichm- nt was only found on the surfaces during active dissolution. This
enrichment was thought to be responsible for pitting resistance.

The standard addition of 0.2% Ru to the Fe~40Cr alloys’ was a direct
substitution of the 0.2% Pd atilised by Tomashov®, Since the platinum group
metals could exhibit differences in behaviour, Potgieter and Van Bennekom™
conducted an investigation as to whether this amount of Ru was the optimal
value for maximum corrosion resistance. Tests were conducted in de-aerated ten
mass percent HaSO,. The Ru content was varied between 0 and 0.2 percent for
both Fe-40Cr and Fe-30Cr alloys. The findings of the study are shown in Figures
2.40-2.43,

1200

480

120

240 |7

&0 [ 1 i 1 ]

T LI A A oI LN | A L [ A
tog lfAfem)

—— Fg - 40%0r=0%Au

------ Fa = 40%Cr » 0.05%68u
——— Fa - 40%06t - 0,103 ARG
s Fa - 40%0r - 0,155 R
-y Fo - 4045CT = 6,209 Rt

54



+1.28:0 {T
B
L- E—
- ... Fa-a0%GCr- 0% RU
- """ Fa « 30%0r - 0,05% Ay
- 7 Fo« J0%Cr-0,10% AU
N “— Fo« 30%C: - 0,15%Ru
B ~* Fo - 30%Cr - 0,20%Au
s [ e
£ [
or
L
N N
a0g5 L s
+1.0E-08 1.0E-07 1.0B-05 1,0E-07 1EQ «1.0ED
g IV e}

L L) T L]
400 - - T
_ f«"’ .
._’_.; & o i
200 |- bk
- —D—0
[€T]
8 30% Cr Steel
2  of o 0% Au .
* % ® 0.05% Ry
[
k)
g.200f v 0.1% Ru
w
v 0,15% Ru
400 | . u 9.2% Ru E
T s e 1
'600 1 2 1 - 1 e 1 1
a 40 a0 120 160

Time [minutes]

Figure 2.42: Opan circuit corrosion potential variaiions with time of
Fe-30%Cr-Ru alloys in 10% H.S0, at 25“C. ¥

35




400 - vy vy ¥ -

nor

@
&
a Ol 40% Cr Steel k
% © 0% Au
*—E.zao * 0.05% Ry
) v 0.1% Ru
400 B v D.16% Ay o

0.2% Ru

Tima [minutes)

Figure 2,43: Open circuit corrosion potential variations with time of
Fe-40%C: -Ru alloys in 10% H.S04 at 25°C .

Compared to the base alloy, additions as low as 0,06% Ru were found to induce
spontaneous passivation in the test solution®'. A Ru content of 0.15 percent was
found to produce the most noble open~circuit corrosion potential value as well as
the best overall corrosion resistance, This behaviour was observed in both the
Fe-40Cr and Fe-30Cr materials, The Fe-40Cr and Fe-30Cr alloys exhibited
similar characteristics in the test solution. The investigators felt the cathodic
modification of the Fe-30Cr alloy would be more appropriate due to the fact that
the technology already exists to produce the Fe-30Cr alloys on a commercial
basis and only a minimal improvement is gained by increasing the chromium
content.

At the time of this study it appears that no research is availaile comparing the

corrosion characteristics of HIPped or powder metallurgical steel and
conventional Fe-40Cr alloys,
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2.12.6 Sipma phase and corrosion resistance

Although it is generally accepted that the presence of sigma phase is deleterious
to corrosion resistance, minimal information is available on the effect of the
phase in the zorrosion of Fe-40Cr alloys. However, some workers have examined

the effect of sigma phase in duplex stainless steels.

Wilms et al™ investigated sigma precipitation in a Fe<25Cr-7Ni-4Mo-0.3N allvy.
The investigation was mainly concemed with the crevice and pitting corrosion of
tiw. alloy in artificial and natural sea water. In addition, the effect of the sigma
phase on impact woughness was also examined. In their work, Wikns et al
described a technique for artificially induced crevice corrosion. The results of

the polarisation scans are shown in Figures 2 44-2.45,
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By is the potential value at which a current density of 10gA.cm™ is reached. [ is
the largest anodic current density measured while increasing prtential, before

passive behaviour is attained.
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function of ageing time (i.e. increasing sisma content).™

Critical crevice comosion temperature (CCT) js defined as the highest
temperature ~t which a material remains free from crevice comosion, The
significant dec.ease in impact toughness with increasing sigma content is also
apparent in this graph.

This work™ indicated that as the amount of sigmma phase increases, the resistance
to localised corrosion decreases. This was shown it the continual drop of the
CCT with sigma content. Local corrosion was found to originate at regions
adjatent to the sigma phase and was postulated to be due to «.r and Mo depletion
of these zones. An important point raised was that sigma phase tends to have a
far more dramatic effect on the impact resistance of the steel than on the
corrosion resistance. In other words, a steel with sigma phase would be rejected
on the grounds of peoer mechanical characteristics long before the deterioration of
corrosion properties became a factor.




Potgieter™ investigated the influence of sigma phase on the general and localised
corrosion resistance of 2205 duplex stainless steel. The test solutions were ten
mass percent Hz80; at 259C and 3.5% NaCl. The effects on general corrosion
are shown in Figure 2.46.
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Figure 2.46: Potentiodvuamic responses for SAF2205 duple
various sigma phase conients at 10% H.80,at 25°C ®

< stainless steel with

It was shov 1 that even at a sigma content of 21 percent, the afloy did not
undergo active dissolution, and Fuw remained positive in all cases, No active
peak formation was observed. The corrosion rates for all alloys were very low
and Potgieter deduced that even a sigma content of as high as 21 percent did not
significantly affect the cotrosion resistance of the steel in the test environment.
No explanation was offered as to why the steels with 6-17% sigma had a lower
corrosion rate than the sigma-fre alloy.

-
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The results of localised corrosior tests in NaCl showed a sigmiicant difference,
as shown in Figure 2,47,
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Figure 2.47; Anodic pitting polarisation curves of duplex alloy SAF2205 with
various sigma phase contents exposed to 3.5% NaCl solution at 25°C %

Ewr occurred at lower potentials and the pit initiation pofential was lowered
dramatically, Considerable impairment of localised corrosion resistance in 3.5%
NaCl was therefore found in alloys with the sigma phase. It was concluded that
sigma precipitation was far more delet¢-ious on localised than general corrosien
resistance, Potgieter observed that pitting occurred in both the ferrite and.
austenite phases, and not in the ferrite only. This is in agreement with Wallis™
who found evidenc : that pit nucleation was due to an impainment of . passive
layer at ti: intermetallic phase boundary: This was attributed to lattice
irregularities and mismatch, and not to the depleiion of certain elements in the
matrix, as is commonly held®,
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2.13. The mathematics of dirr,.

The behaviour of mam  “« siate processes such as phase change and
homogenisation is governed by the rate of mass tra-sfer or diffusion within that
state, Diffusion usually occurs down a concentration gradient and aiways down a
potential gradient, in order to reduce the free ener;y of the system, An example
is shown in Figure 2.48 which shows a metl slab with the ends A and B held at
different concentrations C, and C,, where ¢ > ;. Matter will therefore fiow
from region A to region B down the concentration gradient. The probiem of
mathematically describing the diffusion nrocess was first attempted by Fick in
1835.
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Figure 2.48: Basis for

Fick’s first law is defined us:

a
oy

=D (©)
Where:

1 is the flux of material patalle] 1o the concentration gradient (kg.m=5).

D is the mathematical constant referred to as the diffusion coeflicient (m.s™).
C is the concentration along the x axis (kgm),

x is the position along the x axis (m).

Equation 6 thercfore states that the flux ncross a given plane is preportional to
the concentration gradient across that plane.

Fick also proposed his second law which provided a mathematical relationship
between concentration, position and time.
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Fick’s second law is defined as;

ac 4 oC
=t Dﬁ-.f;) G
Where:
t is time ().
13 is the proportionality constant refetred to as the diffusion coefficient (m=.s).
C 1s the concentration along the x axis (kg.m™).
X is the position along the x axis (m).

The negative symbol in equation 6 indicates that diffusion occurs in the direction
opposite to the concentration gradient, The mathe~ atical reasoning and
derivation of equations 6 and 7 is given in reference 56

It can thereforc be seen that the description of many situations involving
diffusion involves obtaining and solving the appropriate differential equations.
The solutions to Fick's first and second laws are highly dependent on the
selection of the initial mathematical boundary conditions. In many cases the
solutions are not trivial, and require an in-depth knowledge of advanced calculns
and algebraic techniques. The work of Crank™ provides an excellent insight into
the mathematics involved. Additionally, an analytical solution is not always
possible and numerical methods often have to be emploved, Certain illustrative
applications of Fick’s laws will be discussed.

A keowledge of the diffusion coefficient ID is necessary to calculate the
parameters of many diffusion systems. The value of D has to be determined
empirically for cach particular diffusion system. Fortunately fairly
comprehensive tables for D are available in the literature™. The value of D is
highly temperature dependent and the variation with temperature may be
calculated according to Equation 8,

D = Dot ®
Where:
D) is the coefficient at temperature T (m™.s5™!),
D. is the frequency factor (m=s).
e is the base of the natural logarithm,
Q is the activation energy for the diffusion process (kJ.mole™}
R is the universal gas constant (8.314 JK ' .mole?).
T i- the temperature (K).




2.13.1. The Kirkendall Effect

It is known that metals of a uniform composition experience random
self-diffusion™ which is best measured by the tracer self diffusion coefficient D*,
However, when a binary alloy is joined in a couple with a pure metal the
diffusion coefficients in the alloy are not the same in each component of the
couple. This effect was first observed by Kirkendall in 1947, In Kirkendall's
experiment a rectangular bar of brass(70% Cu - 30% Zn) was wound with
molybdenum wire, to mark the oripinal boundaries of the brass, and then plated
with pure Cu. A diagram of the couple is shown in Figure 2.49.

Molybdenum
Copper-. / wires
Y

o
-
o
o
o

Figure 2.49; Diffusion couple used by Kirkendatl. ™

After successive anneals the distance o, defining the width of the brass. was
measured. It was found that f decreased monotonically with time. The shift could
only be explained if the flux of Zn atoms outward past the merkers was greater
than the inward flux of C'u atoms Le. D, > Dw. It therefore follows that for a
diffasion touple involving metals of different composition a more general, overall
value of D is required. It can be shown™ that chemical diffusion coefficient
may be defined as follows:

D= DiNa+ DoNy (D)
Where: " .
D is the chemical diffusion coefficient (.5,
D, and D: are the diffusion coefficients of metals | and 2 (m™.s).
N, and Na are the mass fractions of metals 1 and 2 in a binary alioy.
77 provides an overall diffusion coefficient value for a particular diffusion couple.
Equation 9 is often referred to as Darken’s equation and is only valid for
isothermal diffusion in an infinite couple or in dilute solutions.
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2.13.2. The inﬁhite diffusion couple

The icfinite diffusion couple is one of the simplest applicauons of Fick's second
law., An example of an infinite diffusion couple is shown in Figuwe 2.50, where
the boundary between the bars is at x=0. The couple is infinite in that the bars are
considered to be of infiite length and their ends do not change composition with
time. The concentratici profile may be caleulated by solving:
(2
of oy &9
for the following boundary conditions:
C=0 at x<0 and t=0
C=C, at x>0 and t=:0

1t can be shown™ that the solution is:

Cxb=0.5C[1 +erf(=%=x)]  (10)

2. Df
‘Where:
erf is the enor function.

Equation 10 is only valid for infinite systems and short diffusion times, but may
be used as a first order approximation for certain diffusion systems which satisfy
the boundary conditions, Equation 10 is shown graphically in Figure 2.50 which
indicates the concentration profile across the couple.

1‘0 r v
!

05 ert ()
g ' J
0.5 erf (5757 ) s
L
5

Figure 2.50: Normalised concentration protile produced by diffusion in an infinite
diffusion couple,”™
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2.13.3. The mathematics of homogenisation
Although the process of homogenisation is extremely important in metailurgical

systems there are few references to mathematical models in the literature. Rhines
and Colion® performed some of the curliest work in the field in 1942. However,
other workers such as Karlsson®, Aaron™ | Arunsingh®?, Purdy™ and Heckel™
have provided some results and approaches o the mathematical solution of the
homogenisation problem A number of these approaches have involved the
kinetics of secondary phase dissolution in bulk alloys®+$*%*, Arunsingh®®, Heckel™
and Larsson®® have suggested models which may be utilised in powder
metallurgy systems. The three powder metallurgy models are relevant to this
study and will be described in further detail.

Certain assumptions are common to all three models. All diffusion is assumed to
occur in a single phase i.e. no phase changes occur during homogenisation and a
spherical powder particle model is assumed. The spherical model is employed
since Fisher and Rudman® found that such an assumption provided a valid
approximation to the behaviour of many real systems. Additionally, the spherical
geometry allows for certain simplifications in the solution of Fick's second law
equation. It must be mentioned that models also exist for eylindrical and planar
particle shapes®™, although these models are not as commonly utilised.
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2.13.4. Arunsingh’s homogenisation inodel

. Solvept

Spherical outer
shell of

infinite radius

Solute

Figure 2.51: Arunsingh’s model®,
C, = concentration (%) of A atoms within radius 4. C= 100 % before

interdiffusion begins.

Arunsingh’s model® assumes solvent atoms of type A within a sphere of radius
4. The solute atoms of phase B lie on the shell outside (Figare 2.51). D is
assumed independent of composition. If the origin is taken as the centre of the
solvent matrix and spherical coordinates are used, Fick’s second law equation
becomes:

8O o B0 280

SeD(Er+ #5) (an
putting U=Cr reduces the equation to: \

8¢ DR

S=D(51) (12)

For the following boundary conditi~ns:
U=0atr viorallt
U=Oatru ™ ilt(since C=0 at r=a)
Us=Cor at t=" 1 {1 wid
the solution can be shown to be: .
2aC, ¢ =17 znr ':’ffsﬂ

C= - S~ X I~ sin “5-e LK)

where n is a natural number,

66




R

e s i

Since subsequent terms i this infinite sesies decrease rapidly, only the first term
in the series need be retained. Therefore for large t, the solution becomes

2 =ity
C=- Lle 4 (4
which (for r— () finaily reduces to:
20,
Dnl Iog (15)

Where:
D is the diffusion coefficient of metal B in metal A,
C is the conceniration of metal A at the centre of the sphere at homogenisation.

Equation (15} provides an expression for the time at which the centre of the
spherical particle achieves homogeneity.

Aronsingh evaluated the model by comparing its results with those obtained by
experiment. In a trial involving the homogenisation of compacts composed of 56
atomic percent Cu and 44 atomic percent Ni, the model predicted a
homogenisation time of 5.3 X 10° seconds. This was less than the reported
experimental time of 2 X 10° seconds. The agreement was considered to be
acceptable in light of uncertainties in the actual particle size and solute
distribution®?,
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_qure 2.52: Heckel’s model.”

As shown in Figure 2.52 Heckel's model* assumes a sphere of concentration Cn
and radius 0.5/, surrounded by a shell of radius 0.5L and concentration C,. Th

model assumes Ca=0 and Ci=1.0, i.e. strictly speaking the model should only be
applied to mixtures of elemental powders. However, it can be shown that the
model may be utilised for mixtures where 0 < Ca < (s < 1.0. Heckel took a
different approach to solving the homogenisanon problem by defining the
“degree of interdiffusion™ parameter F. The parameter is the ratio of mass
transferred across a spherical surface at radius 0.54, after a diffusior time t, to

the mass transferred at t = 00,

F=vi, (16)
In the case of complete homogenisation F=1.
~ow, from first principles:

aC _ 92:C, 28C .
E@(W"'— For) 1%
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with the following boundary conditions:
C = Cufor O« 2 0.5¢

C - Cafor0.8gr20.52
%= 0 at 10 and r-0.5L

Feogiboof V800 Ol 7 T (Cre O b dr (18)

ey .y i.. w . : P g
(== the mean composition of the eompact ~ (7). The ¢ expression iy valid for

CAWO and Cp-1,
Clnax 0Ccurs at 1=-0 and Cy vecurs at r-0.51..

Usitg similar reasoning, Heckel obtmned expressions for cvlindrical and planar
geometries. The expressions are shown graphicully in Figure 2.53.

we?

cylindrical b

*

0 "l
1.0 T e et
e 1w
F 8s20
F osh {005 .
N spherical |

0 b} !”“l‘ YRR TIT ] i
. “j@ 102 o 8 161
Brod

Figurg 2.53: Homogenisation behaviour of planar, evlindrical and spherical
«cls in terms of the desree of interdiffuzion F, as a fimction of normalised
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Due to the similarity of the curves, Heckel derived a general expression which
approximated the behaviour of the spherical, cylindrical and plaar geometries.
This general expression was :

F= 110+ 0 Hloguftihm’Y] (19

where:
n is the geometry factor, n=1,2,3 for planar, cvlindrical and = *herical geometries
respectively.

Y is a function of ¢’ as shown in Figure 2.54.

Equation 19 (plotted in Figure 2.54) provides a general description of the
homogenisation problem and includes most of the significant variables involved.

1.0 rYyIey | e M RLE | Y
08 b F=1.1o+uaatngt‘—:§-n2-v1 |
- planar nsl .
eylindrical n=2 1.0
. U8 T gpherical ned 3
F A 7, 07t
Y ol
04 ¢ 0s}
02 | 7
-7 %%
’
o sl s el 1.2 s raanal §
12 16! 109
(Brs @ rndy

]

Figure 2.54; Normalised degroe of interdiffusion F s a function of 1) t, L, n and
X..ﬁ-i .

Comparisons of the model witlr numerous cxperimental data were performed.
The comparisons are stown in Figures 2.55-2.56.
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Figure 2.55: Cnmggrisun of experimental E data on Ni-0.20Cu compacts with
model predictions.™
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Fipure 2.56: Comparison of data from two alloy systems (Ni-Cu) and (Cu-Ni)
with model predictions.”
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The comparisons of the concentric sphere models were found to be useful in the
prediction of the relative effects of the major process variables. Absolute
predictions of the degree of homogeneity wet. found to be too low when the
degree of homogeneity was low and toe high when the depree of homogeneity
was high. These deviations were attributed to the fact that the model assumes
tha: the minor elements are surrounded by a continuous matrix of major elements.
In practice, non-ideal mixing and the presence of localised groupings of
contiguous particles are uhavoidable.
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2.13.6. Larsson’s homogenisation model

No mass transport
acioss boundary Center of
symmetry

03]

Figure 2.57; Larsson’s model of hamogrenisation.

In Larsson’s model®® of a sphere of radius b enclosed by a shell of radius a
(Figure 2.57), the following definitions are required:

¢ is the concentration at any time 7 at any position x (arbitrary 171ts).
C, is .. 2 concentration of solute in the shell,

Cis the average final concentration in the alloy (arbitrary unit+.
C= % X T= -:?-{ (T is normalised time).
Fick’s second law transforms to:
Pt o LY
The following boundary conditions were assumed:
At X=0 and X= 1, & '*x T 0 for T=0.
With the following starting conditions:

Pm Xu.i,.C' 0 at T=0;
For 7 «X<1 C=C, at T=0,
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Larsson employed a finite difference approximation to equation 20 and arrived at
the following solutions for homogenisation at the centre ard boundary of the

sphere:

Centre:  C/ = (1-6K)C)+ 6KC)  §=0,1.2... @n
Boundary: C'p = 2K €y, + (12K)Chy i=0,1,2... 22)

General  C'5'=K(-9) €,/ +(12K)C] +K(A+H)Ch  (23)
K=NAT
where:
n=1,2.,.N-1 (index for space)
§=0,1,2,... (index for time})
N is the number of nodes or discrete subdivisions used to approximate the
solution to the differential equation.
AT=0.25(557) (time step)
Homogenisation was considered complete when Coero™0.99Cuountey. Plots of
equations 21 and 22 for various starting surface concentrations are shown in

Figure 2.58.
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Figure 2 58 Concentration _profiles along radius of sphere after various_hemogenisation
times. Relative starting surface concentrations were; (a)10, (b}, (¢)o0, (d)2.2°




From Figure 2.58 it can be seen that for various surface concentrations complete
homogenisation is predicted to occur at:

={.3. (24)

al;-;

The model therefore implies that the same time is required to remove a “large™
inhomogeneity as a “small” one. Larsson did not compare the model’s
predictions with any experimental data, but did provide a comparison with the
planar homogenisation mode! proposed by Lavender and Jones®™ (Figure 2.59).
Large deviations in predicted behaviour of the two models were observed, The
deviations were attributed to the choice of different geometries,

1

/¢

Lnnndu & Jones

crcmﬂi,l:ﬁ
a4 s
2\ ]
o

T } Planar

.10

0.0%

)] (R 8.2 6.3 4.4
Homogenization Tima Dt/a?

Figure 2.5%: Comparison between predicted homogenisation behaviour based on
he equation of Lavender and Jones and Lanson’s study. Numberq on the curves

show surface concentrations a; LY. poc LA

Larsson also extended the model to include surface concentration, which varied
as a function of time. However, this aspect is beyond the scope of the current
investigation, since it is primarily applivable to liquid-solid alloying.
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2.14. Summary

The Fe-40Cr alloys possess a number of desirable propertics which render them
economically attractive. These alloys, with the correct additions, are highly
resistant to corrosion and pitting in reducing environments. The alloys therefore
have potential as cost-effective competitors to traditional nickel and cobalt-based
superalloys it corrosion applications.

Suitable heat treatments and nominal compositions for a tough, corrosion
resistant alloy have already been established for the cast alloy. The effect of
various processing parameters on the mechanical properties and formation of
secondary phases has also been studied in the cast form.

The literature survey has indicated that the production of an Fe-40Cr alloy by
meahs of powder metallurgy processing and hot isostatic pressing appears
feasible. The composition of the alloy may have to be modified by the addition of
sigma stabilisers or retardants. This would be required in order to facilitate
powder production as well as to minimise post-HIP heat treatments. However,
the effect of these additions on corrosion resistance and mechanical properties
would have to be assessed.

The effect of subjecting the alioy to extended periods at elevated temperatures
would also have to be examined closely. This extended exposure would be an
unavoidable aspect of the HIP process.

Certain mathematical models exist whiclt attempt to uesertbe the homogenisation

process in metallic powders. The applicability of these models may be evaluated
by comparing their predicted results with experimental data.

76




AN AL L o ek - v s — e

T b e a

Fer mR AR

3. EXPERIMENTAL PROCEDURE

This dissertation is divided into two areas of investigation: the Fe-40Cr alloys
produced from a single composition of powder and alloys manufactured from
mixtures of powders of differing compositions.

3.1 Alloys produced from a single powder; Introduction

This section examines various Ni, Mo and Ru additions to a base 40Cr-Fe alloy.
The effect on powder production, rate of sipma phase formation, response to
HIPping, heat treatment and corrosion resistance is evaluated. The role of
starting particle size, contamination during processing and the effects of HIPping
on the as-cast material are discussed.

Alloys of the following compositions were prepared at Mintek. All melts were
vacuum melted, with the exception of D$-1 and DS-C, which were air melted.
Samples of approximately Skg mass were produced. The compositions are shown
in Table 3.1
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Table 3.1: Composition of experimental melts (weight percent).

| Melt VEA
iD:
390 391 392 393 395 i
Element
C 0 0.01 0.01 0 0
Si 0.04 0.05 0.05 0.05 0.06
Mn 0.05 0.05 0.05 0.05 0.05
p 0 0.01 0.01 0.01 0.01 |
S 0 0 0 0.01 0.01
Cr 379 38 38.2 382 31.6
Ni 2.3 0.6 0.99 1.67 0.02
Mo 0.06 0.45 0.95 1.34 1.81
Cul <0.005) <0.005{ <0005] <0.005 <0.005
Al 0.02 0.01 0.01 0.01 0.01
V| <0005 <0.005 0.01 0.01 0.01
Ti 0.01 0.01 0.01 0.01 0.01
Nb{ «<0.005| <0.005| <06005| <0005 «0.003
Fe| 589 60.2 5011 581 60.2
“mmmm&
. Melt
D VFA ,
A7 a19] az0| 422 423 487 552/
Element Prem V
C 0f 0017 001 co1] 001§ 00 0.02
Q 005| 005} 002! 005] 0.04 - 0
N 0 0 0 0 0 - 0.00
Cr 37| 371] 371 37| 371 364 18.8
Ni 236 24{ 238 338[ 236] 232 22
Mo 415| 432 435} 429 43s5] 203 2.04
Al 0211 021 035] 034} 022 0.01 <0,02
Si 058 058 06] O55| 06| 009] 009
Ru 0] 02] 01 0 0 0 0
Ir 0 o ol o1l 02l 0 0
Fe bal| bal] bal| Lal] balf tal bal
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Table 3.1: Composition of experimental melts (continued).

Melt ID: VFA
' 5431 553 622iDS-C | D3-1
Element
C 0.015 - - . 0.07
0 - - . - -
N| ocoo4| - - - -
Cr 397 39 40 36 35.7
Ni 2.40 2.4 2 2 2.56
Mo 3.30 2.1 2 4 435
Al 1010 a2 - 0 0
Nb 0.4 04 04 - -
Si 0.10 0.1 - - 0.6
"Ry 0.21 - 0.15 0.25 0
Fe | balance| balancel balancef balance [ balance
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3.2 Alloy descriptioi.

Prem V was an Fe-39Cr-2Ni-2Mo alloy derived from the work of
Premachandra?-, This composition was used as a basic starting point from
which other alloys could be developed.

VFA 390.395 were Fe-38Cr alloys with variations in Ni and Mo content, The
amounts of Ni and Mo were varied between 0.02 and 2.3 percent. No additions
of stabilising elements or platinum gr “ip metals were made. These alloys were
used to ascertain the minimum Ni an. Mo levels which would be required in
order to produce a readily sigmatised mateial suitable for powder production.

VFA 417, 419, 420, 423 were Fe-37Cr-2,4Ni-4,3Mo alloys with additions of Ru
and Ir. These a'loys were produced to examine the effect of different
combinations of Ir and Ru on corrosion resistance. The Mo content was
increased in order to improve pitting coirosion resistance, as well as promote the
formation of sigma phase Greaivr amounts of Al and Si were added than in the
VFA 300 series. No stabilising elements were added.

VFA 422 was an Fe-37Cr-3Ni-dMo alloy with 0.1% Ru, and was used to
ascertain the effect of increasing both the Ni and Mo content simultaneously.

VEA 487 was an Fe-36Cr-2.3Ni-2Mo alloy and was used to establish whether a
decrease in Cr content would lead to a < mificant reduction in sigma phase after
HIPping.

VFA 543 had the nominal composaion Fe-40Cr-2Ni~4Mo with an addition of 0.4
percent Nb.

VFA 553 had the nominal composition Fe-40Cr-2Ni<iMo with an addition of
3.2 percent Al. The Al (which inhibits sigma formation) was utilised to determine
if an inhibitor could be introduced as part of the alloy composition, whilst sti'l
allowing for powder manufacture.

DS-1 and DS-C were air melted Fe-36Cr-2Ni-4Mo alloys. DS-1 and DS C were
produced in order to determine if air melting techniques could be used as a
satisfactory alternative to vacuum melting DS-C contained an addition of (.2
percent Ru.
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VFAG22 was a 2Ni-2Mo-0.4Nb-0). 2Ru-40Cr alloy. It was decided that inereasing
the Cr content to 40CT would improve corrosion resistanee without sigmificantly
increasing sigma phase fornation. An addition of 0.4%Nb was included in order
to imprave intergranalar corrosion resistance. It was assumed that the Mb would
tie up interstitial ¢ amnd N in the form of' Nb carbides and nitrides and therefore
prevent the formation of deleterivus Cr carbides and nitrides.
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3.3 Powder production

All samples were heated in air to 750°C or 850"C and held at this temnerature,
This was done in order to induce sigma phase embrittlement. The work of
Premachandra®™* had shown that sigma phase formation was most favourable at
7509C. Consequently, this temperature was uvsed as the basis of most of the heat
treatments.

After heat treatment, all ramples were impacted with 2 hammer. Samples which
were not embrittled were then subjected to hot forgang which is known to
promote sigma formation and given further heat treatments at either 750°C or
850°C.

Samples which were cleatly embriftled were then subjected to  further
communition. Each slab was subjected to an initial conmunition stage by manual
crushing with a pestle and mortar. The broken-down material was exposed to
further comnunition in ¢ jaw crusher. The powder was then milled for a period
of thirty seconds i a vibratory Seib mill and sieved on an antomated sereening
unit. All crushing equipment was visually ingpected and dusted and cleaned
before use, The vibratory mill was cleaned vy coushing silica sand in the mill and
removing the silica debris by means of a compressed air stream.

A chemical aualysis of the alloy VFA622, before and after Seib milling, was
made. These analyses were undertaken at Mintek and at the Ultra High analytical
laboratory. Carbon contents were determined by w.t chemical analysis.

No further heat treating or communition was attempted on alloys which were still
ductile after 121 hours of heat treatment since it was obwious that these allovs
could not be viably produced by this route.

The thermomechanical processing of each alloy is summarised in Table 3.2,




Melt i} Procesamg__g'r_g_cgg_i_ure _________
Prem ¥/ Held isothiermally at 850°C for 14 hours.
VFA 852

Heated to 1150°C and hot worked (502
reduction) at that temperature.

Slow ecooled to 850°C and held
isothermaily for 24 hours,

IFA 300-395

Held isothermally at 750°C for 195
hours.

Heated to 1100°C for 3 hours and then
hot worked (50%5 reduetion).

Slow cooled to 758°C and held
isothermally for a further 96 hours,

VFA 417, 419,
420, 423, 487

Heated to 11C0°C: for 3 hours and then
hot worked (30% reduction).

Slow cooled to 758°C and held
isothermally for a further Qu hours.

VFA 422

THeld isothermally at 850°C for 14 hours.

Heated to 115807°C and hot workesd (50%
reduction) at that temperature.

Slow conted to 850°C and held
isothermally for 24 hours.

VEA 43

Held lsothermallv for 131 hours at
750°C

DS-1,D8-C

Hot worked at 1150°C and held at 850 C ]
for 21 heurs Slow cooled to room
temperature

VEFA 622

VEA 543,

Heated up to 1080°C and hot worked to
a 8M%5 reduction in thickness.

Held isothermally at 750°C for 4.8 hours
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3.4 Hot Isostatic Pressing

The powders were packed into mild steel canisters, evacuated, sealed and
HIPped at 1120°C for a period of four howrs. The canisters ware cylinders,
20mm in diameter and S0mm in length, After the four hour dwell period, the
specimens were slow cooled in the HIP unit. The HIP unit cooled from 900
600°C in approximately 80 minutes. The particle size fractions used to produce
the HIPped test picces are shown in Table 3.2 and Figure 3.1.

Table 3.3: Size fractions used for HPping

PemV | L ISRTS
DSl 100,
DSC s
VFAS4} I {nsized (Seéi‘[alﬂvem;
- analysis)
VFAMT 10075,
VEAL9 | _l_t_"}{r-_f‘_?'fﬁ;
VFA40 068
VEASD L 0epas
VFA4ST | 2210
Y R S 1
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Figure 3.1: Paticle size distribution of YFA343 (as regeived

The upper curved line is the cumulative distribution of the particle sizes.




3.5 Heat treatment and metallopraphic examination

Afier HIPping, all specimens were subjected to a solution anneal at 11007 for a
period of two hours. The specimens were then quenched in water at room
temperature.

Specimens were mounted, polished and examined metallographically both atter
HIFping and after solution annealing. Three different ctchants were used during
microstructural examination: Murakami's reagent (for carbides) and
potentiostatic etching (8V) in § weight percent KOH and an FeCl:+HC1 mix for
the general microsiructure. Ferrite is revealed as dark brown areas by the
FeCl:+HCI etchant, whilst sipma phase is not attacked. The composition of the
FeClytHC1 mix was: Sg FeCly 6H:0 + 50ml HCI(55%) + 100m} 1LO.

3.6 Heat treatment comparison between cast and HIPped VEAG32

A trial was undertaken to determine if thre was any difference between the cast
and HIPped materials when subjected to the same heat treatment. A small
15x10x2mm specimen of the cast VFAG22 material was solution annealed, then
HIPped, to determine the effect of the HIP thermal ¢ycle on a sample which was
initially free of sigma. To determine the edect of repeated exposures to the HIP
thermal cycle, a tully-dense specimen of HIPped VFAG22 was deliberately
HiPped for a second time. The microst.uctures and hardness values of the cast
and HIPped materials were amalysed by optical micrascopy and a Vickers
hardness tester.
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3.7.Examination of hardness versus time at 750'C

For the majority of the trials in this study the embrittlement of the high chromiutn
alloys during heat treatment was characterised on a qualitative basis. Test slabs
were hot rolled at 1050°C to a 50 percent reduction in thickness. These slabs
were then held isothermally at 750"C . At various time intervals the slabs were
removed from the furnace and struck with a mallet, If the slab fractured easily,
the material was deemed sufficiently brittle to allow powder production by
vibratory milling,

In order to provide more quantitative data on the degree of embrittlement with
respect to time at 750°C, two melts were made up with compositions shown in
Table 3.4,

Table 3.4; Camposition gf experimental melt VEA647 and VFAGS4 (wi%).
VMM‘? VI‘Amq

( o O 01"l 0.010
S oo
P 0007 0010
8 0.008 ) 0.003
36.0 36.6
I

—
&0
PEE=A
—
o0
o

0 n::: 0.016

vl em: ool
Ti L 000S] 0006
No | o<0008) 034
. Fe o 604 582
N 6.‘00:: 0,003

Both alloys were nominally 36Cr-2Ni-2No-Fe alloys, and were produced in
order to examine the effect of lowered chromiuvm content on the rate of
embrittlement.

The use of hardness values is considered an appropriate technigue to estimate the
degree of embrittlement of these high Cr alloys. As the percentage of brittle
sipma phase within the microstructure inereases, the hardness increases.
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A small test piece approximately IxIx2em in size was cut from each hot rolled
parent slab. These test pieces were then held isothermally at 750°C. At various
intervals each specimen was removed from the furnace and quenched in water,
The Rockwell C {(HRc¢) hardness of the material was measured and then the
specimen was then returned to the furnace for further heat treatment. VFAG647
was heat treated for 89 hours, whilst VFA 654 was heat treated for 12 hours,

3.8 Extra communition of VEAS543(24h)-(SP001012)

The effect of starting particle size was examined by subjecting the VFAS43
powder to communition in a ball mill. The mill charge was 200g VFAS43,
1800g steel milling media and 500ml acetone. The mill period was 24 hours. The
cylindrical mill body has an outer diameter of 165mm and a length of 145mm.
The speed of rotation was 43 r.p.m. The mill body is fabricated from a steel of
unknown composition, The milling media were steel balls with a diameter of
1lmm.  The spherical milling media were analysed chemically and
metallogtaphically to ascertain a possible influence on the composition of the
powder during the milling process. Drying was performed in air, for a period of
15 hours. No screening of the powder was carried out.

Samples were HIPped, solution annealed at 1100“C for 2 hours and quenched
in water held at room temperature. The specimens were subjected to
metallographic analysis.

88




e aho

et

e B Lo

Tt S A e A e b e

3.9 Experimental procedure for potentiodynamic corrosion tests

Tests were conducted at the Mintek corrosion laboratory (Physical Metallurgy
division) on an AutoTafe! potentiostat. Scans were performed on small disks
approximately 15mm in diameter and 3mm thick. All surfaces were polished to a
1200 grit finish, and were cleaned with acetone prior to testing. Two test
environments were selected: 10 weight percent sulphuric acid solution at room
temperature and 70 weight percent sulphuric acid at 50°C, Distilled water was
used to make up the solutions. The solutions were not de-aerated and were
exposed to the atmosphere. When placed in the test medium the mounted
specimens were allowed to stabilise to the equilibrium cotrosion potential E ..
Scans were conducted from 100mV below E.y to 700mV above E.r at & scan
rate of 12mV per minute. A fresh solution was supplied for each test. All results
are referenced with respect to the standard calomel electrode.

Some investigators prefer the use of de-aerated sulphuric solutions. However,
this is very much an artificial condition, De-acrated solutions are not commonly
encountered in many industrial environments, These tfrials are aimed at
determining relative corrosion behaviour between different alloys, and the
determination of absolute corrosion rates is not critical at this stage. Hence the
use of the sulphuric acid solution exposed to air and conducted at various
temperatures is felt to be sufficient for this purpose.
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3.10 Experimental procedure for field trials

Laboratory tests provide valuable information on the corrosion characteristics of
an alloy, However, the best indicator of the behaviour of a particular alloy under
service conditions is to run an actual field trial. Field ‘rials expose the mate * ' to
environments which cannot be simulated in the laboratory. It was suggeste. that
a test component should be manufactured out of a Fe-40Cr alloy and subjected
to field trials,

A suitable application was found in an industrial leaching process. Components
known as "spring locks" were manufactured. Each spring lock is approximately
20mm in diameter and 20mm in length as shown in Figure 3.2. Although exact
details regarding the leaching process are not available, due to the proprietary
information involved, some factors can be mentioned. It is known that the spring
lock is subjected to alternating streams of concentrated nitric and sulphuric acid
at boiling point. These streams move at a high velocity relative to the surface of
the springlock and are further agitated through the addition of air bubbled
through the solution. This environment is very aggvessive and 9041
superaustenitic stainless steel is the material currently utilised for these
components,

Two test springlocks were manufactured ~it of alloy VFAG22 (HIPped twice)
and solution annealed at 1100°C. Machming was performed at Ultra High
Presswe Units Engineering. No problems were reported during the machining
process. One spring lock was immersed directly into the corrosive solution whilst
the other was placed in close proximity to the solution where it was exposed to
only the cotrosive fumes. Reference springlocks of the same dimensions and
geometry were manufactured fromn 9041, stainless steel and were placed
alongside the experimental springlocks. This ensures exposure to identical
environmental conditions. Periodic mass loss measurements and  visual
inspections were conducted on the different materials.
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Fieure 3.2; Experimental springlock used in industrial field trial,
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3.11. Duplex powders
This section examines the effects of mixing highly alloyed Cr-Fe powders with

powders of dissimilar composition e.g. pute iron, 316L and Hastelloy C powder.
These duplex powders mixtures were HiPped and the degree of the interaction
between the different powder particles was observed. The influence of the
various powders on sigma forration, microstructure and corrosion resistance
was evaluated. Different methods of mixing the powders were utilised, and SEM
analysis or the diffusion zone between dissimilar particies was performed.

There are two disunct goals in experimentation with duplex powders. Firstly, the
possibility of inhibiting sigma phase formation with the addition of retarding
agents such as Al and Fe, The second poal is to manufacture a synthetic duplex
stainless steel alloy by mixing the ausienitic and ferritic phases together. This
should combine the advantages of the separate ferritic and austenitic starting
materials and allow the various phases to be present in pre-defined proportions.
Some advantages associated with duplex stainless steels are excellent vesistatice
fo stress corrosion cracking, resistance to localised corrosion and pitting, good
mechanical properties and a lower nickel content than the austenitic stainless
steels.

3.12, Inhibition of sigma phase formation by mechanical mixing

3.12.1 Mechemical mixing with 2%A1 (§P001005)

A 200 gram batch of Fe~dMo-2Ni-2Al (SP001005) alloved powder was
mechanicatly mixed in a ball mill at Ultra High Pressure Units. Mill dimensions
have already been described in Section 2.8. The mill body and mill media were
cleaned in acetone, prior to use. The Prem V alloy with extra Fe additions
(SP001008) was milled with the same parameters. A Malvern particle size
analysis of the milled and starting Fe powder used m SP001008 was performed.
'The mill charge make-up for SPA01005 and SPO01008 is shown in Table 3.5.
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Table 3.5: Mill_chavge for mechanically mixed AMo-2Ni-2Al (SPOCLONS)_and
Prem V with extia Fe (SPOOLI08),

Consttuent Masses | SO R A
[VFAS43 28 ¢rNi Mo Al Ne Fe Ru
(Al & Tqpoplens 39 E9e 393 3439 828U
: L desired final P . o
; 7 compuesition E
IS SR L -:
€ Cmiling | 18000 ’
T a |
SPONINOR | ;
.Constitiient IMass(e) ‘ : : o : ;
Prem V A U CriNi Mo ‘Al Nb ¥Fe Ru
e " gol spodpam 30 18 3@ 0} 68,08 () 18:

: \ degired final : _ S

' L composition L S S
o E ) et i
Steel milling 1800 . - -
medin L 1o

Mill period == 24 hours
Acetone added = 530ml

The powder was diied for 16 hours in air and packed in a sealed plastic
container. No screening of the powder was vartied out,

The powder was encapsulated ina i diameter mild steel tube and HIPped.

A circulat cross-sectional sample, approximately S thick, was cut trom the
HiPped tube. The sample wis solutien anneated at 11009, in aie, for a periad of
two hours at Mintek., This was followed by quenching in water (reom
temperaiuse).

Microstructural examination and putentiudefmic gorrosion testng (in 10 and 70
volume percent sulplwic weid) of both the as-H1Pped amd tion annealed
material was performed.

The 11C1 etchant was tsed during metallographe eNAMIEIIL
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3.13. The addition of extra Fe to VEAS43 snd VEAG22 by hand mixing

Additions of Fe powde. were made to VFASS3 and VFA622 powder, The mix
ios are shown in Tables 3.6-3.7. No communition or milling took place. The
powders were *hixed by shaking and stirring by hand for a period of 4 minutes.
The mixed powders were then HiPped and solution annealed (1109°°C, 2 hours,
water quench-room temperatare), Microsfroctures and the hardnesses of the
wiloys were evaivated,

Table_3.6: Mix ratios for VEASA3+Fe and VEA62 2+ Te

Constituent of  [Mass(z
VFASHS »
oxtra e
VFASA3 150 Ni Mo {Cr IND jRu i
Hunsereened)
Fa 30 Desired finalf 1.5 w0318l a8
[ jeomposition
of VFAS4
: gxtra be
iweirht to)
Constituent Massty) _
VEAG 150 Ni (Mo |Cr [Nb [Re lie
{106 150mm)
Fe s Dosired final| .51 1.8] 307 03000111 66,6
comnposition
uf VIFASLA
 extra e
X {weight o) B
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Table 3.7: Summary of compositions

Alloy
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3,14 The manufacture of a synthetic duplex allov

3.14.1 Experimental procedura - tduplex powders

Small (100g) batehes of duplex powders consisting of VFAG22, 3161 , Prem V
and Hastelloy € were produced by hand mixing. This trial was performed to
determine the suitability of the Fe-40CT alloys as a possible combination material
with the Hastelloy powders, The combination with the 3161, material was used to
examine if 3161 could be used with the Fe-30{r alloy to produce a synthetic
duplex stainless steel with predetermined proportions of the austenite and ferrite
phases. Required quantities of the powders were placed into a small cylindrical
container (OD=40mm, length-58mm) and agitated by hand for approximately
120 seconds. This was tullm\ud by encapsulation and HIPping under standard
conditions. Short cylindrical test picces, approximately 15mm in diameter and
3mm thick were parted from the HIPped compact. These pieces ware subjected
to golution annealing at 1100°C for 2 hours, followed by g room temperature
water queach. Microstructural examinations were carried ont in the as-HiPped
and solution annealed stute. Corrosion tests in 10 weight percent sulphuric actd at
room temperature were performed on the heat treated speemmens.

Data on the 316L and Hastelloy C powder are shown in Tables 3.8-3.10.

Table 3.8: Composition of 31 61 atomised powder tas-supplied).
Values are weight percentages L

ic fSi My PX NP Mo Fe  Poride

: U I : size .
{0028 ow 1_.44_5 0019 0004 172, 122 272 Balwnce '~ S0oum

Table 3.9. Sieve analysis of as supplied powder.

i ‘i(mum A0m 128w lm-um tidam tﬁum “Tap detsity
R C o e
P we sl w3 w0 uK s

Tahle 3 10:Composition of Hastelloy € (weight ®8)_(as-supplivd).
Particle size <- S3z m

e Mo (W Fe S TMe 0 o Ni
14%‘ 17an-um ' ‘:1";1!1? L2 T §nn4 ﬂal

The tollowing duplex allovs were manufactured: (Values are in weight percent)
0% VFAG2Y + 800 31, S0% VEAG2D » 807 3i0).; 80% VFAGLD + 2%
316l 50% Prem V+ S0% Hastelloy U
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3.15. Hardness and micro-hartness tests

Victers hardness tests were carried out on all specunens, using Ultra High
Pressure Units® equipment. The overage of three readings was taken. All
specimens were in the final polished condition. A load of 30kg was used.
Micro-hardness tesis were performed on DS-1, DS-C. VFAS43 and 80% 316 +
20% VFA022. A dwell rime of 10 seconds was used. The results are an average
of three measurements. The smaller 25 grams toree load was utilised on alloys
DS-1 and DS-C in order to produce an indentation which was of 2 similar size to
the sigma phase precipitates. The micro-hardness tests were conducted at the
University of the Witwatersrand on a LECO M-400A micro-hardness tester,
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3.16. Experimental procedure: SEM examination

3.16_1. Flemental scans

SEM elemental scans are an extremely useful analytical technique. The electron
beam is automatically guided across a pre-detenmnined linear path on the
specimen. As the beam traces the patly, the intensities of the X-rays originating
from the various elements are recorded. Relative troughs and peaks in surface
topography are also simultaneously measured. The presence of certain elements
at specific points along the path can therefore be determined. However, the
technique has limitations. The scan does no: produce absolute values regarding
the ¢lemental content at cach point in the scan. Instead, the content of cach
specific element relative to the content of that same element at other points of the
scan is recorded. Multiple scans on the same path are performed. The preater the
number of scans, the greater the accuracy. The method is most useful when
typical minimum and maximum values are alrcady known. This allows for an
approximate scale to be introduced to the resulting graphs and a rough upper and
lower limit can be established.

Swurface topogra y is largely dependent on surface preparation prior to analysis.
A finely polisheu specimen would he 2 a more uniform topogaphy compared to
one which is only roughly ground. Identification of hard phases and pre cipitates,
which typically would project above a softer matrix, can really only be performesi
in this method when analysis of surface topography is coupled with visual
examination of the region being scanned. This prevents precipitaies from being
confused with other raised regions on the surfhee.

Polished and etched specimens of 80%, Hastelloy €+ 50% Prem V, 80% 3161,
+ 20% VFAG22, 20% 316L + 80°: VFAG22, SPOO100S, and VFAG2Y + T
were analysed on the SEM (model JEQL JSM-84(). Energy dispersive
spectroscopy (EDS) sput analyses were condueted on the diffusion z:me of 50%
Hastelloy ¢* + 50% Prem V with g LINK ANTOO0C gystem, Unfortunately
clements ‘below Be, such as € and ¢, could not be detected, Similar analyses
were also performed on the phases in 50% 3161+ 30% VFA622. The local Fe,
Cr, Mo and Ni content of cach material was analysed over lengths of 125-1000
microns, An analysis of surface roughness or topography was also undertaken,
Since the average particle sizes are all less than 1000 micron: and in most ¢ases
less than 123 microns, an elemental pradient analysis vhich 18 representative of
the bulk material should be obtained. The electron beam has a penetration depth
of approximately 1 micron,
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3.17. Experimenial procedure for_potentiodynamic corrosion tests on_duplex
materials

Corrosion tests on the alloys formed from duplex powders wer onducted using
the same conditions as described in section 3.9, All results a1 measured with
respect to the standard calome! clectrode. Different specimens of the 80% 3161,
+ 20% VFA622 alloy were used in the 10% and 70% s ' +ic acid solutions.
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4 RESULTS

4.1 Powder manufacture:
4.1.1, Single powders

Alloys VFA 390-395 and VFAS553 failed to embrittle sufficiently after over 100
hours of heat treatment. No powder was made from these alloys. VFA 422 did
not embrittle after 24 hours of heat treatment. No powder was produced. Al the
other alloys were sufficiently embritiled to form powder. A micrograph of FeCr
powder after Seib milling is shown in Figure 4.1.

LR

A

o8 2? ZHRU

Figure 4.1:Micropraph of FeCr powder particles.
FeCr powders after Seib milling.

4.1.2, Carbon_and oxvgen analysis of VFEA622 (Fe~40Cr-2Ni-2Mo-0.4Nb)
The carbon content of the as-cast VFAG22 material was analysed «. Mintek and

found to be 0.015 weight percent C. After Seib milling the values were 0.024
weight percent C and 0.090 weight percent Q. The amlysis after Seib milling
was conducted at Ultra Iligh Pressure Units.
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4.1.3 Duplex powders

4.1.3.1 Mechanical mixing with Al (SP001005)

The unscreened VEAS543 starting powder has an uneven particle size distribution.
The powder is fairly coarse, with a large proportion of particles over one hundred
microns in size. Only a small percentage is under fifty microns. Micrographs of
the ball milled powder are shown in Figures $.4-4.3.

Ball milling produced a normal particle size distribution (Figure 4.3), with an
average particle size of four microns. Ninety percent of the powder is below
eight microns, whilst ten percent is below two microns. This powder could not
be HIPped since it combusted energetically during the welding stage of the
encapsulation process.
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Figure 4.2: Malvern analysis af VEASAR.
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SEM image in seconda

Figure 4.4: FeCr-Al agplomerates after ball millin
electron mode).

3
s b

Figure 4.5; Detail of FeCr-Al agglomerate (SEM image in secondary electron
mode).
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4.1.3.2 Mechanical blending with added Fe ;SPUOI 08)

The Fe powder has a broad range of particle sizes, with an average size of
approximately 11 microns (Figure 4.6). The Malvern particle size distribution of
SP001008 is shown in Figure 4.7. A normal distribution is evident, with a slight
peak in the 1 to 3 micron size segment. The average particle size is
approximately 6 microus with 96 percent of the material below approximately 14
microns, and 10 percent below three miicrons.
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660 0.6 254 5, L6 281 5LY Q| Beas mgth 2 B2
b GO R50 7 18,7 559 | $6.0 33.8 Qbseuration &0, 257
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Fipure 4.6; Particle size distribution of Fe powder.
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Figure 4.7: Particle size distribution of SPOOLO0OS (Extra Fe).

Table 4.1: Chemical analysis of starting and milled powder (SPO0100R).

Analysed qtllltr'ilhw Pressure Units, _
'l\mght a hwn;_,ht“ '
Imrbm_\ joxyjen *

‘UHPUFe  00S 007
(starting p;mder]‘ i
VEASH s 04l

;{smr:im,' pu\\der) . L
KPov oS umlh.d 017 0281
powder) -
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4.2 Hardaess vs time at 750°C for VFA647 and VFA654
The results of the heat treatment comparison of VEAG47 and VFA654 are shown

in Table 4.2
Table 4.2: Hardness vs time at 7507C for VF ‘AG47 and VFAGS4,
* E'I‘lme at Hardness of Hardness of
M30°C (VFAG4T VFAGS
(houts) (Rockweil C) (Rockwell C)
0 16 13
2 11 -
13 49
(Cracks appear
— — .o materialy
... R 1 ..
.. T i A
16 16 -
—— . et —
NPTC T A B
48 42 -
o e ;
T . .

- indicates that no readings were taken

The results are shown graphically in Figure 4.8,
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Fipure 4.8: Hardness vs time at 7 50°C.

Alloy VFAG54 embritiles readily within twelve hours. On the other hand,
VEAG47 was not sufficiently brittle for powder manufacture, even after 89 hours
isothermal annealing at 750°C.
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4.3 Metallography resuits
Metallographic examination of all as-HIPped specimens, in which the canister

stayed intact, revealed complete bonding. Certain features were common to all
specimens and these included the phenomena described below.

Entrapped contaminant inclusions were apparent at all particle boundaries.
Various inter-particular inclusions were also observed. Alloys DS-1 and DS-C
(both air melted) had a far higher proportion of contaminating inclusions than the
vacuum melted alloys.

Widespread sigma phase precipitation was observed in all alloys. The amount of
sigina present varied from between 20 and 70 percent. In alloys with greater ' .
20 percent sigina, extensive macro-cracking was apparent after polishing.  .m
V exhibited the least amount of sigma (20 percent) after HIPping.

Examination of the samples after solution annealing and quenching revealed that
sipma was removed from most of the alloys. However, sigma phase was still
apparent in DS-C, DS-1 and VFA 423 alloys. The sipma apponred to have
formed preferentially on particle boundaries. Inter- and intragranuiar precipitates
were also observed

Sigma phase is revealed by the HCI and electrolytic etchants as a light phase,
wiwist the ferrite is darker etching,

The micrographs are presented as Figures 4.9-4.64 and have accompanying notes
with them. All micrographs were taken by opticel techniques.
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4.3.1 Microstructures of the Fe-38Cr-4Mo-2Ni alloys {As-HIPper')

Figure 4.9: VFAS543, as-HIPped. unetched (100X), optical image.
The microstructure exhibited severe cracking after HIPping and casual handling,
as shownin Figure 4.9.
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4.3.2 Microstructures of the 2Ni-4Mo-38Cr-Fe alloys {Solution annzaled)
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Figure 4.10; DS-1, (1100°C), KQH electrolytic eteh, (200X). optical image.
Ferrite with residual sigma phase, as shown in Figure 4.10.

kl

Figure 4.11: DS-1, (1100"'C), KOH electrolytic etch, (300X), optical image.
Detail of residual sigma phase.
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Figure 4.12: DS-C, (annealed 1100°C), KOH electrolytic etch, (2€0X), optical

image.
Ferrite with secondary phase precipitation.

Figure 4.13; DS-C, (annealed 1100°C), KOH electrolytic eteh, (500X), optical

image.
Detail of precipitates.
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Figure 4.14: VEA417, (annealed 1100°, HCI etch, (200X), optical image.
Large crack running through sigma-ferrite microstructure, wich a higher number

of particles near the crack.
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Figure 4,15 VFAA17, (annealed 1100°. HCl etch.) (500X), optical image.
Duplex sigma (lighter etching) - ferrite (darker etching) microstructure.
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Figure 4.16: VEA419, (annealcd 1100°C), HCl etch. (200X), optical image.

Duplex ferrite {(darker etching) ~ sigma (lighter etching) microstructure.
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Figure 4.17; VFA419. (annealed 1100°C), HC1 etch, (500X), optical image.
Detail of precipitates.
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Figure 4.18: VFA420, ;annealed 1 100"C), HCl etcl;a 1200){1, ogncal image,
Ferrite (darker etching) - sigma (lighter etching) microstructure,
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Figure 4.19: VFA420, (annealed llOO“C), HCI etch, (500X), optical image.

Large crack passing through sigma and ferrite phases.
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Figure 4.20: VEA423, (annealed 1100°C), HCI etch, (200X). aptical image.

Residual sigma in ferrite matrix.

o
L

Figure 4.21: VFA423, (annealed 1100°C), HCI etch, (500X), optical image.
Ferrite grains with inclusions at particle boundaries,
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Figure 4.22: VFAS543. (annealed 1100°C), HCl etch. {300X), optical image.
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4.3.3 The 2Ni-2Mo allovs

o]

D

Figurs 4.23: PremAlloy V, (as-HiPped), HCl »teh. (100X), optical image,

Secondary phases in F{fusion zone. C* is the mild steel canister: D is the diffusion
zone; B is the Prem V compact.

u

-

B

Figure 4.24: PremAlloy V., (annealed 116000, HC' eteh, (100X, optieal image.
Secondary phases in diffusion zone after solution annealing. D is the ditfsion
zone: B is the Prem V compact.
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Figure 4,25 “remAlloy V. (annealed 1100°C). HCI etch. (200X), optical imaye.
General ferritic microstructure with a number of dark grey inclusions. The
inclusions were analysed with EDS techniques.
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Figure 4,26: PremAlloy V., (annealed ] 100°C), HC etch, (500X). optical image.

Ferritic microstructure with a combination of large and fine precipitatcs.
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Fipure 4.27; VEA487, ( as-HIPped), HCI etch, (100X}, optical image.
Plastic deformation around indentation.

oo 3
Ll L] 3

Figure 4.28: VFA 487, (anpealed 1100°C), HC eteh, (200X), optical image,
Ferritic microstracture with traces of sigma.
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«.3.4 Metallographic results of VEA622

o= :
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P
Figure 4.29: VFA622, (HIPped + annealed 1100°C), HCI etch, (200X), optical

image.
Ferrite grains free of sigma phase.

b

Figure 4.30: VEA622, (HiPped + annealed 1100°C), HCI eteh, {S00X), optical
image.
Ferrite grains without residual sipma.
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4.3.5. Comparison of I1Pped and cast material VFA632,

Figure 4.31: VEAG22 , (Last and HIPped), HC1 etch, (200X}, optical image.

Widespread intragranular precipitation of spherical carbides and nitrides.

Detail of precipitates.




Figure 4.33: VEAG622 , (HI Pped+solution annealed), HCI etch, {500X), optical

__.E_
Ferrite grain with prominent precipitates, especially on prior grain boundaries.

Preferentxal sigma phase formation at particle boundaries.
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Figure 4.35; VFAG22 , (HIPped twice only), HCI etch, (500X), optical image,
Preferential sigma phase growth at particle boundaries,




4.3.6. Extra milled VFAS543(SP001012)

4.3 .7, Analysis of milling media
The milling media was found to contain 0.275 percent C and 90 percent Fe by

mnass. Analysis was performed at Ultra High Pressure Units using wet analytical
techniques.

Figure 4.36: Microstructure of steel milling media, (500X, optical image.

A martensitic microstructure is present.
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Figure 4.38: Extra-milled VFAS543 ( SP001012). (As-HIPped), HC! etch, (100X),
optical image.
Palmqvist cracks are present at the corners of the hardness indentation,
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Figure 4.39: Extra milled VFA543 (SP001012), (AS-HIPQed HC| etch, (S00X

optical image.
Detail of comer of indentation.




Figure 4.40; Extra-milled VFAS43 (SP001012), (As-HIPped), Murakami etch,
(200X), optical image,

Diffusion zone of powder in contact wiin the mild ste  ~anister. A is the core of
the compact; B and C are the diffusion zone: D is the ..utd steel canister.
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Figure 4.41: SPO01012. (annealed 1100°C), HC etch, (S00X), optical image.
Fine duplex ferrite-sigma microstructure. The sigma is the lighter etched phase.
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4.3.8. Microstructures of alloys made from duplex powdets.
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Figure 4.42: Microstiugture SP001008, (As-HIPpad), 200X
A cross-section of the diffusion zone between the mild steel canister (D) and the
powder particles (A, B, C). EDS analyses were performed in regions A and B.
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Table 4.4; EDS analysis of SPOOI0OR,
. Spot analysis {weight pereent) *
Aoy Mieroprapy (Mo |Cr ;Fe SN iOther
SBEOGNOS Diffusion 7one 11/ 1227 241 2R HEAR80
B in Figure ! ! : :
. 342 i i : r :
SPON1O08 Corcrepion A (LY 283 ‘na.z 1.l iu,S‘.‘:.Si
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Ferrite matnx This core region contains coarse complex Cr-Fe-Mo carhldes.
The precipitate at point A was analysed by EDS analysis.

Table 4.5: EDS analysis ¢ ()ﬁp_recm:tate i SPO01008, as-HIPped,
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Figure 4.44: Microstructure SPO01008 (HIPped + solution_annealed). (200X),

optical image,
The diffusion zone appears unchanged after annzaling. The precipitates in section

C have gone into solution. A is the core of the compact; B and C are the diffusion
zone; D is the mild steel canister.
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Fipure 4.45: Microstructure SPO0100S (solution annealed 1100VC) S00X

optical image.
Core region with coarse Cr-Fe-Mo carbides.




4.3.9. The addition of extra Fe to VFAS543 and VFAG22 by hand mixing

Fieure 4.46: VFEAG22+Fe (as-HIPped), HCl etehant, (200X), optical image.
Detail of area near Vickers indentation showing strain lines within a ferritic
microstructure. There is a combination of large and {ine particle sizes as
indicated by the darker precipitates on the particle boundaries.
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Figure 4 47: VFA622+:Fe (1100°C glj;xlggl). HCl etchant, (200}(),_ optical itnage.
Ferritic microstructure without areas of preferential aitack by etchant. Points Al,
A2 and A3 were subjected to EDS analysis.

Table 4.6: EDS analysis of VEAG22+Fe in Figure 447,

Fo Spnt analysis {weight pereent) !
Alloy Microrapn_Mo_fce TR N Tw T A Other
VFAG22+Fe Averageof 1138 |32 [623 |14 « e s 0.2%81 |
(As-HIPped) three spot Max:38 I0.1%Nb |
analyses in jMiﬂ:iE’. ; i !
Figared47. | i ...l Lo . i
i
3
,:‘I . [\ v
'
i =
) 1y I{\
.

Fipure 4.48: VFA022 +Fe (] 100°C amneal), HCT etchant, lﬁ‘ﬁﬂ}{)‘ optical image,
Detail of ferrite grain.
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4.3.10. Microstructures of duplex powders.

Figure 4.49: (20% 3161+80% VEAG22)., As-HIP (200X), HC etch . optical

image.
Large non-metallic inclusion in alloy.

Fimue 4.50; (20% 316L+80% VFA622), As-HIP (500X), HCl etch . optical

image.
Morphology of sigma phase in the duplex ailoy.,
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Fipure 4.51; (20% 316L+80% VFA622), 1100°C(500X), HCl etch . optical

image.
Predominantly ferritic microstructure.

L]

Fipare 4.52; (50% 3161+50% VFA622), As-HIP(200X), HCl etch . optical

imape.
Duplex ferritic {¢tched dark) - austenitic (etched light) microstmcture.
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Figure 4.53: (50% 316L+50% VFA622), 1100°C(200X), HCI etch . optical
image.

Decrease in proportion of etched light (austenitic) phase after annealing. Points A
and B were examined by SEM spot analysis.

Table 4,7: EDS spot analysis of 50% 316 |
Spot  analysis (weight percent)
Alloy Micragraph Mo 1Cr  iFe N
50% 316L +  |Figure 4.83 12 387 563 38
30% VFAG22  [Etched darkareaB. | 4
50% 316L+  |Figure 4.53 14] 2821 636 6.8
50% VFA622  [Etchedlightaren A.| | e
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Figure 4.54: (80% 316L+20% VEAG22), As-HIP (25X), HCI etch , optical
image.

Well distributed ferrite (dark) particles within an austenite (316L.) matrix.
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Fignre 4.53: ('80% 316L+20% VEFA622), As-HIP200X), HC1 etch_, optical

image.
Sigma in bulk and lamellae morphology. \
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Figure 4.56: (80% 3161.+30% VFAG622) As-HIP (500X), HCI etch . optical

image,

Comparison between different sigma phase morphologies, Micro-hardness tests
were taken at points A and B, The composition of the sigma phase at point B was
analysed and is shown in Tables 4.8-4.9.

Table 4.8: Microhardness results of 80% 316L+20% VFAG22, as-HIP,

Alloy Mmrogrmh Microhardnesy

¢ value with S0 grams-force lowd,
RO%3 16 + 20%VFAG22 £oint A in Figure 4.56 kD)
{Solution annealed), ferrite
plinse

80256316 + 20%VFAG22, Point B in Figure 4.56 529
{Solwtion anmealen) , sigma phase R
VFAS43, as-HIP, Figure 4.9 1535

Reference alloy consisting of near
100%; sigma phase

Table 4.9 EDS analysis of sigma phase at point Band €.
qpm analysw {wclght percenﬂ
Alloy Microgeaph |Mo [Cr  he M
80% 316+ 20%  |Sigmaphaseatit.d |53 314 i
VEAGZ2 point B in
(AcHlIPped)  FigwedS6 . O "
80% 216+ 207 Slgm.:phaswt 5 |3u4 sl.8 42
VFAG22 point C in
tasred  lhgaresse oo |
Overall -3 f.m 83 2
composition of
VEADG22 base
* aley o




Figure 4.57: (80% 3161.+20% VFA622), 1100°C (500X}, HCI etch , optical
image.
VFAS22 particle in 3161, matrix, with higher precipitate concentration at grain

boundaries,

Figure 4.58: (80% 316i. 20% VFA622) 1100°C_(200X), HCI etch . optical
iage.

Three phase microstructure consisting of austenite, ferrite and sigma phase, The
diffusion zone between a VFA622 particle and the surrounding 316L. is indicated

at region A,
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Figure 4.59; (50% Hastelloy C + 50% PremV). As-HIP (200X), HCl -+
Murakami's etch, optical imape,

Region showing diffusion zone (C) between Prem V (A) and Hastelloy particles
(B).

.
A o

Figure 4.60; (50% Hastelloy C+50% Prem V), As-HIP (500X), HCl +

Murakami's etch . optical image.

Prem V particle exhibiting a high proportion of sigma (light) phase. An inclusion

is indicated at poirit A,
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Figure 4.61:  {S0%Hastelloy € -

509PremV),_ As-HIP _(500X), HCI

+Murakami's etch, optical image.
A carbide-rich Hastelloy region. The carbide at point A was subjected to FDS

analysis (Table 4.10).

Tahle 4.17: Preci j:tﬂte in H’Ntt‘llﬂ} C.

Aty htieroprap
50% Hastcllo} ¢ Preaipitaic A

+ 50% Prem V m Fipnre 4.61. 5

Spot anulws (“eight parcent) I

Mo Cr e N
z** zm. 186 313
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‘should be
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Fi 62:(50% Hastelloy C -+ 50% Prem V). 1100°C (200X}, HCI

+Murakami's etch, optical image.
Overall microstructure after heat treatment. The centre of a Prem V particle (A)

and centre of a Hastelloy C paricle (B) were subjected to EDS analysis (Table
4.11)

Table 4.11; EDS gnalysis of SO Hastelloy Ot 302 Prem V.

i @Spnt anralysis (ﬁ'eiéht pl:rcent"]m T
e R I I I C TR { F e T LT - e e e *, e
Wiy " iMleropraph Mo Ce P MW
500 Hastelloy € {Contre of Pram {70 (380 37 ‘13

+ 402 Prem V|V particle in ¢ i
o TiGMRAGD, .

0075 Hastelloy ¢ {Centre of Hy MG 3.1

+ 30 Prem V. {Haostelloy ¢ :

* paticlein ! : 5

s0% Taselly ClFipered62 42 el (385 142 Nt

e S0tPrem Vo (Diffusion zone - A ... nnalysed

Hastelloy C typically contains 4 percent W, This element was ot included in the
analysis of the diffusion zone and could therefore cause miner deviations in the
results.

142




Figure 4.63: (50% Hastelloy C + 50% Prem V). 1100°C (500), HC1

+Murakami's etch, optical image.
Detail of Prem V particle. EDS spot analysis was performed on the diffusion

zone at point A.

Fipure 4.64: (50% Hastelloy C+50% Prem V), 1100°C. (300X), HCI
+Murakami's eteh , optical image.

it el e

Hastelloy-rich region with complex M.C carbides in a Ni-Cr-Mo matris,
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The EDS spot analysis
sutface encompassing a volume of approximately

on the atomic number.

Tahle 4.12: Summary of EDS analyses.

examines @ roughly drop shaped repion on the specimen
tum’, The actual shape is dependent

T Spotamalysis (weight  pereent) [
Alloy Micromraph Mo [Ce  Fe M W ~lother
Prem V Inchsionin - 476 (LA - (. 08% N
Fignre 425 | | Balanur
! could be ¢
R NPV WU AN YR Suoe I SR S ol ]
SPODIO0R Particle surfacei 1.1 1441 488 1y . - 15 |ne%Si |
nowier ag shown in 1
OO 5. ;.. ..U NENUIR WADTUNE SUSHPPRRE U SRt b
SPO01008 Diffusion zone ;1.8 (227 i74.1 ny - - ‘U.S%Si
o jmPigueedd2 L e b
SPORINS Corc repionin (18 1283 8.2 11 . e IDSOSI
e (Fiuredd2 L e o I o b e
{SPUOLO0B Precipittc A (48 (§11 (243 07 . e e 06948
in Figure 4.43 ' Balance
ishenlg e
VEAGa:Fe | JAverageof 138 {2 lead 14 . b e e
{As-HIPped) theee spot Max:3s 1, 1%gNb
analysesin | Min:32 :

: Fguedd? & 4 e O
8095316+ 20%  [Sigmaphaszati6d |53 374 22 - e 1.2%84
YFAG22 point Bin : ;

(Astlpey  fFigwesss 0l T
g09: 316+ 2005 |Sigmaphaset 38 W6 1818 42 Lo e
VFAG22 point C in ! ! ] i !
(AsilPped) ~ AFigued S Lo o S bt
5015 3161, + 5035 | Figore 4.5% 120 w3 sed LRIN _ t
VFAGI2 Ttched dark ' :

weaB L b T {
5094 316L. + 50% |Figure 4.53 14 WY 63 oBle - e 1
‘VFAG22 Tictied lipht i ;
; aren A, i | |
S0 Hastelioy € {Precipitate A 1282 (206 (1a6 mr R . - Buknge |
W A0 Prem V' jinFigore 461 ; | _ should be
............... e T e R . R : . 1": L
3005 Hastelloy ¢ {Centre of Prein ' 7 38 67 17 13 - . -
+ 804 Prem V[V paniglein
______________________________________ Figwredtz 1 Lo L L o
0% Hostelloy € {Cemtreof (7.9 (202 (230 wlp izl |-k .
oANtaem Vo [Hastelloy C :

particle in . - : |
0% Hastelloy € | Diffusion sone (4.2 361 1388 M2 A SR ‘;-
vaeapemV mBpeder b DL T

‘Mo ((r Fe Ni w Tt Al
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4.4. Summary of hardness results.

All solution amnealing carried out at 1100°C for a period of two hours.
Quenching was done in water at room temperature, A typical example of plastic
deformation around an indentation is shown in Figure 4.27.

Table 4.13; Summary of hardness resnlts,

Alln

DS
D&-C

SP{]{)][)]"‘* s

24h)
e '“’§6'lm'i6h"én'ﬁe'ﬁle'd' .
{VFAS43 milled for :

24h) i o
VFA4LT éAs—HIPpwj :
VI‘ ey ‘mlutmn annealud
JVFA4ID

VFA423

i

ghulutmn annealed

: Sohstion annealed

As-HIPped
jésm;uioﬁ —
Asirped

Solaionc s ed

?AIS;-PII!"ped'

£t ity et A

' Solutmn annealcd t

As-HIPped ) |

{(VEAS43 milled tnz

L ondition i\‘lckers LComments
: ihardness
_ i[ v

836, Massne crackmg in

276 |
775 Massive cracking in |
material :

269 Plastic deformation |
nmund mdentatmn i

i s et

289 Plastic deformation | :
.around mdenlatwn
“ Plastlc dcmxmanon

arouncl rndem'umn
876 Wull dei‘ ned
‘indentation.
‘Palmgvist cracks at
~ indentation earners
38 W:.Il defined
mdenhtmn

7t \{aum & erac km&. m
material

"(ﬁ :
§90 Massive cracking in

~ material
277 Plastic deformation |
.ummd indentation

817 Massive cracking in
- mat:.r:al o :

736: Duple\
‘microstrac ture

I~go0Hy [ Unmeasurable

;mdemmmn.
él\‘lassiw cracksin
matedial.




Table 4.13 C.ondition Vlckert; Comments
(gﬂngmledl hardness
VFA423 Solution annealed 277 Plastic deformetion
e S . around indentation
VEFA487 As-HIPped 274 {Plastic deformation
voerod .. uround indemiation
VEA487 Solution annealed 321:Plastic defm hiastion
3 argund indentation
VFAS43 o §olution annealed 275
SF001012 As-HIPped 876! Well defined
(VEF AS43 milled for indentation.
24h) Palmqvist cracks at
S SR S indentation corners |
SPoO1O12 iSolution annealed | 318 Welt defined
{VFAS543 milled for ‘indentation
VFAG22 As-Hleed >§00Hv  Unmeasurable
{once) indentation.
Massive cracks in
.............. material.  rmrmm-d
VEAG22 Solution 283 Plastic deformation
annealed around indentation
VEAG22 HIPped 282iPlastic deformation
(Test piece) {twice) around indentation
VEFEAG22 HiPped 257 Plastic deformation
(Spring lock)  (twice) e tr0UNd indentation |
VFAG22 Cast, mgmatlsed 238 I’lasnc deformation
and solution around indentation
veoms mwsn. . \annealed U DU
VEAG22 Cast and Hlpped 276 Plastic deformation
ST SR S around indentation
Steel milt media. . Asreceived| 715 Martensitc
................................................................................... ... jmicrostructure
SPOOIOOB .. As-Hleed 262 Well defined
(VEASd3+extra Fe): .. jindemation
SPO01008 E St\lution annealed "’81 'Well defi ned
(VFAs@bretmaFo) | indewstion
VFASdA+extraFe As-HIPped "?S Plastic deformation
thandmix) ..:9?9!!.‘.‘,,‘1.._!!‘.‘.i.‘f?‘..‘,‘.‘_'_‘_‘.‘?’_?_ _
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[P

Alloy i Condition Vic Comments

hardness

{Hv30)
VFAS43+extra Solution annealed 242! Plastic deformation
Fe(hand mix) avound indentation
VFA622+extra As-HIPped 224 Plastic deformation
Fe(hand mix} | around indentation
VFAGB22 +extra Solution annealed 212{Plastic deformation
Felhand mix) around indentation
20% 3165+ As-HIP 286
80% VFAG22
20% 316L + Solution annealed 219
80% VFAG22 R
$0% 316L + 20% As-HIP 194,
VFA622 1 g [ T - N -
R0% 316L, + 2024 | Solution anneuled|Off-scale
VFAG622 «<185Hv
50% 316L + 50% AsHIP| 272
VFA622 TR g NPT, - g e P s sl e . 1
50% 316L + 50% | Solution annealed 248
VFAG22 1 _
50% Hastelloy C + As-HIP 401
5004 PremV
50% Hastelloy C+ | Solution annealed st
50% Prem V

T.ole 4,13 Summary of hardness galues(’c'ontinued):
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4. Summary of microhardness results,

Alloy Micrograph iMicrohardness Microhardness
value with 25 value with 50
grams-force grams-force
load., load,

D§-1, DS-C Figure 4.10 357 -

{Soluticn annealed) iFigure 4.12

(Ferrite phase)

DS-1, DS-C Figure 4.10 507 -

(Solution annealed) ;Figure4.12

(Sigma phase)

VFAS43, as-HIP, [Figure4.9 1750 -

(Reference alloy

consisting of 100%

sigma phase) b

80%316+VFAG22 |Point Ain - 339

(Solution annealed) Figure 4.56

{(Ferrite phase)

80%316+VFAG22, [PointBin - 529

(Solution annealed) !Figure 4.56

(Sigma phase)

VEAS43, as-HIP, Figure 4.9 “ 1555

(Reference alloy

consisting of 100%

sigma phase)
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4.5. Elemental scans

The elemental scans (Figures 4.65-4.70) provide data on the surface topography
and distribution of elements over a pre-defined area. The first scan, designated
SE, indicates the roughness of the area i.e. areas which are raised or towered
relative to surrounding areas. Analyses for Mo, Cr, Fe and Ni are alsy shown.

The surface topography is highly dependent on the degree of polishing and
surface preparation of the specimen.

149




SE. 91342 + 10 microns

iy f‘%fhw/‘w V‘““J\

}.!nl_a‘l - <10 microns
4%
Ty w\mn‘m}» m\.lwrw il [%’j\m&l‘m'ﬂ"k%%f“ﬂ‘w‘
. — ~lo%
C:Ka 337 60%

[ 1
,‘i'ill_%_. ~A S .'f"d\?-'. B PENE PR ONREANS "l"l“\-"'f*} s .‘.._.‘.J,.,_f I\.'ﬂ.__“. e ,i,__ﬁ\‘-‘*-.l-‘l

0%
0%

Feka, 307

\*“""’”"""“J“’W“W"‘WW“Q ﬁ\w’:ﬁww

~10%
2%,

-

N;‘{a 23 '

’"\r\ H\V\ ‘WﬁwﬂM ! &M W}‘W b

=i 0%

Figure 4.65; Elemental scan of SP001008. As-HIP, (Across 123.3m).
A Cr-enriched precipitate is shown at B.
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Figure 4.66: Elemental scan of VEA622 + S, As-HIP, (Across 124.6um).

Uniform Fe and Cr distribution.
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Figure 4.67; Elemental scan of VFA622 + Fe. As-HP. (Across 504.3um).
Uniform Fe and Cr distribution.
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Fipure 4.68; Flomennl sein of VEA622 + Fo, AR aeross Y96.6um).
Liniform Cr and Fe distribution.
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Flgyre 4.69: Flemental sean of VI AG22 2 Fe, heat treated, (Across 101 L.
Uniform Cr and Fe distribution after heat trestiment,
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Figmure 4.70_Elemental scan of 0% [astellay ¢ + 50% Prem V

(Across 1605um),
Large variation in compasition as different particles a

re erossed. 7 ne Ni-euriched

regions (B) are Hastelloy particles, whilyt the Fe-enriched areas m . Prem V

particles (A),
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4.6. Corrosion results in 10% sulplrie acid.
The corrosion results for the alloys tested in 10%6 sulphuric acid, at room temperatuze,

are presented in Figures 4.71-4.84. The graphs are accompanied by notes.
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Leta? 10EA08 008001 0.00(1 000 001
Curront donsity{imAfem2}
Figure 4.71: Corrosion sean for Prem V, as-1IPped,
Spontaneous passivation in Figures 4.71-4.72,
PremV
© Heat treated
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Figare 4. 72 4 wrrosion sean for Prem V. heat weated.
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Figure 4,73; Corrosion scan for VEA4RT, as-111Pped.
Spontaneous passivation. The second scan is non-representative due o poor

elecirical connec-ion.
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Figure 4.74; Corrosion scan for VEA487, heat freated.
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Spontaneous passivation in both scans.
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siipure _/5: Corrosion scan for VFAG22, HiPped(2X).

Spontanzous passivation occurred in both scans,
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Fige 4.76: Corrosion scan for VEAG622. HiPped(twice)+ heat treated.
Spontaneous passivation in the test media.
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Figure 4.77; Corrosion scan for SPO01008, as-HIPped,
Spontaneous passivation in the test medium. The first scan in Figure 4.78 is

inconsistent, and should be ignored.
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Figure 4.78: Corrosion scan for SPO01008, heat treated
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Fipure 4.79: Corrosion scan for VFA622 + Fe. as-HIPped,
Spontaneous passivation with umusual behaviour in the first scan of Figure 4.79.
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Figure 4.80: Corrosion scan for VEA622 + Fe, heat freated.
Spontanzous passivation in the test mediurn,

161




-
r... - ;
120%316L.+80%VFAG22
i ~ Heattreated
B0 g« v or e mar s § S e A ML 4 e S R
600 -
400
=
£
8 200 |-
[
Q
1]
4%
[ DT A
L
. ca
200 |- e e B
400 L ok b B8 cme e b 2R mode ko T LD o Lk 4 B b ot Vgl ol A LAEEL

1.0008.07  4.0008-06 0.00601 0 oo 0.001 oot 0.1
Curtont dansity(mAiem?)
aici]

Figure 4.81: Corrosion scan for 20% 3 16L-+80% VFAG22, heat treated.
Spontaneous passivation with a large variation in Egon.
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l50%316L+50%VFA622

Heattrealad
~ B00
1
400 |-
5 2 1
& 200 |
£
E L
5
g o _‘ :
i i ........—-—--»-.—v-;,*ff"'"x {‘2_
200 - \ ”’--‘:}
N
_____ . \“N...__
_400 ] 1 | L. i) . 1
1,00E-08  1.00E-07 1.00E.068  0.00001 0.000% 1ngy 0.04 0.1
Cuirent density{mA/cm?2i

(i)

Figure 4.82: Corrosion scan for 50% 316L + 50% VEAG22, heat treated.

A small active loop followed by passivation at increasing potential was observed
in the first scan, In the second scan, the material passivated spontaneously, A
large difference in the E. values of the two scans was observed.

163




400 o mes

200 |-

80%316L+20%VFAG22

Hoal trestod (Porows)

PeterSalioiv)

~200

+00

-E80

y

i

L by L L

1.0N0E-0G

Figure 4.83: Corrosion scan for 80% 316L420% VFEAG
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ohiloe oot om 01
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22 heat ireatad.

Inconsistent corrosion beshaviour arising due to widespread porosity in tue
HIPped cumpact The 80% 316L + 20% VFA 622 specimen contained

significant porosity which

can produce

unpredictable

results durng

potentiodynamic scanning. The scan therefore could not ve utilised to
characterise the corrosion behaviour of the material.
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Fipure 4.84: Corrosion scan for 50% Hastelloy C + 50% Prem V., heat treated.

This composite alloy required long periods of over 2500 minutes to stabilise in
the 10 percent sulphuric acid solution. The potentiodynamic scan is shown in
Figure 4.84 (Scan 1), In the first scun, the composite passivated spontaneously
with a fairly uniform potentiodynamic curve. In the second scan, the alloy was
not allowed to stabilise. This scan exhibited distinet anodic and cathodic curves.
However, large deprees of fluctuation were present in both the anodic and
cathodie regions of the graph.
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4.7, Corrosion results in 70% sulphurie acid at 50°C.

The corrosion r~sults for the alloys tested in 70% sulphuric acid, at 50°C, are

presented in Figures 4.85-4.92. The graphs are accompanied by notes.

'PremV{heat treated) in 70% sulphurlc acid

R b e e e e kT ar
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I
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E o e
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0.001 0.01 0.1 1 10 100

Gurrand Dor sy (mAlSM?)

Figure 4.85: Corrosion sean for PremV, heat freated.

Two minima are present in the passive region.

... VFA4BT{heat treated) in 70% sulphuric acid
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Figure 4.86: Corrosion scan for VFA4R7, _heat treated.
Two minima are present in the passive regioi.
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Figure 4.87: Corrosion scan for VFEA622. HIPped twice,

A. distinet anodic loop is present with two minima in the pagsive region.

VEAS22(HIP2X and heat treated) in 70% sulphuric acld

*
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Figure 4.88: Corrosion scan for VEAG23,

0.0001 0.001 G-O&fmnt Dal?é?l.y {mNcm2}1

10

HIPped twice-- hest treated.

A distinct anodic loop is present with two minima in the passive region,
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(VFAG22+Fa),(as-HIPped) in 70% sulphuric acld .
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Figure 4.89; Corrpsion sean for VEAG22-+Fe (As-HIPpe

The duplex alloy passivated according to classical behaviour, but exhibited a
second minimum in eurrent density in the transpassive region. Solution aunealing
did not appear to result in significant difference in corrosion behaviour.
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{VFAS22+Fa),{heat treated) In 70% sulphusic

1000

800
600 ¢

*

Potential (mV})
o
[ =

ol
200 | >
400 4 \\
-800 -
0.001 0.01 10 160

0 1
Current Density {mA/emZ)

Figure 4,90; Corrosion scan for VFA622+Fe (Heat-treated).
The alloy passivated, but exhibited a fairly high critical current density of 0.6
mA/em?,

e
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(B0%316+20%VFAB22),(heat troated) In 76% suiphurle acid
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Figure 4.91: Cotrosion scan for 80% 316 -+ 20% VFA622 (Heat-treated).
The alloy had a stable passive region and the transpassive region was noi

reached, even at an overpotential of 1000mV.
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Figure 4.92: Corrosion scan for 50% Prem V + 50% Hastelloy C (Heat-treated
A distinct anodic loop is observed. The alloy remained passive up to an
overpotential of 1000mv.,
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The corrosion results in 10 weight percent sulphuric acid (room temperature) and

70 weight percent sulphuric acid (50°C) are given in Tables 4.15-4,16.

Table 4.15; Summary of corrosion data in 10 % H>SO,

= ot

Alloy Aversy Anodic intercept |Corrosion rate
Relativeto  (fi.) {in_10 weiglt%
SCE THLS0y
(mV} (mA/cm?®) (tm/year)
Prem V 15.56 Average 0.0008
Ag-HIPped Tx10%
Prem V 200.02 Average 0.0006
Heat treated 5.34x10°
VFA487 -13.82 Scan 1 0.011
As-HIPped 10.1x10¢
VFA4R7 -223.38 Scan 2 0.0003
Heat treated 2.91x10°®
VFAG22 14.36 Scan 1 0.0008
HIPped twice 6.97x10%
VFA622 0.37 Sean 1 0.0023
HIPped twice + 20.8x10*
heat treated
SPOG1008 ~-146.27 Scan 2 0.0004
Heat treated 39x10*
VFAS22+¥e 210.96 Scan 2 0.0001
(Hand 1.03x10°
mix, As-HIP)
VFAG622+Fe -166 41 Scan 2 0.0075
{Hand mix, 68x10°
heat treated)
80%3 16L+ Porous Porous} Poraus
20%VFAG22
_Ij_e_at treated
50%316L+ ~201.43 Scan 2 0.0005
50%VFAG22 4.18x10°
Heat treated
20%316L+ =-172.7 = Scan2 0.0024
80%VFA622 21.8x10°¢
Heat treated
50%Hastelloy 22.19 Secan 1 0.0002
C +50% Prem 1.58x10°
V {Hand mix,
heat treated)
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Table 4.16: Summary of corrosion data in 70% H,SO, acid at 50°C.
Alloy |- Tt Corrosion rate [f,e Corrosion rate

- at L 8t oo

(mV) {mA/fem?) (mm/fyear) (mA/cm?) (mm/vear)

VFAS552/ -402.9 3.1 31 9.3x107 0.093
PremV
Heat treatud
VFA487 -378.4 0.8 8 1.1x10% Q.11
_I.-‘.’ * treated
VFAGR22 -173.5 1.ix1a? 0.11 2.6x1(? 0.026
HIPped twice
only _
VIAG22 -168.3 2x10* 02 5.8x104 0.058
HiPpad twice
-+ heat treated
SP001008 -96.6 1.2x10° 0.12 4.4%10° 0.044
Heat treated _
VFAG22+Fe 216 6.9x10° 0.69 3.2x10% 0.032
[HIP only
VFA622tTe -255.4 0.2 2 4.5x10°® Q.05
Heat treated
80%316L420 -235.5 0.6 6 1.6x10° 0.16
%VEFAG2Z
Heat treated
50%Hastelloy ~173 0.19 19 8.6x10? 0.086
C+
30% Prem V
Heat treated

4 8. Field trials

At the start of the field trial the two springlocks had masses of 25.309g and
25.228g. After over 5 months exposure in the field trial, no visible corrosive
attack was apparent and no mass losses were reported. The sensitivity of the
scale used in the trial was 0.2g. No detectable mass losses were reported for the
reference 9041 springlocks. o




3, DISCUSSION

3.1 Powder production

It vas noted from the thermomechanical processing procedures that mechanical
working of all the experimental alloys was required in order to produce sufficient
sigma iu a reasonable time. This was in agreement with the results of Cortie et
al®, which indicated that prior working promoted sigma formation. The
thermomechanical procedures are summarised in Table 3.2,

The fact that Prem V sigmatised sufficiently afier only 24 hours exposure at
850°C indicated that the choice of Fe-39Cr-2Ni-2Mo as a base material was
reasonable. The effect of variations in Mo and Ni {sigma stabilisers) content on
the ease of powder production could therefore be gauged with regard to this
reference ailoy.

Important resuits were obtained from the VFA 390-395 series. These alloys had
a combined Ni+Mo (sigma stabiliser) content of less than 3 percent. These
materials did not embrittle sufficiently to produce powder, despite prior hot
working and over 96 hours heat treatment at 758°C. When these resuits were
compared to those obtained for Premalloy V, it was apparent that minimum
levels of approximately 4 percent NittMo were required in order to produce an
alloy suitable for powder production.

Alloys VFA 417, 419, 420, 423 (Fe-37Cr-2Ni-4Mo) contained a greater
proportion of sigma stabilisers than Premalioy V. However, these alloys required
over 96 hours of heat treatment at 758°C in order to embrittle them. This is in
direct contrast to the results obtained by Premachandra® (Figure 2.10) for an
Fe-38Cr-4Mo alloy, in whichi 90 percent sigma formed after only 15 minutes
exposure at 750°C. A possible explanation for this inconsistency may be due to
the relatively high Al contents of the VFA alloys. These Al contents ranged from
0.2 to 0.35 percent. It was established by Premachandra® that the addition of one
percent Al to the Fe-40Cr alloys has a poteni retarding effect on sigma
formation. Examination of the behaviour of Premalloy V reinforces this
possibility. Prem V contained less than 0.02 vurcent Al and was sufficiently
embrittied after 24 hours heat treatment. Thi: - «rmipares favourably with previous
results obtained for this alloy (Figure 2.16). Fzom Figure 2,12 it can be seen that
a temperatare of 750°C should be more conducive to powder production,
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The air melted alloys DS-1 and DS-C (Fe-36Cr-2Ni-4Mo) embrittled in 21 hours
at 850°C, after hot working at 1150°C, DS-i and DS-C were essentially
air-melted equivalents of VFA 417 and VFA 419. Subsequent SEM analysis of
DS-1 and DS-C indicated that these alloys did not contain any Al, The longer
time required for embrittlement of VFA 417 and 419 may therefore be attributed
to their Al content,

The hot working uf the "2~40Cr-2Ni-2Mo-0.4Nb (VFA622) alloy, followed by
isothermal annealing at 750°C for fow and a half hours produced a structure of
virtuaily 100 percent sigma. This is in line with the results obtained by
Premachandra?’ and represents a significant decrease in the time required to
embrittle the alloy. Heat treatments over periods of 100 hours, utilised in earlier
trials, are thus excessive and unnecessary. This result has important
ramifications for the commercial aspects of the alloy. A 2Ni-2Mo alloy may now
be embrittled in a substantially shorter time, and thus at a correspondingly lower
cost. The most effective procedure for powder production therefore appears to be
the combination of hot working an alloy to a 50% reduction in thickness followed
by annealing at 750°C.,

Crushing and vibratory (Seib) milling of the VFA622 powder proceeded easily.
A thin, green layer is present on the surface of the alloy afier hot working and
heat treatment. This is an oxide scale produced by exposure to air at elevated
temperatures. The scale was not removed and was milled inta the powder This is
undesirable since the scale particles would behave as inclusions mn the. matesial, It
is recommended that the alloy should be protected by an anti-scaling additive,
prior to exposure at elevated temperatures. Alternatively, the alloy could be
descaled by the addition of a pickling stage prior to powder manufacture,

An examination, by wet chemical analysis, of the carbon content of VFA622
after vibratory milling (0.024%C) compared to the carbon content of the starting
material {0.015%C) indicates that minimal carbon pick-up took place, This is due
to the short milling period utilised, as well as the fact that the powder
temperature did not rise abave ambient. Carbon pick-up would be expected due
to interaction with the milling media. The carbon levels in both analyses are at
the level recommended for this type of alloy.

175



5.2 Powder particles

The sharp angular features of the powder particles, in Figure 4.1, are due to the
brittle nature of sigma phase. High intensity milling during powder manufacture
shatters the sigma thereby producing the characteristic appearance of the
pticles. Spherical, atomised powders are usually preferred for F'® applications,
aue to their higher flowability and consequently more even packing densities.
However, these trials have shown that the conchoidally fractured powders are
also acceptable. The larger powder size distributions, typically less than 500
mirrcns, are the more easily packed, Smaller size fractions of under 45 microns
are less useful since there is a tendency to form agglomerates. The agglomerates
result in less efficient packing of t:e powder and consequently uneven shrinkage
during consolidation,

5.3. The effect of time at 750°C on hardness

VEA654 exhibits a dramatic increase in hardness from 13 to 49HR¢ after only 4
hours heat treatment, as shown in Table 4.2 and Figure 4 8. The ¢ ~earance of
macroscopic cracks in the region of the hardness indentation are indicative of
material embrittlement. Additional isothermal treatment for a further 4 hours
resulted in a hardness of 58HRe. Another 4 hours of exposure produced an
increase of only one hardness point to 59HRc. This indicates that a hardness
platesu is reached (Figure 4.8) and that further heat treatment is uniikely to
produce significant increases in hardness.

Alloy VFA647 (Figure 4.8) exhibited differem behaviour. The alloy softened
from 16HRc to 11HRe after two hours at 750°C. After 8 hours heat treatment,
the material remained at this hardness value This data indicated that no sigma
phase formed during this period, The decrease in hardness from 16HR¢ to
11HRc is most likely due to stress-relief brought about by the isothermal
annealing, After rolling, the plastically deformed material retained residual
stresses, which tend to increase the hardness, Heaf treatment removes these
stresses, hence the lowered Rockwell C values.

Appreciable hardening of VFA647 only began after 16 hours of heat treatment.
The trend was very gradual and after approximately 45 fiours the hardness was
only 34 HRc, Finally, aftor 89 hours, a maximum of 54HRc was obtained. At
this value the material was not sufficiently brittle for powder production. It can
therefore be seen that the kinetics of sigma phase formation in VFAG47 are far
slower than in VFA654. The important resuit from this trial is that that alloy
VFAG654 embrittled sufficiently after twelve hours heat treatment, and that a
hardness of 59HRc has to be achieved before the alloy is ready for powdar
produaction.
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The-vastly differing behaviour between VFA647 and VFA654 is considered
unusual, since both alloys are very similar in composition. VFA654 contains 0.0
percent more Cr than VFA647, but has 0.26 percent less Ni, Both elements
promote sigma formation. However, VFAG54 also has 0.34 percent Nb, cilegedly
a sigma retardant. Therefore, from a purely compositional basis. it wounld be
expected that VEAG47 would have the greater tendency to be embrittled.

A possible explanation could be that the 36Cr-2Ni-2Mo-Fe alloy is at the lower
limit of the composition range for "Juick" sigma formation. Anothier possibility
is that slight differences in the working, of the material lead to large differences in
the rate at which sigma is formed.

The results of these trisls indicate that 36Cr-2Ni-2Mo-Fe is the minimum alloy
composition which should be considered when manufacturing powder to be used
in hot isostatic pressing. In addition, powder can be manutactured when the steel
reaches a harduess of 59 HRc or greater, Hardness values can thus be utilised as
an easily-monitored indicator quring any future powder manufacturing processes.
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5.4 Mechanical mixing of Al (SP001003)

As can be seen from Figures 4.2-4.3, ball milling is successful in greatly reducing
the particle size of the alloy. A reduction in average particle size from 63
microns to 4 microns took place. This implies that the sigmatised material can be
successfully communited by ball milling if such a requirement -houid ever arise.

The combustion of the powder during welding is unexpected. An exumination of
the literature provides possible explanations™, 1t is well known that the reactivity
of a metal powder increases as the particle size decreases. This is due to the fact
that a greater {ree surface area is exposed. When this free surface area is exposed
to the appropriate atmosphere and the necessary temperatures, there exists the
high probability that a chemical reaction between the metal and atmosphere will
occur, at an accelerated rate. In the case of aluminium a typical reaction in air
wouid be

2Al(solid) + 1.5 Qf gas) —>Al:(: (solid)
Heat of formation = -1692 k¥ mole

This reaction is highly exothermic and it is for this reason that powdered Al is
often used in high energy rocke: propellants and explosives. In fact, Al is often
the primary ingredient in many . plosive applications.

It is considered probable that this reaction is the cause of the flames observed
duriag encapsulation, The necessary activation energy would be supplied by heat
f. . n the weld arc, with localised temperatures reaching over 1000°C, whilst
oxygen would be derived from the atmosphere,

Other deductions may be made from this trial. A successfully mechanically
alloyed material should contain powder particles with a unitorm and desired
composition throughout each powder particle It is considered unilikely that a
homogengous 2Ni-3Mo-2A1-40Cr-Fe alioy wou - be easily combustible since the
Al atoms would be a minor alloying constituent, held in solid solution.
Incomplete alloying would result in an Al layer enclosing each 40Cy-Fe particle,
It is this Al layer which would combust during welding. This is highly probable
when it is considered thar an acetone lubricant was used during milling. The
acetone effective acts as a barrier between- the milled particles and hinders
diffusion of Al into the Fe-Cr particles. The results of SEM and EDS examination
ot the mechanically mixed powder are shown in Figures 4.4-4.5 and Table 4,12,
The micrograph (Figures 4.4) indicated the powder particles hud formed into
ovoidal agglomerates during milling.
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A detailed examination in Figure 4.5 revealed the agglomerates to consist of a
porous network of mechanically bonded Fe-Cr particles, No distinet Al particles
were observed or detected by EDS analysis. The analysis of individual powder
particles (Table 4.12) confirmed the presence of Al on surface of the Fe-Cr
particles.

Free aluminium would also pose a nunber of problems during the actual HIP
stage itself. From the Al-Fe phase diagram (Figure 5.1), it can be seen that Al-Fe
alloys containing 85 percent Al or greater have a liquidus temperature of under
10009C, Since HIPping occurs at 1120YC it can be seen that a liguid phase
would be present, In addition, the L+ {J region has as its lower limit the 655°C
[L - g+(Al}] eutectic temperature. Thus any temperature in excess of this for
alloys of more than approximately 62% Al will have some liquid phase. and
higher temperatures will mean a higher proportion of the liquid phase. This is
highly undesirable because a liquid phase would be deleterious to the
microstructure of a powder, since it could induce hot cracking at grain
boundaries. In addition, the molten metal attacks the mild steel canister and
results in canister leakage and destruction.

In view of the potential dangers involved it is recommended that further work on
the mechanical mixing of Al-40Cr-Fe powders should be discontinued.
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3.5, Mecharic - mixing with extra Fe (SP001008)

Alloy SPA( 004 nad an average particle size of 4 microns after 72 hours milling
(Figure 4.3). Atter only 24 hours milling the average particle size of SP001008
was reduced from 63 microns to 6 microns (Figure 4.7). This particle size is
close to that of SP001012 and indirates that a milled particle size limit exists. It
therefore appears that milling for pericds beyond 24 hours are ineffective in
achieving any further sigmiicant parucle size reduction. This is important if
material communition is the central aim in the use of ball milling, since it shows
that more and more energy input is required, with diminishing refurns. The
concept of a mill limit is shown in Figure 5.2, The effect of .ae Fe alloying
addition on particle size is considered minimal, since Fe iz relatively soft
compared 1o the sigmatised 40Cr powder and is already fine.

Since botk this alloy and SP00100S have a normal size distribution, it may be
taken that this is the response of the 40Cr-Fe material to the mill parameters
used. It must be mentioned, that any modification of the mill parameters will
generally produce a different result in the distribution of the final particle size
fractions.

The chemical analyses of the starting and final powders (Table 4.1) are
particularly interesting. The starting materials have a carbon content between
0.025 and 0.056 percent and an oxygen content between 0.078 and 0.141
percent. The milled prodnet coutains (.176 percent carbon and 0.281 percent
oxygen. The increase in carbon and oxygen cot ‘ent therefore cannot be due to
the existing levels in the starting material. Ir all likelihood, the carbon pick-up
occwrred by interaction of the mill media and powder. Considering the very
nature of high energy mechanical mixing, i which cold welding is promoted, it is
considered likely that carbon from the milling media and mill body contaminated
the powder. Oxygen pick-up could be also be due to interaction with milling
media. However, another possibility exists in that oxidation of the reactive,
milled powder surfaces could have occurred during the drying (acetone removal)
stage. During this sixteen hour period, the powder was completely exposed to the
atmosphere.
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These results are important since they indicate certain pitfalls inherent in the
mechanical mixing technique. The 40Cr-Fe alloys require extremely low carbon
and nitrogen contents, usnally each of the order of 0.02 percent and less. Extrene
care is taken mn the preparation of these alloys, e.g. in the use of vacuum melting,
to ensure low interstitial levels. It is therefore apparent that the raised carbon and
oxygen levels brought about during milling are undesired. Ball milling, and
tnechanical mixing as such, should not be completely excluded from future work,
since certain rectifications are possible. Milling media with a low carbon content
could be used. Acetone removal can also be achieved in the presence of a
vacuum.
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5.6 Metallographic examination of alloys from single powders

A summary of the compositions of alloys manufactured from a single powder is
given in Table 3.1, whilst the hardness values are summarised in Table 4.13. The
observation of inclusions at particle boundaries is a common feature of HIPped
powders and was not unexpected. Powders have a high surface area, and are
vulnerable to surface oxidation. In addition, comtamination of powders during
milling often occurs. Even gas atomised powders exhibit a certain amount of
interparticular inclusions. However, the powders produced by the Mintek process
have a far higher degree of these inclusions than observed in gas atomised
powders. These inclusions are detiimental since they interfere with the diffusion
bonding process. However, their effect on the properties of the current alloys has
yet to be evaluated, It is significant to note, however, that the inclusions are not
continuous at the particle boundaries. A continvous contaminant film would be
Inghly deleterious, and it is known™ that mechanical properties are greatly
affected if such a film is present

The air-melted alloys, DS-1 and DS-C exhibited a far greater amount of inter-
and intraparticular inclusions than the vacuum-melted alloys, This was a direct
result of the air melting process, since the melt would have had a far greater
chance of reacting with the atmosphere or other agents. The detrimental nature of
inclusions has already been mentioned. The degree of contamination within these
alloys would be sufficient for rejection of the powder, if the acceptance standards
for gas atomised powders were applied.

The quality of any powder is dependent on the quality of the initial melt. A clean,
contaminant-fre¢ powder is always desirable. Therefore, whilst producing alloys
by airanelting may offer certain initial economic advantages, it appears that
improved final results would be obtained by using vacuum melting irstead.
Cleaner powders result in a improved final properties. This is important since the
HIP process does not remove any impurities which are already present within a
powder.

After HIPping, all the Fe-38Cr-4Mo-2Ni alloys contained interconnected
networks of sigma oceupying between 70 and 100 percent of the microstructure.
Severe macroscopic cracking ‘occurred in.all specimens during sample cutting
and preparation. Since the cracking occurred to a similar extent in all the alloys
the microstructure of VFAS543 1s shown in Figure 4.9 as a representation of these
atloys. Many of the alloys did not respond well to solution annealing. Sigma
contents of between 90 and 30 percent were still present in some of the alloys
{VFA 417,VFA 419), These are shown in Figures 4.9-3.22,
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The microstricture of DS-1 after solution annealing is shown in Figures
4,10-4,11, and appears ferritic with some sigma phase at the particle boundaries.
The annealed microstructure of DS-C, in Figures 4.12-4.13 is ferritic, with heavy
sigma phase precipitation at some particle boundaries. A ferrite and sigma duplex
microstructure was observed in VFA417 (Figures 4.14-4.15). The large crack
running throush the material, shown in Figure 4.14 was present in the as-HIPped
state and could not be removed by heat treatment. \ higher concentration of fine
precipitates near the crack is noticeable, Figure 4.16 shows a high concentration
of precipitates was present at the particle boundaries of VFA419, The
precipitates also occurred within individual sigma and ferrite regions, in Figure
4.17, and generally appeared finer in the sigma phase, The overall microstructure
of VFA 419 consisted of ferrite and sigma phase. The microstructure of VFA420,
in Figure 4.18, indicated only partial transformation from sigma to ferrite after
solution annealing. A large number of precipitates were present in both phases. A
large crack passing through both ferrite and sigma may be seen in Figure 4.19,
confirming that heat treatment alone does not provide a driving force for crack
closure. VFA423 with residual sigma in a ferrite mairix is shown in Figures
4.20-4.21. Inclusions at the particle boundaries are apparent in Figure 4.20.
VFAS543 (solution annealed) in Figure 4.22 was mainly ferritic with localised
bodies of sigma phase.

The Fe-40Cr-2Ni-2Mo alloys were less likely to form high proportions of sigma
phase. Prem V and VFA487 (Figures 4.23-4.28) exhibited approximately 20
percent sigma after HIPping and had hardnesses of 289Hv and 274Hv
respectively, The sigma phase occwrred in large, isolated and sometimes
transparticular bodies in Prem V, whilst in VFA 487, it occurred preferentiaily at
particle boundaries.

After solution annealing, both alloys only exhibited traces of sigma. Secondary
phases which were found only in the diffusion zone were apparent in Prem V.,
These phases were definitely harder than the ferrite phase since they did not
exhibit the same degree of polishing scratches as the matrix (Figure 4.23). These
phases were possibly a form of sigma phase. Their occurrence in the ditlusion
zone would imply that they would have a stightly different composition to the
sigma found in the core of the compact. This could allow them to be meore
resistant to solution annealing and could éxplain their presence afler heat
treatment. Their morphology and scratch resistance are consistent with the
properties of sigma phase. The difference in appearance of the boundary zone
relative to the bulk of the compact is due to the diffusion between the mild steel
and the Fe-40Cr alloy. VFA 487, in Figure 4.27, provided an example of plastic
deformation around a Vickers hardness indentation.
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Slip lines were clearly seen in the immediate vicinity of the indentation. The
plastic deformation produced the uneven edges of the indentation.

Solution annealing removed most of the bulk sigma in Prem V and VFA487, as
can been seen in Figures 4.24-4.28, Some secondary phases in the diffusion zone
of Prem V (Figure 4.24) were not removed. The extensive white region at the top
of the micrograph is the area which was in intimate contact with the mild steel
canister, and therefore has a decreased coirosion resistance, The region is thus
more readily attacked by the HCI etchant. Figure 4.25 shows the general rerritic
microstructure of Prem V. Inclusions (dark grey) , heavily enriched in Cr and Ti,
whilst being deficient in Fe, were observed both within the particles and at the
particle boundaries. The composition of these inclusions i. given in Table 4.3.
The high Ti (23%) content of the inclusions implied that they were definitely not
a precipitate or phase inbherent to the Fe-40Cr-2Ni-2Mao alloy. The presence of
the inclusions within the actual particle body, and not at the particle boundary,
indicates that the inclusions were most likely introduced during the casting
process and were not due to contamination during powder manufacture,

VFA622 was severely cracked after HIPping and had transformed to virtually
one hundred percent sigma phase. No hardness measurements could be faken,
since massive cracking obscured the Vickers mdentation. However, a value in
excess of 800Hv would be expected, The as-HIPped microstructure is not shown,
since it is similar to Figure 4.9, Solution annealing was successful and all visible
signs of the sigma were yemoved, The hardness was measured at 253Hv. Figures
4.29-4.30 show ferrite grains rich in intergranular/interparticular precipitates
without any traces of residual sigma. The precipitates were extremely fine and
barely resolvable at 1000X magnification,

The comparative microstructures of VFA622 in the HIPped and solution
annealed state, cast and HIPped state and HIPped iwice state are shown in
Figures 4.29-4.35. The cast material, initially fully sigmatised, had a fully ferritic
microstructure after solution annealing. The annealed hardness value was 238Hv,
The HIPped, annealed material still exhibited traces of sigma, and had a hardness
of 253Hv. The cast, solution annealed alloy increased in hardness from 238Hv to
276Hv after HIPping. The ferritic microstructure and large grain size of VFA622
(cast and HIPped) is shown in Figufe "4,31. Widespread intragranular
precipitation of fine spherical carbides and nitrides can be observed. Figure 4.32
shows a detailed view of precipitates within a ferrite grain of VFA622 (cast and
HIPped). The prior grain boundarics can clearly be seen.



The HIPped and soiution annealed microstructure of VFA622, in Figure 4.33,
appeared similar to the cast material in that the matrix consisted of ferrite grains
with fine but prominent precipitates, However, the particle/grain size of the
HIPped steel was finer. This was due to the smaller particle size of the starting
powder, Prior particle boundaries are also apparent in Figure 4.33. A ferrite
matrix with sigma forming preferentially at the particle boundaries of VFA622
(HIPped twice) may be seen in Figure 4,34, There was a low concentration of the
sigma ~ ase compared to the sample which was only HIPped once (Figure 4.9).
Figure 4.35 shows preferential sigma growth at particle boundaries, with some
nucleation within the ferrite particles,

One aim of this investigation was the development of an alloy which could be
easily converted to powder, and yet still remain free of sigma phase after passing
through the slow HIP cooling cycle, The fact that all specimens exhibited sigma
phase after HIPping indicated that a suitable composition had not yet been
established. The proportion of sigma in the specimens, after HIPping, varied
between 20 and 70 percent. These results were unexpected. Over 96 hours of
sustained heating was required to form sufficient sigma in order to produce
powder, and yet 70 percent sigma was formed in certain alloys after passing
through a single HIP cooling cycle. This may be due to certain forging effects
exerted on the powder particles during the HIP process, The applied pressure
would increase the tendency for the formation of lattice defects whilst the
application of heat would tend to anneal the defects. The differences in the rate
¢« sigma formation may also be due to the use of continuous cooling as opposed
to isothermal conditions.

Premalloy V (Fe-39Cr-2Ni-2Mo) exhibited the least sigma (20 percent) after
HiPping. Attempts to decrease the Ni and Mo content by small amounts were
unsuccessful since the resulting alloys did not embrittle sufficiently to form
powder. A 2 percent increase in the Mo content (VFA 417) resulted in a
substantial increase in percentage sigma. Decreasing the Cr content (VFA487)
had no discermnable effect, ” . sse results highlight the sensitivity of the Fe-37Cr
alloy to slight variations in the 'mount of sigma stabilisers added, i.e, small
variations in Mo content have &. | .. fer effect on sigma formation than equivalent
variations in Cr content.

The fact that most of the alloys were free of sigma after solution annealing and
quenching indicated that the procedure could be used successfully to remove the
phase after HIPping.
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However, VFA 423 (Fe-37Cr-2Ni-4Mo-0.2Ir), DS-1 (Fe-36Cr-2.6Ni-4Mo) and
DS-C (Fe-36Cr-2Ni-4Mo-0.3Ru}) still retained residual sigma. The behaviour of
VFA423 and DS-C could be due to the possibility that the platinum group metals
act as sigma stabilisers, However, at picsent there is no direct evidesice to
support this suggestion. The behaviour of DS-1 (cast in air) was initiaily
considered unusual since an equivalent alloy of similar composition, VFA 417
{cast in vacuum), responded favourably to solution annealing, However, VFA417
did contain 0.21 percent Al which would inhibit sigma formation,

The presence of sigma after HIPping may not be entirely detrimental, There is
evidence’ that the dissolution of sigma phase, in the appropri: . morphology,
may improve toughness by inducing mobile dislocations after solution annealing,
This aspect should be kept in mind in future work.

5.7, Fe-40Cr-4Mo-2Ni alloys

Alloys such as Prem V and VFA 487 have a nominal composition of
2Ni-2Mo-38Cr, It was felt that the corrosion resistance of these alloys could be
increased with the forther additions of 2 percent molybdenum. Furthermore,
additions of ruthenium and iridium, singly and together, were also made, The aim
of the trial was therefore, in terms of chemical composition, to produce a highly
alloyed 38Cr steel with the maximum corrosion resistance.

All of the 2Ni-4Mo alloys exhibited severe cracking after HIPping. This effect
was not as easily observed in earlier trials since specimens with a smaller circular
cross section were used. On larger test pieces, the cracks were more readily
apparent and are due to the formation of bulk sigma throughout the
microstructure. Since Mo is known to be a potent sigma former, it is apparent
that the extra Mo additions prowoted the bulk sigma formation. The cracking is
sufficient to render useless any component produced from these alloys.
Therefore, whilst from a corrosion standpoint a four percent Mo addition would
appear theoretically justified, the resulting HIP alloys are far too brittle fo
withstand the rigours of cutting and machining. In fact, the alloys may have even
cracked during casual handling. The use of powder metallurgical versions of
these alloys in any commercial application is therefore not recommended.

The hardness values of the HiPped alloys, summarised in Table 4,13, provide an
indication of the amount of sigma present in the microstructure. A fully
sigmatised microstructure has a hardness of approximately >890Hv. A
solution-annealed material consisting exclusively of ferrite has a hardness of
about 240Hv. Microstructural examination, coupled with hardness values,
indicates that a hardness in excess of 250Hv should be indicative of the presence
of some sigma in the microstructure.
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All of the as-HIPped 2Ni-4Mo alloys have hardness values between 710Hv and
890Hv, showing that large amounts of bulk sigma phase are present. This
explains the widespread cracking and brittleness of the allrys, It is interesting to
observe the cracks extending from the corners of the . :ess indentation. These
cracks ara referred to as Palmqvist cracks and are often utilised in the hardmetals
industry to grovide approximate values ¢! the toughness of cemented carbides,
However, the principle is extended to other brittle materials as well, such as the
sigma phase, A sharter crack length is thus indicative of greater toughness within
a brittle material,

Heat treating does not result in crack closure. However, in terms of
characterising the further behaviour of the Fe-40Cr-4Mo-2Ni alloys, heat
treatments are informative. Initial trals with these alloys involved solution
- annealing at 1200°C for 2 hours, followed by an iced brine quench, It was felt
that these parameters, while generally effective, were too severe and could lead
to component distortion. In addition, many commercial tfurnaces have an
operating limit of 1200°C,

It was therefore decided to pursue a less extreme anuealing treatment at 1100°C
for two hours followed by quenching in water held at room temperature. The new
solution annealing conditions provided mixed results. Alloys such as DS-1,
DS-C, VFA 417, VFA419, VFA423, and VFAS543 softened appre bly to
values of 274-277Hv. The similar hardness values, after solution anneatng, are
indicative of tbe similar compositions of these alloys, and indicate a consistent -
response to solution annealing. VFA 420 exhibited very little sigma phase
dissolution, with an annealed hardness value of 736¥v. Thus this trial indicated
that the solution annealing treatment can be used effectively on most of these
alloys.
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5.7.1 Microstructure of VFAS43 (IN1-dMo-0.4Nb-40Cr)-As-HIPped

This composition was devised in order to test the effectiveness of niobium
additions. It was felt that a 40Cr-Fe alloy with a 4 percent molybderam and 0.4
percent niobium content should offer exeellent pitting and intergranular corrosion
resistan..

After HIPping, the alloy consisted of approximately 90 percent sipma. The
microstructare is shown in Figure 4.9. The brittle nature of the sigma phase is
highlighted by the fact that widespread macroscopic eracking across the entire
cross section of the specimen occurred. These cracks were clearly visible on the
fresh, newly cut surface, and were obviously not brought about by prinding or
polishing, but were rather due to casual bandling after [IPping. The addition of 4
percent molybdenwm, whilst enhancing corrosion resistance, enhances the
formation of sigmi phase to an excessive degree. This as-HiPped allay is
unusable and would break apart during any machining operation.

The inclusion content was fairly high, and certain messures would have to be
undertaken to improve the cleanlingss of the powder production process.

A large number of inter- and intraparticular precipitates are present in ibe
microstructure.  The interparticular precipitates have different sizes and
morphologies compared to those which oceurred within the particles. The latter
within the particles are widespread and homogencously distributed, and have a
reunded, spherical morphology and vorrespond to the usual morphology of
niobivm carbides. Conversely, the precipitates on the particle boundaries are
larger and appear ovular, rather than spherical in shape. The composition of these
precipitates is probably also linked to the nicbium additions,

§.7.2 Microstructure of VEASAI (INi=dMo-0. 4Nb-40Cr)-heat treated

A microstructure consisting of ferrite (Figure 4.22) and approximately 5 percent
sigma is *apparent after heat teeatment. Some of the sipma is loealised and
appears to follow the path of the pre-existing cracks. This might be due to some
type of strain effect associated with the material surrounding the crack, which
enhances the stability of the sigma, such that the phase can resist solution
annealing or reform quickly during the quenching stage.

The cracks which were present after HIPping are still visible after heat treatiment.
This is expected sinee there is no dviving force for erack closure during heat
treatment under atmospheric pressure. The appearance of the inter- and intra
particular precipitates was unchanged. This is an indication of the stability of the
pregipitates.
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5.8. 38 or 40Cr alloys with 2Mo-2Ni

In these trials, alloys with 38Cr-2Mi-ZMo (Prem V, VFA 487) exhibied the best
overall characteristics. They embrittled easily to facilitate powder manufacture
whilst still forming the lowest amount of sigma (20 percent) after HIPping.

It was felt that corrosion resistance could be improved by increasing the alloying
addilions. Trials with the 4Mo-2Ni compositions indicated that further Mo
additions were deleterious. It was decided that the chromium level could be
increased fo forty percent Cr without exv .sive embrittlement. An addition of
0.4% Nb was considered to be beneficial in terms of promoting resistance to
intergranular corrosion, as well as inhibiting the sigma phase. Ru (0.15%) was
added to enhance cathodic modification.

VFAG622 (40Cr-2Mo-2Ni-0.4Nb) underwent massive cracking after HiPping,
with virtually 100 percent sigiia formation and a Vickers hardness in excess of
800Hv. This result is unexpected, since the increase in Cr and Nb was
considered minor. This indicates that, when alloyed with Ni and Mo, the high Cr
alloys are most likely extremely sensitive to Cr content. Therefore, {he small
increase in Cr, from 38 to 40 percent, could have increased the rate of sigma
phase formation dramatically. Another possibility is that the Nb additions
promote the sigma phase. However, work by Premanchandra® indicated that this
should be unlikely. It is plausible that the 0.15 percent Ru played a ole,
considering the work of Wolff et al**.

The response of VFAG22 to solution annealing is satisfactory, with a solution
annealed hardness of 253Hv, However, the cracks occuming after HIPping were
not closed. This composition therefore cannot be used in commergial applications
when manufactured by this specific route.
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§.9. The extra-communited powder VEASA3 (SP001012)

The microstructure of the milling media was martensitic and is shown in Figure
4.36. The chemical analysis is shown in section 4.5.1. The hardness of the steel
media was 715Hv. A normal size distribution, in Figure 4.37, was apparent after
the extra milling of VFAS42. The average particle size was 6 microns. There was
a mild peak in the number of particles oceurring in the three to one micron size
range,

SP0C1012, in Figure 4.38, consisted totally of sigma phase after HiPping.
Palmqvist cracks were present at the indentation corners, indicating the
brittleness of the phase. A detail of the inden*ation corner may be seen in Fipure
4.39, The Palmquist cracks passed directly through the individual sigma particles
and Jdid not travel preferentially around the particle boundaries. The particle/grain
size wag extremely fine, Figure 4.40 shows the diffusion zone, which was similar
in appearance to the zones in alloy SP001008. However, SP001012 had a far
finer dispersion of precipitates. The duplex microstructure of rerriie (dark arcas)
and sigma (light areas), after solution annealing, may be seen in Figure 4.41, The
grain size was very fine and individual grains were not readily discernable. The
sigma dispersion was homogeneous throughout the material.

The shape of the size distribution curve of the powder produced by batll milling is
similar to those observed in previous trials, and the averapge pardcle size 1s
similar to SPO01008. Therefore, it appears that when similar milling parameters
are utilised, there is a fair amount of reproducibility in the ball milling process.

The ain of milling the 2Ni«dAMo-0.4Nb-40Cr alloy 1o below six microns in size
was to determine the effect of reductio. in starting particle size would have on
sigma formation and on the toughness of the material. The same milling
equipment and similar milling and powder charge parameters, as deseribed for
batch SP001008, were utilised. Although no carbon content analysis was made
on this leavily milled material, it is expected that similar levels of carbon
contamination (in the range of 0.2%C} would have oceurred.
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5.5.1 Microstructure of extra-communited VFEAS43 (SP001012)-As-HIPped

The HCI etched surface has f.w discerning features, apart from entrapped bodies
outlining individual particle boundaries (Figures 4.38-4.39),

When etched with Murakami's reagent {Figure 4.40), the as-HIPped material
exhibited the typical three zone diffusion layer. The core is rich in carbides,
which is expected, due to the high level of carbon contamination occurring during
milling,

The HCI etchawt revealed a microsiructure consisting of over 95 percent sigma.
This was confirmed by the Vickers hardness value of 876Hv and the distinct
Palmqvist cracks at the comers of the indentation. These cracks run directly
through the particles of the hard phase, and do not follow the particle boundaries.

It is clearly evident that the starting particle size influences the microstructure.
Precipitates and sigma phase prain size ore finer and more homogeneously
distributed throughout the microstructure.

The only possible benefit of having a very fine particle size appears to be a slight
improvement in the grinding and polishing characteristics of the material. This
could be due to the small particle size having a certain, limited effect in retarding
crack growth during grinding.

The reduction in particle size produced a marginal improvement in the toughness
of the alloy. The homogeneous dispersion of fine isolated sipma pacticles instead
of a single larez sigma body occupying the same volume is attributable to the
milling process. For examiple, during sample cutting, preparation and polishing,
there was a somewhat diminished susceptibility to eracking. This is most likely
due to the fine particle size. Cracks would have to propagate through individual
sigina particles instead of large bulk bodies of sigma. Crack propagation occurs
more easily through large brittle bodies than through smaller brittle bodies.

However, the fact that some specimens still eracked during sample prepatation
highlights the minimal imprqvement to be gained from this microstructural
modification. v



5.9.2 Microstructure of extra-communited VFAS543 (SP001012)-heat treated.

The microstructure (Figure 4.41) consisted of an extremely fine ferrite matrix
with a widespread. homogeneous dispersion of sigma phase particles, A fine,
even dispersion of precipitates was also present. The particle boundaries of the
individual grains are not clearly defined and are difficult to discern, even at a
magnification of 1000X,

The presence of the sigma particles after solution annealing indicates that not all
of the sigma was taken into solution during the 2 hours at 1100°C, or that the
cooling rate during quenching was too slow to prevent sigma formation. This
alloy has a hardness of 318Hv, which is consistent with the presence of some

sigma.

The presence of sigma after solution annealing is unusual since the same alloy,
with a larger average particle size, responds successfully to the same heat
treatment. This implics that the degree of sigma formation is correlated to the
size of the starting powder particles. A smaller particle size provides a greater
boundary area on which sigma can nucleate.

in terms of commmercial application, this composition is still too brittle for use.
The slight improvement in toughness gain+ J by particle size reduction and
homogenisation is insufficient to justify any further development work on this
particular alloy.
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5.10.1, Microstructure of Fe (SP001008). - As-HIPped

Figure 4.42 shows a cross section of the region in which the powder was in
contact with the canister. Four distinct zones are present: the mild steel cylinder
(D), aregion of particle or powder grain growth (C), a zone which is free of large
precipitates (B) and a zone which is rich in large precipitates (A). There are also
fine precipitates at individual particle boundarics. No sigma phase was observed.
A detailed view of the core section {A) with precipitates in a ferrite matrix is
shown in Figure 4.43. The microstructure after solution annealing (Figure 4.44)
appeared very similar to the as-HIPped material, except that the precipitates, at
the boundaries of the enlarged particles (C), went into solution. Figure 4.45
shows that the core microstructure (A) appeared unchanged after solution
annealing, In Figure 4.45, no obvious distinction was apparent between the
starting pure Fe and the 40Cr-Fe particles. The ferrite microstructure did not
show any areas of preferential attack, which would be indicative of a Cr deficient
region. This was confirmed by the elemental scans (Figure 4.65) and EDS spot
analysis (Table 4.4) which indicated that there were no large scale Cr deficient
regions or variations in Cr content. The higher magnification examination in
Figure 4.43 reveals that the greyish precipitates, which were readily apparent in
the VFA622 alloy (Figure 4.32), were not visible in e VFAG22+Fe
microstructure. The precipitates in the core section (A) were identified as
carbides by virtue of their etching characteristics in Murakamni's reagent, EDS
analysis, shown in Table 4.5, indicated that the precipitates were enriched
primarily in Cr, Fe, and Mo. The areas surrounding the precipitates thus would
be expected to be more vulnerable to corrosion due to depletion of Cr and Mo
from the matrix.

The fine bodies surrounding each powder particle are probably contaminants or

surface oxides trapped on the particle surfaces. The presence of these bodies is
unavoidable, although their number could be minimised. The inclusions arise due
to exposure to the atmosphere or pickup during the powder manufacturing
process. Even high purity gas atomised powders exhibit these inclusions. Work
at Ultra High Pressure Units has shown that certain concentrations of these
inclusions are not necessarily harmful to the properties of the material.

The three distinct regions in the as HIPped material are essentially brought about
by diffusion processes. The left-most region” of the microstructure (A-Figure
4.43) is rich in carbide or curbo-nitride precipitates, since they were
preferentially etched by Murakami's rengent. The precipitates are not evenly
dispersed throughout the core of the microstructure and regions which are
distinetly free of precipitates are evident.
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This may be due to incomplete mechanical mixing as well as insufficient
diffusion, homogenisation during the HiPping process. The following mechanism
is proposed to explain the variation in microstructure, If it is assumed that the
carbon gained during milling is evenly distributed throughout the individual Fe as
well as the 40Cr-Fe particles, it can be seen that there is a greater tendency to
form precipitates in the regions with 40Cr-Fe. This is because the solubility of
carbon and nitrogen, in Cr-Fe alloys, decreases as the proportion of Cr increases,
Carbon and nitrogen precipitate as carbides and nitrides when their solubility
limit in the ferrite phase is exceeded. The excess carbon would thus tend to
enhance precipitate formation in 40Cr-Fe particles. On the other hand, the iron
rich regions (particles) would tend to retain the interstitial elements in solution,
and no precipitates would form. This is because they have a low chromium
content, and therefore a far higher solubility for interstitinl elements than the
surrounding alloyed powder particles. Thus, there would be iron-rich regions of
the microstructure with an absence of large precipitates.

A precipitate free zone (B) occurs throughout the circular cross-section, at a
uniform distance from the mild steel canister, It is considered unlikely that a
lower level of carbon should be present in this zone relative to the core. The
40Cr-Fe alloy, in contact with the mild steel canister, should actually act as a
carbon sink. The low carbon content of the alloy, lower than the levels present in
industrial grade mild steel, would cause a concentration gradient between the
alloy and the mild steel, Carbon would therefore have a tendency to diffiuse from
the mild steei into the alloy. Therefore, a higher concentration of precipitates
should actually be observed adjacent to the caunister. This apparent contradiction
between observation and theory can explained by considering another possibility,
The mild steel contains no chromium, whilst the powder alloy is chromium rich,
It is probable that chromium diffused from the powder alloy and into the mild
steel, This would result in a lowering of the chromiwm content of the affected
particles. A lowered chromium content would increase the interstitial element
solubility of the alloy. This would mean that there would be a reduced tendency
for precipitation. The tiny, 50 micron thickness of the precipitate-free zone,
would be due to the relatively poor mobility of the chromium atoms, during
diffusion. At a diffusion distance of greater than 50 micron from the canister,
insufficient chromium loss would have occurred in order to affect inferstitial
¢lement solubility to any great extent. Henck, precipitate formation oceurs in the
core only. This theory was verified by SEM spot analysis (Table 4.4) of the
precipitate-free regions. The core region was found to contain 28.3 percent Cr
whereas the precipitate-free diffiision zone (B) contained only 22.7 percent Cr.
Since the solubility of carbon increases with decreasing Cr content in high Cr-Fe
afloys it can seen that the assumption regarding the preferential precipitation of
carbides in specific regions of the HIPped compact was justified.
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The third zone, zone C, consists of a region of enlarged particles adjacent to the
mild steel canister, This zone is extremely thin, of the order of 10 microns. These
particles are free of large precipitates internally, although other fine, well defined
precipitates occur at the particle boundaries. It is felt that these regions could not
be mistaken as being grains of the mild steel canister. This is verified by
examination of the mild steel grains, in which it can be seen that the grains ar-
manv orders of magnitude larger than the particles in zone C, In addition, the
enlarged particles are still present in the microstructure, even after the mild steel
has been removed by nitric acid. The reason for the lack of intemal precipitates is
as mentioned previously. At present, no explanation can be offered as to the
reason for this preferential particle growth, Such phenomena has not been
encountered in work involving other alloy powders.

The entire object of mechanical mixing is the retardation of sigma phase. In this
respect the trial is successful, No sigma phase is apparent in the microstructure.
Sufficient diffusion occwred such that the overull Fe level was increased, and
therefore the formation of sigma was inhibited. However, as mentioned
‘previcusly, there is reason to suspect that the alloy is not entirely homogeneous.
This would affect the mechanical and corrosion properties of the alloy. Corrosion
and mechanical testing is required. This would be informative, since SP001008 is
nominally similar in composition to AL-29-4-2, a well known, commercial
superferritic alloy. Appropriate comparisons could therefore be made.
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5.10.2 Microstructure of Fe (SP001008), - heat treated

The microstructure of the solution annealed alloy appeared very similar to the
as-HIPped material (Figures 4.44-4.45), The three distinct zones were still
present. The core was still rich in precipitates. The only apparent difference is in
the zone with enlarged particles. The precipitates at these grain boundaries are
absent since they have gone into solution, This strenpthens the theory that they
are indeed precipitates and not some form of entrapped inclusion. Solution
annealing did not affect the bodies surrounding the powder particles at the core
of the specimen. Another aspect which this trial revealed is the stability of the
Cr-Fe-Mo carbides. The EDS analysis of the carbides is shown in Table 4.5.
These did not go into solution, and have a similar size and morphology as in the
as=-HIPped material. From a purely microstructural viewpoint, this indicates that
this particular alloy does not respond well fo the current heat treatment.

It must be mentioned that during the majority of applications, the diffusion zone
will most likely be removed during initial machining. The diffusion zone will
therefore not play a role in commercial applications of the alloy.

5.11. Extra Fe alloys (hand mixed)
The microstructures of hand-mixed VFA543 and VFA622 with Fe additions are

shown in Figures 4.46-4.48. No immediately obvious sigma phase or large
carbide bodies were apparent after HIPping, The as-HIPped hardness values of
VEFAS543+Fe and VFAG622+Fe were 238Hv and 224Hv respectively. The
microstructures of VFA543-+Fe and VFA622+Fe are similar, therefore only the
microstructure of VFA6224Fe is shown., The hardness values are 242Hv
(VFAS43+Fe) and 212Hv (VFA622+Fe), The micrograph of VFA622+Fe in
Figure 4.46 was taken near the edge of a Vickers indentation around which
plastic deformation was apparent. Strain or slip lines caused by the indentation
are apparent in one of the particles. A number of relatively coarse inclusions
were present withir: the particle. The microstructure after solution anncaling of is
sbown in Figures 4.47 and 4.48.

The addition of extra Fe to YFAS543 and VFA622, by hand mixing, provided
information on whether the process can be used as an altemative manufaciure
route for powders. The aim of adding the extra Fe is to produce an alloy which is
free of sigma phase after HIPping. This would work by effectively lowering the
overall Cr content of the alloy, thereby inhibiting thw: tendency for sigma
formation. The trial also provided inform.iion on the d:pree of homogeneity
brought about by diffusion processes during HIPping.
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The results of EDS spot analysis and elemental scans are given in Table 4.6 and
Figures 4.66-4.69 respectively. These indicated that reasonable homogeneity in
composition was achieved and that no pure Fe particles remained after HIPping,

Comparisons can also be made on the effectiveness of simple hand mixing versus
ball milling in providing 2 homogeneous, HIPped structure.

After HIPping, both of the hand-mixed afloys appesr ¢~ be free of any obvious
sigma phase (Figures 4.46-4.48). This is reflected in wi, w hardness values of
238Hv (VFAS43+Fe) and 224Hv (VFAG622+Fe), The hardness tests were taken
at variety of positions within the cross section of the test piece and were found to
be reproducible. No "hard" or "soft" spots were found. The unalloyed powders
have as-HIPped values in excess of 800Hv.

The results indicate that it is likely that sufficient diffusion between the alloy and
Fe particles did occur such that the sigma phase was inhibited, This was
confirmed by the EDS spot analysis of 34.2%Cr (Table 4.6) and the elemental
scan in Figure 4.69. Perhaps a more important result derived from the EDS
analysis was that the combined Mo and Ni content was less than four percent.
Earlier trials with alloys VFA390-395 showed that a combined minimum content
of at least four percent was required for bulk sigma formation Fe-40Cr-Ni-Mo
alloys.

The lack of large carbides in the mixed powders is an advantage over ball milled
material. The existing ball milling process introduces undesirable levels of carbon
into the powder. The hand mixed alloys exhibit very little change in
microstructurc after solution annealing. VFA543+Fe remained virtually
unchanged &t 242Hv, whilst VFA622+Fe softened slightly to 212Hv, This
indicates that there could have been small traces of sigma which were removed,
or perhaps sor-z of the carbide precipitates had gone imo solution. The small
changes in hardness indicate that these reactions should only have occurred to a
limited extent,

The main advantage of using hand mixing is that it is a quick and inexpensive
means of adding controlled amounts of an alloying element to a powder. Hand
mixing allows for very low leyels of contamination and requires minimal energy
input. T

The disadvantage is that hand mixing cannot achieve the same degree of powder
homiogeneity as high energy ball milling, but instead has to rely on diffusion
processes during HiPping to achieve compositional uniformity. In terms of
corrosion resistance, inhon., 2eneous areas in the cross-section which have low
Cr contents would tend to be attacked preferentially in aggressive znvironments.
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In addition, both hand mixing and ball milling require Fe powder of high purity to
be obtained. This contributes to increasing the overall cost of the final alloy.
Also, the addition of the actual mixing stage adds another step to the powder
production process and renders it more complex, Another disadvantage is that
only relatively small volumes of powder can be manufactured. Any future use of
hand mixing will depend on the homogeneity of an alloy after HIPping as well as
the added cosis required.
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5.1.. Microstructure of duplex alloys

Microstructures of the synthetic duplex alloy manufactured from various
proportions of 3161, and VFA622 powder are shown in Figures 4.49-4.58.

5.12. 1. 20% 3161.+-80% VFAG22

In Figure 4.49 (20% 316L + 80% VFAG22) prior parlicle boundaries are evident,
The smaller, rounded particles are 316L material, whilst the larger, irregularly
shaped regions are V. A62?. The dark region in the centre of ihe micrograph is a
non-metallic inclusion. Figure 4.50 shows sigma phase in the microstructure in
the duplex afloy. The sigma phase is evenly dispersed and does not oceur in large
comiguous bodies, The sigma morphology differs from that found in HIPped
VFA622 in having a lamellar appearance and is far finer in appearance compared
to the standard VFA622 material in which bulk sigma was formed. The sigma
bodies occupy approximately 10 percent of the microstructure. Figure 4.51
showed that aft~+ solution annealing, the microstructure appeared predominantly
ferritic, This indicated that Lizat treatment was successful in removing the sigma
phase.

The as-HIPped alloy exhibits only small amounts of sigma phase, as can be seen
by the fairlv low hardness value of 286 Hv. The addition of the 316L material
seems to have a retarding effect on sigma formation, The retarding effect of the
316L material is possiblv due to the diffusion of chromium from the VEA622
regions to the 1oL regtis and the diffusion of iron in the reverse direction. The
overall effect would e a lowering of the chromium content of the VFA622
particles, The lowering of the chromium content would therefore inhibit sigma
formation, The Mo contents of 316L and VFAG622 are similar anid there would be
litile tendency for Mo diffusion. Ni diffusion could also occur, but due to the
smaller difference in content the diffusion gradient would not be as large as for
chromium or iron, Heat treatment successfully removes all the residual sigma and
this is apparent in the lowered hardness value of 219Hv, There does not appear
to be a readily observable diffusion zone in the regions in wiere the two
materials are in contact. The appearance of large non-metallic inclusions (Figure
4.49) may be traced back to impurities which were intrnduced in the VFAG22
powder manufacturing process, It was difficult to avoid the additions of some
inclusions during the casting process. In addition, the equipment used to mill the
VFAG622 powder had fraces of silica which were impossible to remove
completely prior to miiling. in commercial applications the cleanliness of the
powder would have to be improved to above the current level.
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5.12.2. 50% 3161.+50% VEAHID

The 30%316L+50%VFAH22 material is shown in Figures 4.52-4.53. No prior
particle boundaries were observed in the as-HIPped 509 3161, + 50% VEFA622
material (Figure 4.52). There appeared to be roughly equivalent arcas of' etched
light (austenitic-3161.) and dark (foritic-VIFAG22). The light etched regions
cceurred as both Jarge and smaller jsolated bodies. After solution annealing, the
average size of the light etched (possibly nustenitic) regions had deereased
{(Figure 4.53). There was ulso a smeller number of the light etching isoiated
bodies compared to the as-HiPped state. Points (A and B) were analysed by
SIEM spot analvsis,

This composite aloy oxhibits the most interesting response to HiPping, A
classical duplex ferrite-austenite microstructure is observed without any prior
particle boundarics, The distribution ol the ferrite amongst the austenite is not
particul iy homogeneous ant large bodies of ferrite are tound in close proximity
to smatler isolated ferrite regions (Figure 4.52). The decrease in hardness from
272Hv (as-HIPped) to 2481 (after solution annealing) indicates that  som
sigma phase may have been taken into solution, The decrease of 24 hardness
points is not particulaly large. and sinee any sigima phase material only
womprises a proportion of the VEA622 particles it would therefore tend to have a
smaller influence on properties,
5.12.3 80% 3161, + 0% VEAGLY
Figure 4.54 shows the 80% 316 L.+ 20% VFA622 alloy in the as-[11Pped state.
‘The microstructure consists of well distributed ferrite (dwrk) particles within an
austenite (3161.) matrix. The microgreph of the as-Hped alloy in Figure 4.55
indicated the presence of sigmasphase (etched light) within a particslar Terrie
particle. The sigma appears to have formed in two distinet morphologies: bodies
of bulk sipma and fine lamellae, Figure .56 highlipghts the comparison between
the different sigma phase morphologies. The lameilae are Taidy fine and
individual branches were barely resoalvable at SOOX magnification. Certain arcas
with lamellae appeared to tun directly into bodies of bulk sigma. The results of
microhardness wnd EDS analysis of the kamellar xigma phase are given in Tables
4.8-4.9 and show that the sigma lanellue are harder than e ferrite matris, The
sigmi phase was enriched in Mo and Cr and had a composition which difters
from the bulk VFEAG2D alloy. The effeet of solution annealing may be seen in
Figure 4.57, which shows a VFAG22 particle in 3'¢1. matrix. Forrite prains were
readily apparent within the particle. Small sigma phase repwons were present al
the grain boundaries. as well as at intergranular positions within the ferriwe. A
three phase microstrueture consisting: of’ austenite, ferrite and sipma phase may
be seen in Fipure 4.58. The austenitic 316l phuase and sigma phase were
untouched by the etchant,
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The VFAG22 particles were clearly distinguishable by their jageed, irregular
appearance. Darker etched ferrite regions were easily noticeable as was the
appearance of sigma phase within the ferrite, Some of the VFA622 particles
exhibited a clear diffusion zone with the surrounding 3161 particies (marked as
point A).

The fairly tniform distribution of VFA622 particles in this alloy indicates that
relatively simple mixing techuiques are effective in producing a satisfactory
particle dispersion (Figure 4.54). The 216l appears to have some effect on the
VEFA622 microstructure since the sigima phase shows a greater tendency to occur
as lamellae. The diffusion zone in the as-HIPped steel is apparent, and can be
szen by the tendency of the ferrite particles to respond less readily to eiching in
certain regions (Figure 4.58).

The solution annealing treatment is able to remove most of the sigma, as can be
seen in Figure 4.57, It must be mentioned that the hardness values obtained from
this alloy are misleading. Canister leakage occurred during the HIP process.
Argon gas was trapped in the pores and full densification was not achieved. The
pores are not easily seen on the etched surface, but are readily apparent in the
unetched state. The effects of porosity in a steel are well documented, Increasing
porosity leads to a decrense in corrosion resistance, tensile strength, impact
toughness and hardness. This can be seen from the low hardness of the
as-HIPped steel at 194Hv and the decrease after heat treatment to below the
limits of the Hv30 scale. However, valid microstructural characteristics may still
be obtained from this alloy. The dart etched regions occupied approximately 40
percent of the microstructure, whereas they should only occupy twenty percent of
the visible areas sincs only 20% VFA622 was added. This could be due to
inefficient mixing, resulting in segregation of the VFA622 particles. Certain arzas
of the compact could have a greater number of VFA622 particles than other
regions, Alternutely, ferrite stabilisation of the areas surrounding each VFAG22
particle could have taken place, thereby producing a greater percentape of dark
etched areas.

The results of micro-hardness tests are informative. A distinet difference in the
hardness of the ferrite (339H,) and sigma lamellae (5290} was observed.
This confirmed that the lamellae were composed of a harder phase. However, a
reference hardness test performed on an alloy containing near 100 percent sigia
phase (VFAS43) produced a value of I 555Hui. The lower hardness volue of the
sigma lamellae relative to the reference alloy can be attributed to the far softer
ferrite phase which formed between the sigma lamellae. The  muero-hardness
result 'was therefore aa overall value obtained over a region containing both
sigma phase and ferrite,
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The presence of fine porosity in the compact is not considered to affect the
micro-hardness results since the porosity conld only occur at the interfaces
between individual powder particles ond ali micro-harduess results were taken at
intraparticular regious. The appearance of sigma lamellae is not vestricted solely
to the ultra-ferritic alloys and similar morphologies have beun reported by
Jackson® in duplex staintess stecls.

An interesting result is obtained upon examination of the chemical composition
of individual sigma lamellac (Table 4.9). The sipma is significantly ensiched in
both chyomium and Mo relative to the bulk alloy. An mportant finding by
Premachandra® was that the sigma phase was formed by two different
mechanisms which influenced the composition of the phase. In the first
mechanism the conversion from ferrite to sigma would occur without any major
partitioning of the elements to either ferrite or sigma. Short range diffusion across
an incoherent reaction interface would occur and the Fe and Cr ators in the
ferrite would simply re-arrange into the sigma structure. There would therefore
be minimal compositional difference between the sigma phase and the bulk alloy.
It was found that the bulk alloy composition had to lie within the sigma phase
field of the phase diagram for this first mechanism to be dominant, The second
nmechanism was more involved and oceurred when the composition of the bulk
alloy lay within the duplex sigma plus ferrite region of the complex phase
diagram. In this situation the composition of the sigma phase would differ from
that of the bulk alloy and be determined by the appropriate tie lines on the phase
disgram. Certain elements would thus partition preferentially to either he furrite
or sigma phase. In effect, the following euiectuid reaction would ocecur:

a{metastable) — o (stable) + o

The presence of lamellae and the composition of the sigma phase may therefore
be explained by the ocewrrence of the second sigma formation mechanism,
However, this implies that the regions which exhibited the sipma lamellae have
local compositions which lie in the duplex sipma plu. ferrite region of the phase
diagram. Since the lamellae morphology was not observed in the plain VFA622
alloy it may be deduced that the bulk compuosition of the alloy most likely lies
within the simmna only phase region. Therefore the second mechanisin would only
oceur if there was some diffusion between the VEA622 and 3161 material. This
could then shift the composition of localised regions of the VFA622 patticles
into the sigma plus ferrite region such that the eutectoid nicchanism of sigma
formation would be dominant.
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3.12.4. 50% Hastelloy C + 530% Prem V
Figure 4.59 shows a microstructure consisting of Prem V particles surrounded by

equal proportions of Hastelloy C perticles. The ferrite grains (A) were etched
dark, whilst the sigma phase within the Prem V particles was etched light, The
adjacent Hastelloy regious {B) consisted of numerous carbides embedded in a
Ni-Cr-Mo matrix. A distinet diffusion zone (C) was appavent between the Fe-Cr
and Hastelloy regions. A Prem V particle exhibiting a high proportion of sigma.
phase in the ferrite matrix is shown in Figure 4,60, Very fine precipitates were
also barely resolvable at the 500X magnification, The percentane of sigma was
expected from the behaviour of the Prem V alloy. The diffusion zone was
generally free of sigma phase, carbides or any other precipitates, The
well-defined, spherical particles (point A in Figure 4.63) were inclusions which
were introduced during the melting and powder manufacturing process. A
Hastelloy region which was rich in carbides may be seen in Figuve 4,61, These
carbides were irregular in shape, and were not all evenly dispersed. There was a
tendency for the carbides to segregate in groups. However, this segregation was
not severe and the carbides occurred throughout the matrix. The Ni-Cr-Mo
matrix was not attacked by the HCL or Murakami's etchant and no grain or prior
particle boundaries were observed.

Yigure 4.62 shows the overall microstructure and the effect of heat treatment.
The diffusion zone between the two materials is more defined, A carbide phase
is present at the boundaries of the stainless steel particles, This carbide phase has
a "stained" appearance. A detailed view of a Prem V particle is given in Figure
4.63. The material responded successfully to heat treatment and no sigma phase
was immediately apparent. The diffusion zone around the particle appeared
smaller than in the as-HIPped specimen.  SEM spot analysis was performed on
point A, The Hastelloy-rich regions in Figure 4.64 were essentially unchanged
in appearance after solution annealing and consisted of complex carbides in a
Ni-Cr-Mo matvix. The mam effect of the heat treatment was an increase in the
average size of the cartbide precipitates.

The diffusion zoane between the different particles (Figure 4.62) is expected
since Hastelloy C and Prem V have greatly differing compositions. The zone is
characterised by a region which is penerally free of carbides and other
precipitates. The Hastelloy C regions consist of a Ni-Cr-Fe matrix which is rich
in complex carbides. The EDS analysis of these precipitates its given in Table
4.10. The compounds were found to be enriched in Mo, Cr, W, and Fe, These
carbides have been verified in the literature as being of the M:C type™™, A
detailed description of the crystal structures and latice parameters of the various
precipitates which can appear in Hastelloy C is available in reference 70.
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The sigma forming tendency of Prem V appears to be unaffected by diffusion
from the surrounding Hastelloy. This could be due to the high Ni and Mo content
of Hastelloy.

In fact, it is surprising that sigma growth is not even promoted to 2 greater extent.
Solution ammealing at 1100C removes sigma from the Prem V particles.
However, no precipitates in the HasteHoy were taken into solution. Some carbide
growth due to the heat treatment was observed in the Hastellay. This may be
explained by considering the fact that Hastellay is designed for high temperature
applications (in the region of 1200°C). The recommended solution annealing
temperature for the afloy is 1220°C™. The current heat treatment is thus below
the minimum temperature required and this produces coarsening of the carbides.

This duplex alloy has a fairly high hardness value (401Hv) after iiIPping. The
hardness decreases to 357Hv (a relatively high value) after solution annealing. It
can thus be deduced that it i the precipitates in the Hastelloy matrix, and not the
sigma phase in Frem V, which have the dominant influence on hardness.

The "stained” appearance of the diffusion zone in the beat treated alioy could be
due to the movement of carbon into the zone, with the eorresponding formation
of carbides, It is unusual that the Hastelloy should be so rick in the carbide
phases, since its starting carbon content of 0.01%C is very low. It may be
possible that some carbon contamination could have entered the powder during
mixing with the Prem V powder, although this is considered unlikely.
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5.13. Elemental scans
5.13.1. Alloys with pure Fe additions; SP0O0100R (as-HIP) and VFA622+Fe

Figure 4.65 shows the clemental scan for SP001008, as-HIiPped, over a length of
123 microns. The region analysed contained lowered and raised regions, one of
which was a precipitate (B). The Cr and Fe contents were fairly uniform. This
implied that the Cr and Fe had diffused nearly completely. However, there was a
sharp dip in the Fe content accompanied by a simultaneous rise in the Cr content
at the precipitate B. The Ni and Mo contents were relatively uniform throughout
the analysis.

SP001008 was manufactured by ball milling pure Fe powder with 40Cr-Fe
material. Since SPCO1008 has a relatively tine particle size {(114m) a small sean
length (123.34m) is used. This provides more detail on a localised area. The Cr
and Fe contents were generally uniform throughout the scan. This is an important
result: it indicates that suffizient diffusion ocenrred during HiPping to provide a
certain degree of chemical humogeneity. If some homogenisation had not taken
place, then distinet Fe rich regions with mininal Cr contents would be observed
in the scan.

Some Cr enriched, Fe deficient arcas were detected in SPOO1008 (B-Figure
4.65). Visual identification of the etched surface revealed these to be precipitates.
The precipitates were not prominent on the topography scan since the surface is
relatively uneven. These Cr-enriched precipitates could possibly be Cr carbides
due to their etching characteristics in Murakami's reagent (Figure 4.60). This
would be consistent with the high levels of carbon (0.176%C) which were
detected in this material and the low solubility of carbon in ferrite, Chromium
corbides are generally undesirable in stainless steels since they deplete the
surrounding matrix of Cr, thereby decreasing the corrosion resistance in that
localised region. A Cr deficient region, would therefore be expected adjacent to
the precipitate. This is not observed and it could be possible that during HIPping
Cr fiom the surrounding Cr-enriched areas might have diffused into the Cr
deficient zone, thereby returning the Cr content in that region to its original level.
This is plausible if it is considered that the overall Cr content is high (30%) and
that none of the uriginai pure Fe additions are detected,

The multiple fluctuations in the Mo and “Ni readings are not considered
significant. This is because the upper and lover limits woukl typically be
between two and zero percent. The tluctuations are therefore in the region of
fractions of a percent and should not denote any major changes in composition.
The Cr and Fe values are an order of magnitude larger and any fluctuations in
these elements are more dominant.
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The VFAG22+Fe (as-HIP) specimen (Figure 4.66) had a very smooth, uniform
surface topography without any large peaks or troughs across a length of 125
microns. The Fe and Cr contents were uniform and tended to remain at the upper
Limit of the measurement scale. There was a small, localised Mo peak in the firet
quarter of the scan whilst the Ni had minor fluctuations, As the length of the
scanned area was increased to 504 inicrons (Figure 4.67) few distinguishing
features with regard to surface ronghness were observed. Cr and Fe remained at
fairly even levels and only minor variations are apparent in Ni and Mo content,
When the scanned length was increased to 997 microns (Figure 4.68) , the
surface finish on the specimen was fairly smooth with only a raised region at the
tail end of the scan. The elemental compositions were still relatively uniform
throughout, There was no elemental depletion or enrichment at the raised point
D, indicating that the raised area was due to surface preparation and not due to
the presence of a wear-resistant precipitate, After solution annealing, in Figure
4.69, Fe, Cr, Mo and Ni do not display any major deviations across the scan.
Only minor peaks were apparent in the topography.

Scans of VFA622+Fe (as-HIPped) were conducted over lengths of 124.6um,
504.3um and 996.64m. This provides more data on micro-segregation. The
curves on all three graphs are very similar with very little variation in Cr and Fe,
even on the higher resolution 124.6m scale. This is important , since it provides
some evidence to indicare that HIPping results in a degree of homogenisation of
the blended ferritic powders, This is particularly interesting since the starting
powders particle sizes are significantly coarser (160<particle size<150ym:
VFA622 and 11xm:Fe) than for SP001008. The coarser particle sizes result in a
decreased surface area along which atomic diffusion can take place. However,
despite wuie larger particle size, the alloy appears to have a uniform distribution of
elements. No immediately obvious ¢hanges in composition are noticed in the heat
treated specimen (Figure 4.69) although some further diffusion would be
expected due to the kinetic energy supplied during soluhon annealing. These
results arfe important since they imply that additions of pure Fe particles by
simple mixing c~uld possibly be a viable method of producing a homogeneous
high chromium alloy which does not easily form sigma phase after HIPping, This
would remove tne necessity for ball milling and minimise carbon contamination
of the duplex powder. The important factor is the distribution of chromium.,
Chromium, above a minimum level of approximately 12 percent, is the chief
element responsible for corrosion resistance in stainless steels. The major test of
homogeneity will therefore occur during corresion tests. In an aggressive
environment, any localised region which is deficient in chromium should corrode
more readily than surrounding chromiume-rich areas.




It must be mentioned that the homogenising effects of hot isostatic pressing have
been reported by other workers™ in castings and welds which have been

HIPped?®,

5.14, Duplex powders with 3161, additions

Whilst the diffusion behaviour of VFA622 with pure Fe additions is relatively
straightforward, the diffusion reactions between VFA622 and 316L are more
complex. This is because the 316L used in this study is alloyed with
approximately 17%Cr, 12%Ni and 3%Mo. There should therefore be a general
tendency for Cr to diffuse into the 316L particles, whilst Ni should diffuse out
into the 40Cr-Fe regions, Fe and Mo diffusion should also occur, However, the

ratios of Fe and Mo are comparatively similar in both materials and therefore a
reduced driving force for diffusion could be expected. It could therefore be
expected that some conversion to ferrite of the austenitic 316L material could
take place. This would be due to the simultaneous influx of Cr (a ferrite
stabiliser) and outflow of Ni (an austenite former). The Ni should not have an
effect on the VEAG22 particles, since each particle should still contain a high Cr
level. This explanation would appear to be feasible from the microstructural
examinations of 80% VFA622 + 20% 316L and 50% VFAG22 + 50% 316L in
which ferrite has been tentatively identified as the predominant phase. The
possible "ferrite stabilisation" effect appears most obvious in 50% VFA622 +
50% 316L. In the absence of any diffusion, a microstructure with 50% ferrite
and 50% austenite should be apparent. The presence, (in Figure 4,53), of what
appears to be over 70% ferrite (dark etched) could be an indication that ferrite
stabilisation has occurred, The spot analyses on the dark etched phase (identified
as ferrite) and light etched phase (identified as austenite) are informative (Tables
4.7). The dark etching area contained 38%Cr and 4%Ni and should be ferritic.
The [ight etched phase has 28% Cr and 7% Ni and the literature™ shows that it
roughly corresponds to the composition of a duplex stainless steel, which could
therefore explain the possible increased presence of ferrite,




515. 50% Hastelloy C + 50% Prem V

The scan of 50% Hastelloy C + 50% Prem V across 1005 microns is shown in
Figure 4.70. The surface topography was irregular, with a distinctive variation in
Fe, Cr, Mo and Ni content. In the Hastelloy C regions Ni and Mo enrichiment
was apparent, whilst there was a decrease in Fe and Cr content, As the scan
progressed towards a 40Cr-Fe particle the Fe and Cr increased to a definite peak
whilst the Mo and Ni descend to a definite minimum value, The centre of a
40Cr-Fe region is shown at point A. The elemental concentration changed as the
diffusion zone was crossed until the cenire of a Hastelloy C particle was reached
at B. The pattern of fluctuation was repeated throughout the scan as different
Hastelloy and 40Cr-Fe particles were crossed.

The separate 40Ct-Fe and Hastelloy regions are distinctly observable in
Figure 4.70. This is due to the vastly different compositions of the two materials.
The effects of diffusion are readily apparent as the Fe and Cr values decrease
whilst the Ni and Mo simultaneously increase as the scan moves from a 40Cr-Fe
particle to a Hastelloy region (between lines A and B). These results provide an
indication of the sensitivity of the SEM scan, since the different materials can
immediately be identified. The spot analysis (Table 4.11) of the diffusion zone
indicates an intermediate alloy which is rich in Cr, Ni and Fe. On a purely
compositional basis, this region of the diffusion zone could possibly be fairly
corrosion resistant dus to the high Cr and Ni content.

The sinusoidal variation in composition when moving from the Hastelloy regions
to the Prem V regions indicated that equilibrium in composition had not been
reached. Once the rates of interdiffusion between the two alloys have stabilised,
then a step function variation in compusition would be expected.




3.16. The effect of HIPping on the kinetics of sigma formation
The result obtained by HIPping the cast, solution annealed, sigma-free material is

particularly interesting, In this trial, the hardness of the cast VFA622 alloy
increased from 238Hv to only 276Hv. This indicates that onlv relatively small
amounts of sigima phase were formed b; :he end of the HIP cyc  in comparison,
the as-HIPped VFA622 steel consisted completely of sigma phase, with a
hardness in excess of 8)0Hv. Both the cast and HIPped alloys come from the
same parent melt and therefore should have the same composition. These
hardness differences, therefore, canrot be attributed to differences in chemical
composition.

The only time sigma phase can form in a 2Ni-2Mo-40Cr alloy is during exposure
to the 600-900°C temperature range. During the HIP ¢cycle this ocours during
heating up to the maximun temperature of 1120°C, and also during cooling from
1120°C to room temperature, From the trials involving solution annealing it can
be seen that a temperature of 1100°C is sufficient to take all the sipma into
solution for the majority of the 2Ni-2Mo alloys. Any sigma phase formed during
the heating stage of the HIP cycle should be removed during the sustain period at
1120°C, 1t therefore follows that the sigma apparent after HIPping could only
have formed during the cooling stage

Each HIP cycle contains dific.ent thermal loads and the cooling rate is not
consistent. However, examination of the cooling raes indicates that there is no
major difference from cycle to cycle. Therefore, while differences ir the HIP
cooling rate may play a role in promoting sigma formation, the role is felt to be
fairly minor. )

Another cause for the promotion of sigma could be the possibility that HIPping
might introduce some kind of forging effect on the powder particles. The
hot-worked powder particles would then have more high energy sites to allow
sigma nucleation and growth. The results of the repeated HIPping of a fully dense
specimen made from VFA622 powder reiniorces this theory. After the initial
pow.er consolidation cycle, a hardness in excess of 800Hv was measured and
the microstructure consisted completely of sigma phase. However, after being
HIPped for a second time in the standard HIP cycle, the hardness of the specimen
decreased to 282Hv and only 30 percent sigma was found in the microstructure,

The following explanation wag initially suggested. During the initial powder
consolidation cycle some kind of hot working effect, caused by particle
movement and deformation, could Lave taken place during diffusion bonding and
pore closure,
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A diagram of the plastic deformation and hot working of powder particles is
shown in Figure 5.1.
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This would cause accelerated sigma formation during cooling, hence the
complete conversion to sigma phase, However, during the second HIP cycle, the
material is fully dense, so no particle movement or plastic deformation can take
place, The four hour exposure at 1120°C (maximum HIF temperature) would
therefore act as a stress-relief heat treatment. Thus, an essentially strain-free
material would be exposed to the sigma formation temperature during cooling
and the amount of sigma phase formed would be reduced.

However, it was noted that the HIP sustain period at 1120°C is generally
¢« wivalent to an anuealing treatrent which reduces the dislocation density and
thus the favoured sites for sigma nucleation,

An examination of the consolidation process provides an alternative explanation,
As temperature is applied, the sigma particles pack together but do not deform
appreciably due fo their high harduess. The powder speedily transforms to ferrite
once the critical temperature above 1050°C is exceeded. Plastic deformation
occurs and the newly-formed ferrite particles weld and form necks at their points
of contact. These necks widen by a process driven by atomic diffsion along the
free surfaces and grain boundarfes. Interconnected porosity is removed. After
sufficient time, only isolated, spherival pores exist in a recrystallised equiaxed
meicrostructure. It could be possible that the material produced by the first HIP
cycle may not be fully consolidated and may * . *= a profusion of small pores and
defects which offers a favourable site for sigma nucleation. The defects would
not be observed dwiing metallographic examiuation since the sigma phase is
gouged and cracked during sample preparation, effectively inhibiting detailed
examination. The ferrite formed during the second HIP cycle will have a further
four hours to achieve full density and will be more resistant t. sigina nucleation

This theory applies to the cast material since the material is also fully dense and
expldins why similar hardness values of 276Hv (cast+HIP) and 282Hv (HIPped
twice) are obtained, These results are highly interesting, as no mention is made ir
the HIP literature regarding similar effects during powder consolidation which
have such a profound effect on the final microstructure.
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5.17. Corrosion behaviour (Fe-39Cr-2Ni-2M atloys)

Figures 4.71-4.72 show the corrosion scans tor Prem V in 10 weight percent
sulphuric acid. The alloy passivated spontancowsly in the solutiom with the
{ranspassive region starting at approximately 900mV. The passive range was not
static and current density invreased pradually over an order of magnitude with
increasing potential. The main effect of heat treatment was to shift the ¥ values
to more roble (positive) potentials. VFA4R7, in Figures 4.73-1.74, underwent
spontaneous passivation in both the HIPped and heat treated forms. The second
scan in Figure 4.73 was due to an error in experimental proeedure and should be
discounted. A shift to more negative E ., values was observed after solution
annealing. Ths first scan in Figure 4.74 exhibited uncharacteristic bebaviour in
the cathodic © eion which was also most likely dae to experithental procedure.
Figures 4.754 6 show the corrosion scans for VFAG22 in H) weight pereent
sulphuric act  The scans in Fipure 4.78 indicated irregular behaviour in the
passive region, with a fluctuation in the stability of the passive layer. This
behaviour was also obsurved in ihe heat tivated state, However, the second ssun
in Fipure 4.76 did not exhibit this fluctuation, Table 4.15 sunmmarises the
corrosion data in 10 pereent sulphurie acid.

All of the afloys tested in 7V percent sulphuric acid at ~ 1’ (Figures 4.85-4.92)
exhibited an unusval "Z"-shaped corrosion profile. This was charaterised by
current density increasing with inereasing overpotential until E.q was reached.
The alloys then underwent a sharp decline in current density corresponding to
formaftion of a passive laver. As the averpotential was raised further the current
density apain increased  gradually. Howewer, the deviation from  elassical
corrosion behaviour became apparent in that a second i value was reached in
which a decline in current density was again ubserved. Further increases in
overpotential beyond this point rexulted in the atloys undergoing active
dissolution.

The critical values of E . foe nd i, in 70% salphuric geid are shown in Table
4.16. The values for i, could not be readily derived, due to the steep gradient of
the anodic slope which prevented the satisfactory use of Tafel extrapolation. The
value of i was thas used instead to provide an estimate of the corrosion rate.
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Prem V, VFA487 and VFA622 passivated spontancously in the 10 weight
percert sulphurie acid solution. The corrosion rates were therefore very low and
the alloys did not undergo significant attack in the test solution. This behaviour
w- - expected since these materials contain a very high alloyving content. Solution
& ding produced mixed effects on the E... values. Prem V moved to more
positive {noble) values, whilst VFA487 and VFA622 shifted to a more negative
potential. This result is contradictory, sinee Prem V, VFA487 and VFA622 have
the same nominal composition and similar behaviour would be expected.

Potgieter™ found that decreasing the proportion of sigma phase in a duplex
stainless steel resulted in more positive corrosion potentials. This trend was not

abserved in VFA487 and VFA622. However, excessive emphasis should not be
placed on the equilibriim corrosion potential . These potentials should only be
used as a guideline. Although a higher corrosion potential is considered
beneficial, the values must be evalnated in conjunction with other factors such as
the critical current density, passive range and passivation potential. It is these
combined indicators which provide & more informed judgement of a material's
cotrosion resistance.

The 0.15%Ru addition in VFA622 did not appear to produce a high improvement
in corrosion resistance compared to Prem V and VFA487. There are a number of
reasons as 10 why this could be so. Initial reports™ highlighting the dramatic
effect of Ru additions examined only the binary Fe-40Cr alloy. The beneficial
effects of 2°%Ni and 2%Mo additions were not taken into account in those
studies. The addition of these elements could thus overshadow the effects of the
Ru in certain test solutions. Additionalty, all of these alloys passivated
spontanenusly in the 10 percent sulphuric acid medium. The corrosion rates were
thercfore all low, without any major differences between the various alloys. The
effect of the Ru additions might therefore only become prominent in more
agpressive acid solutions, for which the Ni and Mo content do not provide
sufficiunt resistance.

In the 70% sulphuric solution, the shape of the corrosion curves is unusual since
there are two minima in the current density. This could be interpreted as a
semi-stable passive layer which is broken down and then refums as the
overpotential is increased, although furthei ekperime:al data is needed for
coifirmation.




A second aspect of the curves which bears mention, is the fact that the anodic
region does not have a sufficiently large gradient to allow for the determination
of iwr by means of the Tatel extrapolation. This may be due to the natural
behaviour of these alloys in the test solution. Since a satisfactory vahie for i
cannot be obtained, the current density at i may be utilised tn provide an
approximate estimate of the behaviour in the acidic media. ‘The approach
provides a conservative cstimate of corrosion resistance in a “worst-case"
sesnario,

The 70% H.SO; solution at S0°C is an extremely aggressive environment and
provides a better indication of the corrosion resistance of the various alloys. The
most marked example of this may be seen in comparing the corrosion behaviour
of Prem V, VFA 487 and VFAG22: all in the heal treated condition, These are
nominally 39Cr-2Ni-2Mo-Fe alloys, with only VFA622 containing 0.2%fw.
Prem V and VFA487 have corrosion rates ranging between 8-30mm per vear
which is unacceptable in most engineering applications. Alternatively VFA622
has a maximum corrosion rate of only 0.2mm per year, This result is important
since it highlights the fact that the benefits of Ru additions oaly become
noticeable in highly corrosive environments, for which the addition of 2%Ni and
2%Mo alone do not provide sufficient resistance. A comparison with the results
in 10% H.S0, indicates that all alloys passivated spontancously in that test
environment, and very little differences in corrosion rate could be discerned. The
commereial iniplication of this data is that Ru additions should only be made
when an alloy is to be utilised in the most aggressive situations, since the cost of
the additions may be unwarranted in certain environments. VFA622 should also
be suitable for highly concenirated H;SQ, applications.



5.18. Corrosion behaviour (alloys with Fe additions),

5.18.1 (SPOD1008 and VEAG2D+Fe)

Figures 4.77-4.78 show the corrosion results tor SPO01008 in 10 weight percent
sulphuric acid. Spontaneous passivation was observed in both the as-HIPped and
heatstreated states. The passive range appeared to be fairly stable in the test
medium and remained within the same order of magnitude with increasing
potential, The inconsistent behaviour of first sean in Figure 4.78 was due to an
intermittent elecirical contact in the corrosion testing equipment. Heat treatment
appeared to result in a shift to a lower corrosion potential. However, with only
one reliable scan it could not be determined if the decrease in E.n  was truly
representative of the behaviour of the material.

VEAO22tFe, in Figures 4.89-4.90, exhibited similar corrosion beliaviowr in the
70 weight percent sulphuric acid solution, in both the as-HIPped and solution
annealed state. The scans followed the classic pattern of a material which
underwent passivation, However, a Jeviation occucred in the transpassive region.
The alloy appeared to corrode actively but then expaiienced a decrease in current
density corresponding to the possible formation of a second passive layer.
Solution annealing did not appear to produce a significant difference in corrosion
behaviour.

The central aim of Fe additions to VIFA622 {s to eliminate sigma formation
during HIPping, whilst still maintaining corrosion rexistance. In terms of sigma
removal the technique is successtul The results of corrosion testing indicate
spontaneons passivation in both the as-HIPped ond heat treated states. The
following mechanism could provide a plausible explanation for this behaviour,

Fe was introduced into alloy VEAG23 by ball milling (alloy SPOQ100R). The
main aim is of milling to produce thorough mixing of the individual t'e and
VEA622 particles and communition of the particles. The reduction in particle size
should increase homogeneity during HiPping, since there would be a shorter
inter-particular diffusion distance. In effect, cach Cr-rich VFA622 partiele should
be surrounded by a number of pure Fe particles {Cr-deficient). During HiPping
the simultancous application of high temperatures and pressures could result in
sufficient diffusion of the Cr from the VFA022 to the surrounding Fe particles.
This Cr would then provide the bulk of the corrosion resistance in the Fe
particles. Although Ni and Mo diffusion could also ocour, these elements are
present in far smaller amounts (2%Ni and 2¢Mu) compared to the far higher
40% Cr content. There would theretore tend to be a smaller Ni and Mo diffusion
gradient between the VFAG22 and Fe particles and consequently fess of a driving
force for Lupe scale diffusion,
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In the limiting case, in which minimal diffusion occurs, complete dissolution of
the Fe particles in the sulphuzic acid would be expeeted. A "sieve" consisting of
VFAG2Z pasticles surrounded by open regions formerly occupied by Fe particles
should be the result after immersion in the acid solution. This should produce
some signs of active corrosion in the potentiodynamic scans. However, the
rosults which were obtained indicate passive behaviour. This result (combined
with the data from Section 5.13.1) provides evidence that suificient
interparticular, diffusion took place to ensure overall passivation of the alloy.
These results are observed in the as-HiPped alloy. The subsequent solution
annealing treatment would provide encrgy for further homogenisation. Heat
treatment results in a slightly lower corrosion rate with a drop in corrosion
potential compared to the as-HIPped state. The decreased corrosion rate could be
due to further homogenisation in heat treatment. This alloy contains a high C
content (0.176%C) and is correspondingly rich in carbxcles. [However, despite the
evidence that these carbides are possibly enricked in Cr and Mo, the alloy still
exhibits « low orrosinn rate in the test media,

In the as-HIPped state some unusual behaviour was noticed in VFA622+Fe
(hand mixed). In the first scan of Figure 4.79 the passive layer initially appeared
stable. At higher potentials the passive layer had a tendency to break down and
reform. This was not observed in the second scan, possibly due io not allowing a
sufficiently high potential to be achieved. Unusual loops were also present in the
cathodic region of the second scan, There was 2 large difference in the Fow
values of the two scans. In the Lieat treated state (Figure 4.80), the passive layer
appeared to be more stable and oceutred over a more closely defined current
density, The cathodic repions in both scans (Figure 4.80) do not exhibit any
obvicus irregularities.

Alloy VFAG22+Fe was manufactured utilising the same prineiple of adding Fe
prior to HIPping. However, simple, low energy hand mixing was used ingtead of
ball milling. The results in Figure 4.79 for the as-HIPped material indicate
unusual behaviour. Although both scans show spontaneons passivation, the
anodic curve in scan one fluctuates with increasing potential. In the second sean
fluctuations are observed in the cathodiv region, Although it might be suggested
that the fluctuations i the first scan are due to the continuous formation and
breakdown of the passive layer, indicating borderline passivity in the acid media,
there is no further evidence to reinforce this claim. The fluctuations could be dug
to experimental difficuitics, most likely intermittent conmections in the cotrosion
rig external circuitry, and further trials on the as-HIPped material are suggested
before any firm conclusions may be drawn.



In short, there are three factors which suggest bulk diffusion between the
VFAG622 and Fe particles. In the first instance, no sigma phase is formed after
HIPping. Since sigma formation is highly dependent on a high Cr content, this
implies that the Cr percent of the VFA 622 particles must have been sufficiently
lowered below some critical value, The corrosion scans do not indicate any signs
of active dissolution. This could only be possible if some Cr had diffused to the
Fe particles. The elemental dispersion scans (Section 5.13.1) did not indicate any
regions which are greatly Cr or Fe enriched relative to their surrounding areas, It
may therefore be feasible to assume that the addition of Fe by means of ball
milling or hand mixing can be used to produce an alloy which is sufficiently
howogeneons to resist corrosive attack in certain acid media.
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5.19. Corrosion of alloys from duplex powders in 10 wit% H.SO,
The central aim of producing alloys from duplex powders is to determine if 316L

can be used as a partial sabstitute for the 40Cr-Fe, steel or if the 40Cr-Fe steel
can likewise be used as a ftiller for Hastelloy C. Austenitic 316L. is less costly
than 40Cr-Fe, whilst 40Cr-Fe is in furn cheaper than the nickel- .sed Fastelloy
C. Changing the percentages of the different materials should also allow the
proportions of ferrite and austenite phases to be varied a= required. The trials
were to examing if such substitutions can be performer. - Jut compromising
corrosion resistance,

The corrosion scans for 20% 316L + 80% VFA 622 are shown in Figure 4,81,
This composite alloy underwent spontaneous passivation in the 10 weight percent
sulphuric acid solution, There was a fairly large difference in the E. values of
the two scans, in the heat treated state. The 20%316L+80%VFA622 alloy
passivated spontaneously in the test solution, and therefore displays a low
corrosion rate which is similar to plain WFA622. This perhaps b2 an
indication that the addition of 20% 316L is not detritne 5 the corrosion
resistance of the VFA622 alloy in this specific test environies.

Alloy 50% 3161 + 50% VFA622, in Figure 4.82, exhibits a small active loop,
foliowed by passivation in the first scan whilst only spontaneous passivation is
observed in the second scan, Without further experimentation, it cannot be
determined if the first scan is indicative «f borderline passivation characteristics,
or is simply due to experimental procednure. A direet method would be to
examine the behaviour of conventional 316L under the same test conditions. The
corrosion rate of 50% 316L + 50 % VFAG22 at B is of a low magnitude.

The corrosion data (Figure 4.83) obtained on alloy 80% 316L + 20% VFA622
was highly irregular. The material would not stabilise, and the potentiodynamic
scan indicates a general trend of increasing cunient density with increasing
potential.* This is possibly due to the widespread porosity present in the test
piece. Porosity is deleterious since it allows for localised regions within the pore
to experience a far higher acid concentration relative to the bulk solution.
Porosity arises most frequently due to leaks in the mild steel capsule during
HIPping, Leaks ocour most commonly in the welded areas of the capsule. This
allows argon gas to enter the capsule and furtlier bonding is inhibited, The degree
of porosity is dependent on the stage at which the leak oceurs. If the leak oceurs
early in the cycle (before maximum temperature md prewure) then no bonding
takes place. Alternatively, if' a leak ocor: = iy« boepding takes place, then
residual porosity will be present, In the most desired seenario, no leaks oceur and
full _density is achieved.
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In general, porosity shou'd be minimised since it is detrimental to mechanical
properties and decreases corrosion resistance.

Alloy 50% Hastelloy C + 50% Prem V, shown in Figire 4.84, was found to
undergo annmalous behaviour during potentiodynamic testing. The composite
alloy took over 2500 minutes to stabilise in the 10 weight percent sulphuric acid
medium, However, it did passivate spontaneously, In the second scan the alloy
was not allowed to stabilise and fluctuations are noticed in the anodic and
cathodic regions. This unusual characteristic is not due to porosity since
microstructural examination (Figure 4.59) reveals the test piece to be pore-free,
Alloys which require long periods to stabilise often exhibit borderline passivity in
the test media. It has been shown that Prem V has a stable passive layer in 10
weipht percent sulphuric acid. The literature™ indicates a corrosion rate of less
than 0.0508mm per year for Hastelloy C under similar corrosive conditions, This
low corrosion rate is consistent with a stable passive layer in the solution. A
possible explanation could be the existence of a galvanic effisct within the
inhomogeneous regions of the composite alloy. Prem V is Fe- and Cr- rich whulst
the Hastelloy is Ni, Cr and Mo rich. From Figure 4.62, it can be seen that the
Prem V and Hastelloy regions are in intimate contact with each other, with a
widgspread diffusion zone between the particles, The diffusion zone is rich in
Ni,Cr, and Fe, It could therefore be possible that a galvanic effect between the
three regions could prevent the alloy from establishing a stable equilibrium
corrosion potential, However, at present there is very little evidence to
substantiate this suggestion, sand no feasible explanation ¢an be made at this time.
Decpite the fluctuations in the scans the composite alloy has a low corrosion
resistance in 10 weight percent sulphuric acid.
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5.20. Summary of corrosion resistance of duplex powders
It initially appeats that the simple mixing technique can be used to manufacture

composite alloys. However, discrete particles from each atloy are still observed
in alloys 80% 316 + 20% VFA622 and 50% Hastelloy C + 50% Prem V. The
composites passivated spontaneously in 10 weight percent sulphuric acid at room
temperature. This indicated that partial substitutions of 3161 and 40Cr-Fe could
be a possible method of manufacturing future corrosion resistant atloys.

The results of the alloys with the Fe additions (SP001008, VFA622+Fe) are
informative. These alloys demonstrate satisfactorv resistance to the 70% H,SO,
solution, This is an important test of the homogeneity of the mixed powders. No
preferential corrosion of possible low Cr regions was therefore detecied in either
the 10 percent or 70 percent H.SOs environment. It thus indicates that HiPped
composite powders could be a viable method in producing corrosion-resistant
high Cr stainless steels which have a low tendency 10 form sigma phase.

The corrosion scan of 80% 316 + 20% VFAG22 (heat-treated), in 70 percent
sulphuric acid at 50°C is shown in Figure 4.83. The alloy passivated but
exhibited a second minimum in current density in the transpassive reginn, The
critical current density was fairly high at 0.6 mA/em? The 80% 316L + 20%
VFEA622 composite had an unacceptable corrosion rate of 6mm per year at i In
addition, the corrosion rate at in is the highest out of all the alloys evaluated.
This is expected, since 316L is a far less altoyed material than 40Cr-Fe, and
since it makes up the bulk of the composite powder, lower corrosion resistance
would paturally be expected. It is reported™ tha. 3161 typically corrodes at over
1.3mm per year in the test environment. The lowest measured cotrosion rate

( ipas,) Tor the composite is an order of magnitude larger than the other alloys, and
agrec with the expected corrosinn behaviour of plain 316L steel, No
improvement is thus observed duc to the VFA622 additions and thus turther
work on this particular composite is not justifiable.

The 50% Hastelloy C alloy + 50% Prem V (Figure 4.84) had a distinct anodic
loop in the 70 weight percent sulphuric acid medium, The passive layer appeared
faitly stable and no transpassive region was observed even at an overpoteatial of
1000mV. The 50% Hastelloy C + 50% Prem V composite has a fairly high jen,
However, the ius; value indicates acceptable corrosion behaviour in the passive
state. Both Hastelloy C and Prem V are highly alloyed, so that even in tie
diffusion zones between the different materials high Cr and Mo levels are
obtained. It might therefore be possible that a composite of this nature could be
the basis of further study.
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5.21. Springlock field trials
The present results are from an intermediate stage of the field trial. Nevertheless,

they do provide a rough idea as to the initial behaviour of VFA622 in this
particular industrial application. VFA622 and 9041., so far, appear to exhibit
equivalent resistance to the acid leaching process, This is important since 9041, is
a highly alloyed austenitic stainless steel grade (Table 5.1) which is only used in
the most demanding corrosion applications. It could therefore be possible that the
40Cr-2Ni-2Mo-0.15Ru-Fe alloys might be viable as an alternative material in
certain applications in which 904L is currently used.

The initial results are encouraging in that there are no overt signs of corrosive
attack, It must be mentioned that the equipment used to measure mass loss is
only sensitive to the nearest 0.2, so any mass loss between 0 and 0.2g was
undetected, A more detailed view of the behaviour of VFA622 and 904L will
only become available after further prolonged exposure to the industrial
environment. It is reported that the service life of a 904L spring lock is 1-2 years.

Table 3.1: Nominal co mgnqltmn of gl;ade 9041, (weipht %)

C_.Mm sijcr INi P IS Mo ICu |Fe
0.02 2] 1|19-23 j23-28 §0,045 0.035 45 |1-7 |Balance

The satisfactory behaviour of the test components in field trials may be explained
in part by the good results obtained in the laboratory electrochemical tests, It is
now known that VFA622 is fairly resistant to concentrated H,SO4 at 50°C, and
HS0, eXposure is a substantial part of the industrial field trial. Some resistance
to the 3504 in the field trial would therefore be expected, The continued
survival of VFAG622 compared to 904L provides an indication of future possible
commetcial applications for the 40Cr-2Ni-2Mo-0.2Ru alloys.



Whlle it mmally appears beneficial to utﬂlse the highest alloying contents
possible, in practice ..is is not always feasible. Excessive levels of Ni, Mo and
Cr result in materials which are extremely brittle after HiPping. Conversely,
compositions with relatively lower alloying additions, do not embrittle easily and
cannot be transformed into an usable powder. The requirement for maximum
corrosion resistance must therefore be balanced by two other factors: the ecase of
powder manufacture, and the toughness characteristics directly after HIPping,

The various trials which have been undertaken provide approximate guidelines.
An alloy should contain & maximum of iwo percent Ni, two percent Mo and 38
percent Cr. The HIPped material must be solution annealed prior to ¢xposure to a
corrosive environment, or before any working, shaping or machining operation
is performed. Soiution annealing may be performed at a temperature of 1100°C
for a period of 2 hours, followed by a rootn temperatur: water quench.

In terms of minimum alloying levels, these are 36 percent Cr in plain afloys,
whilst 30 percent Cr is acceptable in a duplex powder. Earlier trials
experimented with combined Ni and Mo contents of less than 4 percent. [hese
alloys could not be embrittled sufficiently to form powder. In order t =airtain
pitting corrosion resistance, Mo levels should not be d-pped sig.aiicartly
below the two percen. zange. Ni should also not be decreasea very far below two
percent, since it is required to provide resistance in reducing environments and
improve impact toughness. The effect of composition is shown in Figure 5.4.
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Figure 5.4: Diagram illustrating the effect of composition 0. the properties of the
alloys. A - takes too long Yo convert to powder, B ~ Comes out of HIP ag ferrite,

C - comes aut of HIP a5 sigma phase.™

The relatively high level of uon-metallic inclusions in the majority of the powders
is a cause for concern. Inclusions are detrimental since they can affcot
mechanical properties, corrosion resistance and surface finish, Commercial grade
atomiser! powders typically have far lower inclusion concentrations than the
milled 4CCr-Fe powders, and steps will have to be taken to improve the
cleanliness of the powders. The inclusions could have entered the powder during
any I the manufacturing stages such as melting, milling or encapsulation. It is
considered most likely that the vibratory milling stage is the main source of
contamination, Silica sand is used as a cleaning agent in the vibratory mill, and it
is difficult to romove completely from the mill chamber. The fine silica particles
would therefors enter the 40Cr-Fe powder and be assimilated, Scale from heat
treatinent is also a factor, and should also be removed. Contamination could be
lessened by milling an initial Batch of 40Cr-Fe powder and then scrapping this
material, since most of the residual silica would be removed with the powder,
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5.23. Mathematical model comparison

The addition of pure powder Fe to VFAG622 produced a compact which was
shown to be reasonabiy homogereous by elemental scans and by corrosion tests.
This mixture also had the advaniage of being free of sigma phase after HIPping.
The above characteristics could only have been possible if sufficient diffusion
had occurred between the Fe and VFA622 particles. The process is therefore
suitable for examination by the mathematical models proposed by Arunsingh,
Heckel and Larson. The experimental data have shown that isothermal
ammealing at 1120°C for a period of four hours (during HiPping) or less was
sufficient for homogenisation. This may be seen by comnparing the elemental
scans of alloy VEA622+Fe after a further two hours solution atnealing at 1100°C
{Figures 4.68-4.69). There was very little change in elemental distribution after
the extended exposure, implying that homogenisation had been achieved. The
results of VFAG622+Fe may also be extended to SP001008. This alloy also
exhibited homogeneous elemental scans, However it was felt that since the
particle size was much finer after milling, the diffusion distance between the
VFAG22 and pure Fe particles would be less and homogenisation would occur in
a shorter time than in the VFAG22+Fe,

Some assumptions have to be made in order to apply the models. The first
assumption is that the VFA622 partizles contein only Fe and Cr. Althougl: Ni and
Mo are present in proportions ot 2 weight percent each in VFA$22 it is felt that
they may be excluded since they are relatively minor alloying elements, The
second assumption is that a spherical powder particle geometry is applicable.
This assumption is reasonable as a first order approximation since Heckel
inaicated that the effect of particle shape on interdiffusional coefficients was
minor compared to the effects of other variables which could be accounted for
mathematically.

The splierical geometry and diffusion dJdistances used for examination of the
mathematical models are shown in Figure 5.5, Since the Fe particles are the
minor alloying constituent they are assumed to be surrounded by a continuous
matrix or shell comprised of a binary 60% Fe « 40%Cr alloy. The particle sizes
were obtained from the avarage sizes in the relevant Malvern analyses (Figure
4.6 and Table 3.3),
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100% Fe particle

60%Fe
40%Cr _

Figure 5.5: Parameters utilised in the examination of Arnnsingh’s and Heckel's _
homogenisation models.

The average particle size of the Fe powder was 12 ym. Therefore
r=g= 05/, 6ym=6 X 10"cm.

The average particle size of the VFA622 powder was 128um, therefore
R =0.5L=64ym = 64 X 10 cm.

The diffusion data in Table 5.2 are required by the models:

Principal | Alloying Tracer | Temperature | Activation | Frequency | Calculated |
metal additive range energy Q factor D, [ diffusion
{(Weight %) *C) (k¥.mol™) (em?g) | coefficient
D at}393K
using
D =D n'e-l.'}.'ﬂ'i'
: (cm?.s")
Fe 4:.5Cr “Fe 1000-31200 263 5 5.86 X 10M
Cr 48.3 Fe jf’Fe 1000-1200 288.1 27 434X 100
Cr 49 Fe Ay 1000-1275 293.1 40 414X 10
Cr <] Fe f_fFe 930.1240 232.4 0,2 3.90.X 10
Fe 2Cr Cr 1 800-1400 [ 244.5 3,21 2,18 X 107
Table 5.2: Diffusion data and calculated diffusion coefficients at 1120°C
(1393K)."
A diffusion coefficient of D (Fe in Fe-41.5Cr, at 1393K) = 5.86 X 10 em® s is

used in all diffusion caleulations.
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593 1. The infinite diffusion couple
'}'he equation describing the concentration profile in an infinite diffusion couple

152

Clx,) =0.5C]1 + erf(=5=)]

2401

For homogenisation C(%,0)=0.5G «
ie.

0.5C, =0 5C[1 + erf(;7=)]
which simplifies to:
0= el‘f(zﬁ,—r

A property of the error function is that erf(0) = 0.
Thus
0= wfe (25)

Lquation 25 can only be satisfied if x = 0.

Equation 25 indicates that for all # and D the homogenised composition 0.5C,
can only oceur at the position x = 0 (x - 0 is the interface betwer = two infinite
bars of composition C=0 and C=C,). In reality, a finite homogenised bar would
have a concentration of 0.5C, for all x. This result is not surprising since the
infinite diffusion couple model was never formulated to provide information
about homogenisation times. The calculation with C=0,5C, is informative in that
it indicates that the model (commonly employed in other diffusion systems) i
cannot be used even as a first order approximation to the homogenisation :
problem, since the graph (Figure 2.50) never reaches uniformity.
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5.23.2. Arunsingh’s model
Arunsingh’s expression for homogenisation time is:

2('o
tmmngjuhmnngmmﬁnn - 1;,:2 log

Substituting the relevant values:

LI )

tmnsmgh. liemogerisation == 5.86 X [0™%¢m2 g~152

(6 X 107%em)2 | 2(100)
70

=28 45

5.23.3. Heckel’s model
Heckel’s model for homogenisation is described by:

F = 1.10 + 0.44logu[(F)n°Y]

For complete homogenisation F = 1, i.e, matter transport across the interface
reaches its limiting value, Thus:

1=1.10+0, 44logm[( )n’Y]

Which can be simplified to arrive at an expression for homogenisation time;

0.5932
tllcckcl homogenisation == 1_)"2 ¥

For spherical geometry =3
For Y:

C = (4 = ({2 = g 8 X 10°
Which is close to zero, thus from Figure 2.54, Y = 0.2,

Now:
0.593(12 X 10~4em)?
Pteckols mopsnisation = 5 86 10-T0gprs-1(3)3(0.2)

=81 X 10%
= 13.4 minutes
= (1,22 hours
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5.23.4. Larsson’s model

Larsson’s mode! allows the visualisation of the homogenisation problem as
showr. in Figure 5.6. The pure Fe particle is surrounded by numerous Fe-Cr
particles, The thickness of the enclosing spherical shell is thus the distance (R-1)
from the centre of the Fe-Cr particles to the circumference of the pure Fe particle.
The total homogenisation distance is therefore the total distance R between the
centres of the Fe~-Cr and Fe particles.

60%Fe
40%Cr
particles

r = radius of Fe particle

= 6 microns
R = distance between centres of Fe and Fe-Cr particles
= 70 microns.
Figure 5.6: Application of Larsson’s mode! to the homogenisation of spherical
Fe- d Fe icles. The overlapping circles indicate the different

60Fe-40Cr layers in contact with the Fe particle in three dimensions.

Larsson’s expression for homogenisation time is:

..1342
tl.ursmn. homogenisation™

Substituting the relevant values yields:
_0.3(70 X 10%em)?
tLﬂIssons homogenisition ™ 5 86 X 10~19¢m2-1

=25X10%s
= 418,1 minutes
=7 hours.
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The models of Arunsingh and Heckel produce values for homogenisation time
which are far too short and deviate unreasonably, by one to two orders of
magnitude, from the experimental values. The results are not due to any
inconsistencies in the choice of an appropriate diffusion constant. An
examination of the various caleulated diffnsion constants for the Fe-Cr system at
1393K (Table 5.2) indicates that the constants are all of the order of 107 em’s™.
Interchanging the constants or using a calculated chemical diffusion coefficient
value (Equation 9) does not chang. the order of magnitude of the results,

Alternatively, Larsson’s model produces a value which is in relatively good
agreement with the experimental data. The calculated value of 7 hours is less
than a factor of 2 greater than the observed value of 4 hours. This agreement is
acceptable when considering that the model does not take into account the effect
of applied isostatic pressure and makes simplifying assumptions regarding
particle geometry and ideality of mixing. In addition the effects of other species
such as Mo and Ni have been ignored in the calculation. It appears the model
may therefore be used to provide an order-of-magnitude approximation to the
homogenisation problem in HIPped compacts with powders of Binary
composition,

However, the question remains as to how three models of essentially the same
homogenisation problem can produce such widely differing resvits from the
same starting data. The answer may be found be examining the basic
assumptions made by each model. Arunsingh’s mode! views each solvent

pacticle as being sutrounded by an infinite matrix which provides the material
for homogenisation within that particle. The system is thus “semi-infinite™. The
time equation is therefore dependent on the radius (¢) of the solvent particle only
and ignores the effect of the solute particle size. Heckel's model differs in that
bath the solute and solvent particles have a defined radius in & finite system, The
influence of the solute particles are taken into account by the inclusion of the Y

factor in the homogenisation equation, where Y=f(C Y and C=f(%,L). However,
the influence of the solvent particle radius () is dominant in equation (19) since
a is raised to the second power, whereas Y is only raised to the first power.
Iarsson’s model attempts a more comprehensive approach to homogenisation in
a finite system. The influence of hoth the solvent and solute particle size is taken
into account by the inclusion of the starting condition { -<X,<;I C=C; at T=0) in
the solution of Fick’s equation. Thus although Larsson’s model provides the
simplest expression for £, the result is more accurate since the entire diffusion
distance, and not just the distance involving the solvent particle, is taken into
account, This is obviously a more general interpretation of the homogenisation
problem which should intuitively yield more realistic results.
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It is interesting to note that Larsson’s solution corresponds to an early proposal
by Rhines and Colton™ that the attainment of & given degree of homogeneity
could be expressed by:

S=k 6
where:
Xis the distance t stween adjacent.centres of maximum and minimum
concentration, T
t is the time of homogenisation. .
D is the diffusion coefficient,
k is a constant which describes the degree of homogenisation.
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6. CONCLUSIONS
1, The 2Ni-4Mo-40Cr-Fe family of alloys are easily embrittled for powder
manufacture, but form excessive amounts of sigma phase after HIPping.

2, The 2Ni-2Mo-40Cr-Fe alloys possess the most suitable composition for
commercial applications due to % slower rate >f sigma formation during HlPping.

3. There is a difference in the kinetics of sigma formation under conditions of
continuous cooling as compared to isnthermal annealing, Sipma phase formed
more speedily during continuous cooling,

4. Cast-only material and HiPped-only material of alloy VFA622 exhibit
different rates of sigma formation when subjected to similar HIPping conditions.
The HiPped material formed sigma far more quickly than the cast inaterial.

5. Hot forging promotes sigma phase formation.

6. Slight differences in composition and prior hot working have a significant
effect on the kinetics of sigma formation,

7. A reduction in starting particle size of a readily sigmatised alloy does not
improve the toughness charactenstics and appears to increase the rate of sigma
formation in the alloy.

8. Very little carbon or oxygen pickup occurred during Seib milling, whilst ball
milling with steel media introduces significant carbon and oxygen contamination,

9. HiPped alloys of the type Fe-39Cr-2Ni-2Mo, both with and without Ru
additions, passivated spontaneously in ten weight percent sulphuric acid at rovm
temperature,

10. The beneficial effects of Ru on corrosion resistance only became apparent in
highly worrosive environments such as 70 weight percent sulphuric acid

11. An alloy of the type 2Ni-2Mo-39Cr-0.2Ru-Fe (VFA622) exhibits a low
corrosion rate in 70 weight percent sulphuric acid at 50°C,

12. The performance of VFA622 was equivalent to the commercial

super-austenitic alloy 904L in the industrial field trial in the results so far,
although the test has not reached compietion,
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13, %imple mixing techniques are effective in producing a uniform dispersion of
different particles. Some of these duplex alloys exhibit distinct and widespread
diffusion zones between individual particles e.g, 50% Hastelloy + 50% Prem V.

14. The simple mixing of Hastelloy C and Prem V does no: decrease sigma
formation.

15. The Idition of pure Fe p;:xticles to thé VFAG22 powder is successful in
inhibiting sigma phase formation,

16. Simple mixing techniques are preferable over ball milling since similar effects
are achieved iu a shorter period of time, and contamination of the powder is
minimised.

17. Elemental scans coupled with corrosion data indicate that some homogeneity
is achieved after HiPping in duplex powder VFA§22+Fe,

18. The combination of 316L and VFA622 appeared to enhance the conversion
of austenite to ferrite in the 316L material and duplex microstructures ate
obtained.

19. The combination of dissimilar powders produced modifications in
microstructurs which was attributable to enhanced interactive diffusion during

HIPping.

20, The addition of VFA622 as a filler material did not enhance the corrosion
resistance of 316L in 70 weight percent sulphuric acid at 50°C.,

A

21. VFA622+Fe exhibited satisfactory resistance to 70 weight percent sulphuric
acid at 50°C.

22. The combination of VFA622 and Hastelloy C did not result in any marked
improvement or degradation in corrosion resistance over conventional Hastelloy
C, or plain VFAG622,

23. The infinite diffusion couple and the homogenisation models of Arunsingh
and Heckel do not provide realistic results when applied to the problem of
HIPped, mixed powders of binary composition.

24. Larsson’s model allows for an order-ofmaguitude approximation of the
homogenisation problem.
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7. COMMERCIAT, PROSPECTS AND FUTURE WORK -

The 40Cr-Ni-Mo-Fe series of alloys with Ru additions have been available in
South Adrica on a commercial basis since 1996, The allay is sold in the cast form
under the trade-name "Ruthafioy” (a trademark of Steloy Precision Castings).
This family - f alloys therefore has achieved representation and exposure in both
the local and overseas market. It is understood that the alloy has already gained
acceptance in certain applications. The introduction of a commercial powder
metallurgy method should therefore have the benefit of the advance marketing
which has already taken place.

Future work should involve pitting and localised corrosion tests, particularly of
the compacts formed from duplex powders, The optimisation of heat treatment
temperatures and times and the effect on mechanical and corrosion properties
would be informative. This would hely characterise the alloys for any further
potential commercial applications.

The accuracy of Larsson’s homogenisation model in other HIPped alloy systems
should be examined to determine if it could be utilised as an appropriate tool in
other development work. The shortcomings of Larsson’s solution could possibly
be overcome by the development of a model which examines the behaviour of a
dispersed heterogeneous phase in 2 continuum. Crank™ provides some
suggestions as to how the model may be derived.
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9. APPENDIX

The following technical papers, based on the current investigation, have been
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(ii) abstract

Super-forritic stainless steel compasitions containing 38% chromium and at least 2% each
of nickel and molybdenum can be converted to- sigma phase by a heat treatment and,
thereafter, to powder by mechanical attrition. This powdered sigma phase has been
experimentally processed by powder metallurgical techniques to produce green compacts
which were consolidated in a hot isostatic press. Depending on compo;ition, several of
the powdered alloys were converted back to fereite during HIPping. The mechanism of
the consolidation process, the nature of the microstructures produced, and the prognosis

for its industrial exploitation are examined.
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{iil) text

Introduction

It is well known that the corrosion resistance of stainless steels is dependent to a large
degree on their content of chromium. Howev -, the chromium contained in the common
austenitic and ferritic stainless steels is almost inevitably in the range 12 to 20%, for a
variety of practical reasons, not least of which is that alloys with this amount of
chromium have adequate corrosion resistance for most common applications. In those
cases where these common alloys do have insufficient corrosion resistz;nce, recou e is
sometimes made to super-austenitic, super-ferritic or duplex compositions. These contain
between 20 and 30% chromium. Of course, chromium is a strong stabiliser of the ferrite
phase, end super~austeni£ic or duplex alloys with such high contents of chromium must
contain correspondingly high contents of nickel to promote the formation of the desired
amount of gustenite. Since nickel is a relatively expensive alloying element, this generally

raises the cost of such materials significantly.

The super-ferritic afloys in contrast, do not necessarily contain nickel and would be, in
principle, relatively cheap to produce were it not for the fact that they normally require
either very pure starting materials or specialised production processes, In addition, they
generally also have very poor toughness in the cast or welded conditions. These factors.
currently militate strangly against the large scale production of super-ferritic materials
containing more than 30% chromium Nevertheless, it has been previously shown that
properly processed super-ferritic compositions qontahﬁng up to 38% chromium possess

excellent corrosion resistance in a variety of extremely aggressive environments while

N




maintaining adequate mechanical pt‘mpf:rtif.'s..i The key requirements are 10 ensure that the
alloys have very low contents of impurities, especially of the interstitic] elements carbon,
nitrogen and, to a lesser degree, oxygen, 2 and that they contain at least two percent
cach of nickel and molybdenum.* The corrosion resistance can be farther considerably
enhanced in reducing environfnents such as sulphuric acid solutions by the incorporation
of small amounts (gbout 0.2%5) of the elements ruthenium, palladium, platinum or iridium,
which induce electrochemical passivity by the phenomenon of cathodic modification 3.6
One, relatively vnusual way 10 produce components from super-ferritic alloys containing
between 30 and 40% chromium was developed in 1994 by Cortie et al.? The required
alloy composition is selected for an abuity to transform completely into sigma phase, and
is induction melted and cast into an ingot, Next, it is heat-treated in a manner designed to
bring about its complete transformation wito sigma phase. Sigma is a hard, and
exceedingly brittle intermetattic compouad between iron and chromium, nominglly with
the stoichiometry FeCr. The 'sigmatized ingots are then crushed and milled to produce
fine powder, and the powder can be further processed by the known techniques of
powder metadurgy 1o produce green components of sigma phase. Finally, the
consolidated items are sransformed back to ferrite phase by an appropriate sintering heat

treatment.

The present paper describes the production and properties of prototype components

manufactured from such sigma powders with the aid of a hot isostatic press.




Experimental

The rates of formation of sigma phase in a variety of super-ferritic alloys containing
between 29% Cr and 41% Cr have previously been measured by Premachandsa ef al.5.9
Interestingly, it was found that sigma phase formed exceedingly slowly in as-cast binary
Fe-39%Cr allays, and even heat treatntents of 200 hours at 750°C failed to induce
transformation in such material. However, the addition of alloying ¢lements such as nickel
and molybdenum caused a marked acceleration in the kinetics of the transformation in the
as-cast alloys (Fig.1). It was considered in the present work that an alloy that could be
heat-treated to transform substantially to sigma phase in not less than two hours and not
more than twenty four hours would be the most suitable for the present work. The two
hour criterion was to ensure that the material should not transform back to sigma too
readily during the cooting cycle of the HIP. It is evident from Fig.1 that an alloy with the
desired transformation characteristics can be selected in principle by controt of the Cr,
Mo and Ni contents. Preliminary experimentation by the authors revesled that ar alloy
with at least 36% Cr, and at Jeast 2% each of nicke! and molybdenum was required in

order to obtaina . “veniently rapid conversion to sigma phase,

Production of sir . wder

Four kilogram ingots of the staintess stesl compositions were prepazed from the elements
by melting in a sealed induction ﬁ.&mﬁce. The compasitions of those meﬁtioned in the
present paper are listed in Table 1. Where not specified in Table 1, the residual and minor

elements were present at the levels shown in Table 2. The purpose of the nicbium, where



added, was to tie up inierstitial carbon and nitrogen, whereas the ruthenium was added as
a cathodic modifier. The ingots were then reheated to 1050°C and hot rolled to
approximately 50% of their starting thickness. This process is known to acceferate the
subsequent conversion to sigma phase, ostensibly because it introduces a multiplicity of
nucleation sites into the microstructure.1.9.1% Complete transformation to sigmaphase
was thereby achieved by annealing for 4'; hours at 750°C. Thereafter, the material was
passed through & jaw crusher and then milled for 30 seconds it a Sicb mill.

Chemical analysis of the ingots and their corresponding powders indicated that about 150
ppm each of oxygen and carbon were picked up during milling. The powders were in all
cases refatively angular tn morphology (Fig. 2). A typical particle size distribution
produced by a single operation in the Sieb mill followed by screeping through a 170 um
sieve is shown in Fig. 3, and unless otherwise noted, the HIPping experiments to be
described were conducted with powders with this approximate size distribution.
However, sven finer particles sizes could be readily prepared by 24 hours of milling in a
ball mifl with & 9 :1 ratio of steel balls to charge. Acetone was used as a lubricant. The

resulting particle size distribution is givenin Fig.4.

Hot isgsiatic_pressing

Sigma powders were poured into mild steel canisters of 20 mm diameter which were
evacuated and then sealed by welding. HIPping was carried out at UHPU by a
proprietary process, in which the samples were raised to a temperature of 1120°C for 4

hours under an ambient pressure of 1000 bars. Thereafter the furnace was switched off]



and the components conled. After HIPping, the mikd steel can was removed and the
samples were sectioned for examination. Solution-annealing heat treatments were carried

out on selected samples at 1100°C for twe hours, . uwed by a quench into water.

Metallogranhy .-
Samples “vere prepared for metallography by the usual grinding and polishing techniques.
Potentiostatic etching in 5 wi% IKXOH solution at 8 volts was carried out to reveal any

sigma phase in the samples. The general microstructure was conveniently revealed by a

reagent consisting of 5 g FeCl;.6H;0, 50 ml of conc. HCL and 100 ml H;0, while the

distribution of carbides was made visible with Murakami’s reagent,

All Vickers hardness test results cited were obtained with a 30 ke load and ave the

average of seveial determinations.

Potentiodyramic scans were carcied out in a 10% (by mass) aerated H,SO, solution at
room temperature and in 70% (by mass) H,S0, solution at 50°C. Specimens were

allowed to stabilise to the equilibrium corrosion potential before being scanned at 12
mV/minute. Each test was repeated afer regrinding the specimen’s surface with 1200 grit
paper. Potentials were measured against a standard calomel electrode (SCE). The
standard hydrogen potential is -236 mV on the SCE scale. Corrosion rates for the tests
conducted at room temperature were determined by plotting the intersection of the linear

region of the anodic curve with gy This provides a value for i, An Zogee value of 1

»
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A/em? is approximately equal to a corrosion rate of 0.01 mmdy in the present materials
The slopes of the cathodic and anodiv reactions were considered to be too steep and
lisnited in extent .u *he case oi the tests in 70" Hp80, for this extrapolation technique to
have any validity, and in those cases an upper ceiling for the rate of corrosion was derived

- L]
direcly from the value w't'w eriden] curvent. gt

Results

Initial tvansformation te sigma phase

It was observed that the tendency to transform to sigma phiase was acutely sensitive to
the alloy composition and therma-mechanical condition, and was significantly accelerated
in material that had been hot rolled. However, hot-working of the ingots could arguably
be considered to be a potentially expensive processing step. On the other hand, small
chinges it the alloy Comiposition, sch as over-stabilizing with niobium, were also found
to induce & marked acceleration in the Kinetics of transformation. The two alloys whose
transformation kinetics are compared in Fig 5. for example, differed for the most part
only in niobium content. Therefore it is apparent that further control of the transformation
Kinetics. even at a constant content of Cr, Ni and Mu it as-cast material, can be achieved
by small changes to parameters such as niobum content, and that there would be in

principle no need tu use mechanical deformation in the production process for the

nowder.




Microstructural ohservations

A single HIP cycle was found to have the effect of consolidating th? angular particles into
a jigsaw-like aggregaty, apparently free of gross porosity (Fig. 6). The deleterious effect
of a lack of isostatic pressurisation is dramatically evident in Fig. 7, which shows the
microstructare of a HIPped copict in which the weld +~am of the mild steel perforated.

This sample had therefore been sintered but not pressed.

1t was observed that the hardness of the samples provided a convenient indication of their
microstructure. A hardness value of below 250 HV can be interpreied as indicating that
the materials contained a negligible arount of sigma, whereas one of in excess of 800
HV would be correlated in these materials with a substantially sipmatized condition. Sut
materials were exceedingly prone to cracking. Materials whose hardnesses were in the
range 250 1o 300 HV generally contained up to 20% sigma by volume but were not prone
to cracking and could therefore be considered for engincering applications. A summary of
the hardness values obtained after HIPping and solution annealing the samples is given in

Table 3.

While the powders with 38% Cr, 203 Ni, an 295 Mo (samples VF452 *nd VFA487)
were found to contain at most 20°a sigma phase after HIPping, and had & hardness of
about 275 to 200 HV, those with an additional 2% Cror Mo, such as VFAG22, emerged
from the HIP in a nearly fully sigmatized condition. Such samples were extensively
cracked and very brittle, with az-HiPped hardnesses of between 700 and 900 HV.

However, they could generally be canverted back to the fi- rite phase with a hardness of




between 240 and 255 HV by solution anrealing followed by quenching. Unfortunately,

the solution-annealing heat-treatment did not eliminate any of the pre-existing cracks.

Also present in the microstructures of the consolidated materials were carbide
precipitates and oxide inclusiofis (Fig. §), of the same type s had been found in previous
work on these alloys.}! These were especially prevalent along the boundaries of the prior
particles. However, the new grains of ferrite formed somew it independently of these
pro-existing networks of inclusions and they evidently did not signiﬁcaml{r impede ferrite

grain growth,
The microstruecture of the matesial praduced by HiIPping the very finely milled powder
whose size distribution is shown in Fig. 4, was microduplex, and consisted of an

exceedingly fine-scale mixture of ferrite and sigma phases (Fig. 9,

Factors effecting sioma formation

The sigmatized microstructure of many of the as-HiPned samples was an unwelcome
developtent, and was not expected from the sigma formation curves previously obtained

by Premachatdra. 8

A sample of the VFA622 ingot. in the solution-annealed state, was then subjected to the
same HIP cycle as had been apolied to the puwdered alloys. This sample was free of

sirma at the start of the oycle, with a hardness of 238 HTV and. after the cycle, had a

tiardness of 276 HV. However, no sigina was evideat in the micostructure and the

10



increase n hardness appeared to be correlated with an extensive intragranular
precipitation of {ine carbides and nitrides. In contrast, when a HIP-consolidated sample of
powdered VFAG22 in the fully sigmatized condition was HIPped for a second time, it
was found to have a hardness of 282 HV and a sigma content of 30% (Fig. 10).
Evidently, the susceptibility to Torin sigma had been somehow imparted to the material by
some chasacteristic of the powder-manufacturing process, and it was very much

diminished when solid samples were HIPped tor a second time.

The sigma present in the various microstructuves (whether HIPped twice or not) could
generally be removed by the solution annealing treatiment previously describud. For
example, the sample whose microstructura is shown in Fig. 10 was solution annealed.
The resulting microstructure is shown in Fig 11 and can be seen to be comprised of
ferrite grains in which an abundance of carbo-nitride precipitates are disteibuted
However, some of the alloys with a 4% Mo content {specifically VFA418 and VFA420)
were mt completely free of sigma atter this treatment. Mulybdenum is a potent stabilizer
of'the sipma phase and sefficiently larpe additions of it are known to raise the

temperature at which sigma is stable to in excess of 1100°C 10

C'orrosion

Samples of three of the materials based loosely an the composition Fe-38%Cr-2%Ni-
29,Mu were corrosion tested in 10%4 sulphuric acid as deseribed previously. The
VFAL22 sample wis tested in the double-HIPped conditivn. and again after a subsequent

solnton-anneal. The allovs VFASRT and VEFS52 samples were tested as-HIPped, and




again after the solution-annealing Rieat treatment. Since these latter materials were
comparatively similsr in composition, their corrosion behaviour should have been similar

too.

Tt was found that all three allos shontaneously: passivated in this solution. The corrosion
potentials obtained are listed in Table 4. A more positive corrosion potential should
normally be correlated with the passivation of the alloy. Howevar excessive emphasis
should not be placed on the equilibrium corrosion potentials alone, since the values must
be evaluated in conjunction with other factors such as the critical current density, passive
range, passivation potential and corrosion current, fopr- The combination of these
indicators provide a mare reliable indication of a material's corrosion resistance. In this
case, the i value was ca'culated as described in the Experimenta! section and
converted to an estimated corrosion rate using Faraday’ faw. However, it is evident that
the materials are already effectively passive in this solv*n and the Ru and Nb additions
made to the VFA622 alloy du not appear to produce any further improvement in
corrosion resistance compared to that of the other two alloys. This is no doubt due to the
veneficial effect in these alloys of Ni and Mo additions on the corrosion resistance in

sulphuric neid +

However, when the same alloys were tested in 702 HaS0, ot 50°C it was found that the
two alloys without the ruthenium corroded at up to § to 30 mun/yr, whereas the alloy
containing the small addition of ruthenium carroded ot less than 0.12 muyr, Three

representative potentivdynamic seans re ghown in Figure 12. In addition, the passive




current density of the ruthenium containing atloy was significantly lower than that for the
other two alloys. The various electrachemical parameters are listed in Table 5. The
corrosion rate of the ruthenium containing alloy is similar to or better than that which
would be experienced by many super-austenitic or nickel<base alloys in this environment.

- L]
-

It is evident that the effect of the R additions only becomes prominent in more
appressive acid solutions in which the Ni and Mo content do not provide sufficient

resistance.
Discussion

Sigma formation in the HIP

The product generated fror any of the powders was particularly susceptible to sigma
reformation during cooling after the first HEP cycle. An alternative explanat_ion, that the
temperature during HiPping was not high enough {0 secure an initial transformation of
the powder to ferrite, is not tenable because those samples which went into the HIP in the
monolithic condition, whether as«cast er HIPped once already, emerged in the fetritic
condition. This begs the question as to what the essential metallurpical differences are

between material in the powdergd and monolithic states are.

Since the sigma phase forms in the present altoys by the process of nucleation and
growth,d it is clear that powders that have been HIPped for the first time contain either

L)
mare sites upon which sigma can re-nucleate or the growth rates of the sigma regions are,
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for some reason, far faster than it the other material conditions.

As mentioned, the kinetics of sizma formation are certainly faster in matarial that has
been deformed or which for some other reason contains a high density of dislocations.
However, ferritic stainless steels are rapidly recrystallised or polygonised in a few minutes
by the application of temperatures above 800°C. Therefore, the distocation density in
material produced during HIPping should be similar to that normally obtained by
annealing at 1120°C and, in these moterials, s likely to be very low im:leet:l.,l?z Itis
unlikely therefore that the increased susceptibility to sigma formation during the first of
the HIP cycles was caused by an anomalously high dislocation density. Another
possibility is that the two ‘types of sample differ significantly in composition. However,
not only is it unlikely that the difference in bebaviour of the powder could have been
induced by the relatively small pick-up of interstitial impurity elements induced during
milling, but also the substantial reduction in amount of sigma re-formed when a powdered
sample was HIPped for a second time proved that the problem of sigma. re-formation was
not caused by the minor difference in chemical composition. Therefore this possibility can

atso be discarded,

Evidently. therefore, the explanation must be that the powdered material, FIPped for the
first time, contained an abundance of suitable sites upon which sigma could nucleate
during the cooling cyele. One possibility is that the sigma in the particies had not been
completely converted to ferrite during the 4 hours at 1120°C. Such hypothetical residual

sigma might then serve as convenient sites on which to grow further sigma during the
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cooling part of the HIP ¢ycle. This may have been the case for those alloys containing
4% molybdenum, since both the relevant phase diagrams and the various solution-
annealing heat-treatments conducted, show that molybdenum is a potent stabiliser of the
sigma phase, and that not even a solution anneal at 1100°C was sufficient to dissolve all
the sigma in those alloys. How;vc:'. this is less liKely in those alloys containing only 2%

molybdenum, which could be exi}ected to transform very rapidly to ferrite it held at

temperatures above about 1050°C.13 In the case of these alloys, the explanation must lie

in some other property of the product produced at 1120°C during the first HIP cycle,

The consolidation process very likely consists of the follawing steps:

¢ the sigma particles pack together as temperature is applied but heing both hard and
ordered do not initially weld ar daform appreciably.

» the powder transforms speedily to ferrite once the temperature exceeds a particular
value, which i3 as high as 1050 o 1100°C in the alloys containing 2% nickel and 2%
moiybdemun,

« the ferrite particles are at first merely touching one another at their asperities, however
as time progresses they weld and form necks at these points of contact (25 shown in
Fig. 7).

o the necks widen by a process driven by the diffusion of atoms atong both the free
surfaces and the grain boundaries until the interconnectivity of the porosity is
destroyed. Some plastic deformation of the particles also occurs as the can enclosing
the sample is displaced inwards,

» given sufficient time, grain boundary migration and further densification occurs leaving

15




only isolated, spherical pores in a recrystallized equiaxed microstructure.

However, it is feasible that the material produced by the first HIP cycle is not fully
consolidated and may have a profusion of very small pores and defects, each of which
offers a free surface on which lgnla can subsequently nucleate, As the sariples cool
down through the sigma-forming temperature range, new sigma phase nucleates on the
remaining heterogeneity’s. The result is a material containing a substantial amount of
sigma phase. The faerrite formed in the second HIP cycle will have a further < hours in
which to become dense, and will therefore be appreciably freer of nucleation sites,
Therefore, it would be more resistant to the reformation of sigma during cooling.
Presumably, the problem could he solved by a longer or hotter HIP cycle, However, this
would have been incompatible with the normal commercial usage of the particular FIP

used and was not attempted.

Finally, it should be noted that the presence of a little sigma phase in the microstructure is
not necessarily undesirable. Sigma is very hard and has been found to improve the wear
resistance of ferritic alloys considerably if present in an intragranular fashion in the
microstructure. M It is however essential to avoid the formation of intergranular sigma

phase, which will always be de trimental.

rofnosis
The key to the successful implementation of the process on an industrial scale is the

sefection of an atloy composition that can be e nveniently converted to sigma phase by

is




heat treatment, but which is sufficiently resistant to sigma-reformation, so that it ideally
emerges in a fully ferritic condition from a HIP-cycle. If it does not emerge from the HIP
in a fully farritic condition, then it should at least be possible to solution heat treat and

quench the item to obtain a substantially ferritic and crack free component.

The various alloy compositions investigated in the course of the present work are
compared in Figure 13, which plots conten, of chromium against the sum of the contents
of nickel, molybdenum, silicon and platinum group metals. There are three regions of
interest, In region A the alfoys form signa very stowly and it is not convendent to convert
them to sigma powder. In region B the alloys can be conveniently converted to sigma
powder and can furthermore be HIPped to produce a substantially ferritic component. In
region C the alioys form sigma phase very readily but convert substantially to sigma phase
during cooling in the HIP, However, they can be converted back to ferite by a soiution
anneal followed by & quench, Unforiunately, if any cracks developed while the
components wer in the sigma condition they would not be removed by solution heat

treatment alone. In this case a double HIP cycle would be necessary.

An example of a prototype component that has been manufactured out of the VFAG22
alloy (which contained 2%Ni and 2% Mo) is shown in Figure 14. It is a “springlack’ for
use in an industrial leaching process. The items are subjected in service to a mixture of
hot. concentrated sulphuric and nitric acids and a super-austenitic stainless steel is
currently the preferred material. The components shown were produced by HIPping to

praduce a cylindrical workpiece, which was then solution annealed and quenched. and
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finally machined to finai dimensions. No unusual difficulty was encountered dyring the
rnachining process. The springlocks were placed into service on 1 May 1997 and had not

shown any visible corrosive attack by November of that year.

It is interesting to note .uat there are other potential applications of the sigma powder.
Knight and Cortie, 5 for examplé, have investigated its use as a consumable in thermal
spraying devices, and found that layers of superferritic stainless steef could be readily
deposited onto a substrate by use of HVOF (high velocity oxygen-fuel) te.chnolc':.gy. In
addition, it has been demonstrated that the brittle nature of the sigma powder can also be
exploited to produce powders that are significantly finer than those normally obtained in
statnless steels. These pm:vders may be of use in technologies such as metal injection

moulding or rapid prototyping using laser aided direct metal deposition (LADMD).
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Conclusions

It 15 possible to produce corrasion-resistant super-ferritic staintess stee! compositions that
can be converted to powdered sigma phase, processed using ihe techniques of powder
metallurgy, and converted but ‘nED ferritic itets by hot isostatic pressing. The Fe-
38%Cr-2%4Ni-2%Mo alloy is an example of such a composition, However, it may be
necessary to use a double HIPping practice to obtain the best results. It was observed
that material HIPped once was susceptible to sigma phase formation, ostc;nsibly because
it still contained a significant amount of internal porosity. Therefore, it should be possible
to improve the situation by conducting longer and hotter FHIP cycles than was possib!é in

the present work. Nevertheless, the process has already been shown to be capable of

producing corrosinn resisting components and might find application in industry.
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{vi) tables (no section (v))

Tuble 1. As-cast compositions of esperimental materials that were converted to powder,

percent by mass. The nominal levels of the elements not listed are shown in Table 2.

(Note: n.d. = not determined) ™ -

Alloy Cr N o € M Others

VFAM e Az <t 0ANR nd

VEAIR B o 0.3 0ohs  nd

VFA92 B: lo 1o 0005 nd

VFA3Y3 EL - W) 1.3 tood  ad

VFA395 Ve ol 18 0002 nd

D8]1-air 337 2a +.4 nom v 1688

VFANT AT 24 42 ad 0001 G.2AL 0.68i
VFALLR 370 24 4.2 0008 0001 0.2A1, 068, 0,}Ry
VFA41Y 7l 24 43 0.000 D002 0241 0581, 0.2Rn
VEALD KT B 4.4 GUIl 00Dl 0.25A1, 0.68i, 0.1Ry, 0.1
VFAd23 371 24 44 0008 0.001 02AL D.6SK02)
VFA487 W4 23 2.0 0.016 nd

VEFASAR my 24 R nals W B2Rg

VE542 /Wy 22 20 Loar oo

VEAud2 KE 3 B 20 LS ORISRy, (4Nh
VEAS47 b 2% 19 (EREN b N} VX

VFAGSH 6 22 19 (o1 a3 034N

VF138 dhs . - tOald noos

VF245 W7 58 - tole 0003




Table 2. Nominal content of minor and residual efements, percent by mass.

c Si Mn P § Al Cr Ti 0

- A e e B R R D T AT A ITET A Pl EA e 1

go0d  nOs Gns oo 060t pn 8o noes ped.ans
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Tabie 3. Vickers hardnesses and microstructure of specimens after Hiling and solution

heat treatment

Alloy Vickers hardnews

T it a e e B

HiPped HIP followed by

solution anneal

pit | 836 ave
VF552 289 23
YFASLT 87 263
VFAALR B 862
VEALLY 890 377
VEAL2D 817 Tin
VEALR =300 Kk

VEA487 amn K}y
VFASA - 27
VFASES fuw B0 KL
VEAGZD ity a3

B3
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Table 4. Corrosion potentials and rates in 10% HaS04 solution at 23°C.

Alloy Corrosion potential v8 SCE. mV Corrosion rate, mavy

b ot a4 AL A o kI SRS WA T AL it i Fp——— ST P UL sl R

asHIEped  as-HIPped plus agHiPped  as-HIPpod plus

awlution anneal salution anneal
VT AIRY +16 L2009 o011 <0.001
VF352 =14 «221 0 0.ugl
VFAGIR +14 ) itoa] 0n.oa2

Table §. Corrosion potentials and rates in 70% Hy80, solution at S0°C.

Alloy Corrosion phtential Critical current  Passive current Corrosion ste,
vs SCE. mV mAfm® mA/cm? iy
VFAG22 472 1.2x1072 2 n-? ~i.1
VF&S2 403 Ab 9, 1x R ~30
VFALR? 178 X Lastod -8
»
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Figure 1. Eftact of nickel and snolybdenitn on the transfurniation of as-cast ingots to
sioma phase av 750°C (data courtesy of K. Premachandra® alloy compositions listed

in Table 1 under designations VEX3S8, VF245 and VE532),

Figmare 2. Angular morphology of powder particles (SEM) .
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Figure 3. Particle size distribution of minus 170 pm fraction of powder produced by

10 seconds of milling in a Sieb mill (VF343).
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Figure . Particle size distribution of powder prodused from Sieb mill product by a

further 24 hours of mitling in a ball mill (VEA 3453).
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Fipure 5. Effect of n 0.33% Nb addition on the kinetics of sigma phase formation of

as-cast ingots of materials 36%Cr, 2% Ni and 2% Mo,
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Figure 6, Typical angular microstructure of sigma phase produced by a single HIP

eycle conducted on highly alloyed material (VF417).
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Figure 7. Porous microstructure of material produced duwing the HIP cycle in the

absence of effective prassurization (VE420)

Figure 8. Microstructure of alloy VF552 in the HIPped and solution-annealed
"
condition, showing a recrystallized forritic mateix, and a network of exide and carbo-

nitride precipitates that outlines the original patticle boundaries.
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Figure 9. Micreduplex mixture of fenite and sigma phase produced by HIPping ultra-

fine sigma powder (much of the sigma has been etck-ud o1+ In this micrograph),

Figure 10, Microstructure of material VFAG2Z HIPped a second time showing

intergranular sigma phase and carbo-nitvide precipitates.




Figure 11, Microstructure of atioy VFA623, after a solution anneal and quench

showing ferrite grains with intergranular precipitation of carbide and nittide

precipitates.
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Figure 12. Potenticdynamic hehaviour of three atloys in 708 Ha80y at 50°C. The

alloy with ruthenium (YFAG22) shows considerably greater resistance to corrosion.
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Figure 13, Diagram illustratirg the effect of composition on the properties of the
atloys, A - takes too long to convert to powder, B - comes out  "P as ferrite, C -

con.es out of HIP as sigma phase.

Figure 1. Experimental springlocks manufactured from sigma powder. Components
shown have a diameter of 20 mm.




A MICROSTRUCTURAL STUDY OF MIXED HOT ISOSTATICALLY FRESSED
STAINLESS STEEL POWDERS

M. Wung-Rian', M.B. Cortic® and L.A. Comi=h'

! School of Procuss and Miteriale Engincering, University of the Witwalersrand
* Physical Metaliurpy Division, Mintek, Privats Bag X3105, Romdbury

A nowel preparation route for stainbes steel pevdors Bas
boen doveloped, in wiich the sipma-forming ability of
the ailu}'ﬂ is ulilised to facilisate the milling of fhe
powdest, Staintess steefs of high chrontim content can
be heat treated to prodoce Bie sigma phase, which being
brittte, is very casily erushed, The advantape of this
methed is that fine powder can be exsily and cheaply
manufestured. The powder s fen shaped hy hot
isostatically precting (HIPpingd in 2 propriciosy
mathod®. HIPped cempononts are well known for theeir
homogencous microstructares and reabting exeellent
properties. Howwover, * v are twe disadeantapes:
firstly, that rome sigma forms on ceoling from ghe
HIPping, process, and socondly the danper Hiat sigmad
could reform during use of the item, if high enimagh
temperatures {~750°C) sere experionced. o either
vose, Sigma could be detrimontal to the mechanical
propertics.

A safer appreach dv to mix poawders, s that the
cheapness of the sigma-comminution it still e ained, but
the resulling powder's sipma-forming eapability is
avoided by the asddition of lewer Craoatent,
cemmercially available powdets.

A master allvy of composition Fo-2Ni-2Mao-WCr-0.4ND
was "sigmatizal” by annealing ut 780°C for 3.5 h. New
allays were made up by mizing the milicd master attoy
in difforent weipht faties with commorcial R16d
stainlems steeh, Theer camples were then Hipeod, and
the resubting picrostiuctun: . e stideed ey optical
mivroscapy, wnd SEM with Bhs, Anealing we- ol
varifvd out sbogrontly, ot e Loy Mo

It the o IPpaY Sy gos e s dtel « enpdey i
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murpholopics were resolved within the forrite paracles,
These were bulk apd Jamsilse vipma. It is highly Likely
that the bulk sigma is the prosoutcctoid phase, and
formud befye the eutevtoid sipma wad socondacy
pustenite’ {Fig- 4). Afeer annealing, theee was less
tipma, olthough the ferrite colonies were still casily
obu2tved. ‘Thete were plso regions between the fortite
and sustenitz where interdiffusion bad oemerea.

The investigation bas illastrated that *synthetic” duplex
silays comprising differing ratios of the master olloy
md 3161, have potential for HID  manufectore,
Corrosion experiments are now hoing undertaken, with
a vivw to establishing the epplicability of thewe novel
naterials,

The finaneia! suppoet of Mintek aad e FRD is
pratefufly neknowle:‘ged.

References

1. Cortie, M.B., Nati, 8., & Wolff, LM., RSA Putont
85/2676, 1595,

2. Wong-Kim, M.W., Cortic, M.B, & Comish, L.A.,
Mat. Sci. pad Tech., in press.

3. Bareik, J.. Met, Trans, A. JR

HTR ke waph‘. uf m.r-kr atls u.’-iﬁ ..:‘;-.
IRTL N} 31 u.ul' G ACHEE §oain pkaty,
senty P 0 BRE G Amealed W
e m! SOIARIIR S e
2 Fenite p..thtl Ii\ RIARTEIRII 1A
Dhaerite (E, Bl sloge {1, Ginee
bt (2




Author: Kian, Michael Christopher Wong.
Name of thesis: The consolidation and transformation of an ultra-ferritic stainless
steel by hot isostatic pressing / Michael Christopher Wong Kian.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (ocne machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or cmissions from the information on the Library website.



