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20. A high purity filler m.tal composition deposited by the
CW-GTAW process resulted in post weld aged mechanical properties of
TYS-212 Ksi (1462 MPa), TUS-224 Ksi (1544 MPa), CVN absorbed
energy - 43.5 ft-lb f (58.9J), and 

~4SCC~ 
- 91 Ksi  ~‘Th (100 MParm).

The post weld aged L-iAZ notch toughn~ess ‘exceeded 34 ft-lbf (46.IJ )
absorbed energy at equivalent FZ strength levels for all the arc
weld processes evaluated .

The as-deposited (last pass) CW-GTAW fusion zone microstructure
consisted of dislocated lath martensite, minor quantities of
interlath retained austenite , and widmaristatten cementite. Post
weld aging of multi-pass weld microstructures led to complete
dissolution of cementite platelets in favor of alloy carbide
precipitation and large amounts of reverted austenite at lath
boundary and intralath sites. - — -.

~~~~~

- - ~~ 
- I~~t _

- ,~~~ ‘4 .

~~~~ 4t’ ’

A
’—.-

_ I k ~SSIFLE~~~_ 
‘A l v  C L A S S , ~~~C A / , ) 5  ~7 F 4 , / I$  P . 4 Z ,E ~~~~~~ .. - ..

~~~~~
—N



- ‘— — .--
~~~--.---.-‘~~~~~ —~— 1~ ~~~~~~~~~~~~~~~~~~~~~ - ------- ------- 

F O R E W O R D

• The work reported in this final report , which is designated
Report No. AFML-TR-77-61 was performed under Contract “33615-75-C-
5091, Project No. 6210F , Task No. 735105. This contract with
General Dynamics ’ Fort Worth Division (P.O. Box 748, Fort Worth ,
Texas 76101) was administered under the technical direction of
the Air Force Materials Laboratory , Air Force Systems Command ,
United States Air Force. Mr. Martin H. Horowitz , AFML/LLS
served as Project Engineer. All technical work was accomplished
between January 1975 and July 1976 . The report submittal date -
January 1977.

The role and responsibilities of the Fort Worth Division
personnel in the execution of this program are as follows :
Dr. P. N. Machmeier , Program Manager and Principal Investigator;
Mr. R. L. Jones , Mechanical Test , Mr. J. C . Collins, Welding
and Mr. R. E. Johnson , general support . Mr . B . V. N. Rao ,
University of California at Berkeley , is credited with the
thin foil microscopy in this investigation .

An acknowledgement is due Cannon-Muskegon Corporation and
U. S. Weld ing Corporation for the VIM melting and reduction of
redraw stock to weld wire , respectively . 

iv

~ 

~ ~~~~~~~~~~ T:~ .~i ~~~~~ ~- -_ 1 ~-~~- -- _- —~~~~~~~~~ — ~—~~~- -



r -

TA BLE OF CONTENTS

Section Page

INTRODUCTION 1

II BACKGROUND

III EXPERIMENTAL PROGRAM 7

3.1 Filler Meta l Selection and Processing 7
3.2 Arc Weld Processes and Parameters 10
3.3 Weld Thermal An a lysis 13
3.4 Mechanical Testing 13

3.4.1 Tensile 13
3.4.2 Notch Toughness 13
3 . 4 . 3  F rac tu re  Toug hness 15
3.4.4 Compact Tension - KISCC 15
3.4.5 Fa tigue 16

3.4.5.1 S/N Fatigue 16
3 . 4 . 5 . 2  Compac t Tension , da/ dN 16

3.5 Meta l lurgical  Ana lysis  17

3.5.1 Microstruc ture 17
A 3.5.2 Microhardness 18

3 . 5 . 3  X - r a y  D i f f r a c t i o n  18

IV RESULTS AND DISCUSSION 19

4.1  Chemical  Compos i t ion  19
4.2 Fusion Zone Properties 25

4.2.1 Fusion Zone Mechanical Proper ties 25
(Heats VE 716-yE 717)

4.2.2 Effect of Welding Parameters and 29
Fus ion Zone Composition on Mech-
anical Properties

4.2.3 Fusion Zone Mechanical Properties 34
(Heats VE 799-800)

4.2.4 Fusion Zone Mechanical Character- 37
ization Data (Heat VE 799)

V

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



TABLE OF CONTENT S

Section Page

4.2.4.1 Strength and Toughness 37
4.2.4.2 Fatigue 40
4.2.4.3 Stress Corrosion 45

4.2.5 Fusion Zone Microstruc tural 50
Properties

4.3 Heat Affected Zone Properties 63

4.3.1 Heat Affected Zone Microstruc ture 63
4.3.2 Heat Affected Zone Mechanical 66

Properties

V CONCLUSIONS 75

VI RECOMMENDATI ON S 77

Appendix 1 Chemical Analysis of Melt Stock 78

Appendix 2 Fusion Zone Chemical Analysis 79

Appendix 3 Ingot Aluminum Analyses 80

Appendix 4 AF 1410 Steel Weldment Mechanical 81
Properties

Appendix 5 Low Temperature CVN Impac t Prop- 83
erties of CW-GTAW Welded AF 1410
Steel Plate

Appendix 6 Axial Fatigue Properties of 84
CW-GTA Welded AF 1410 Weldment

Appendix 7 Dry Air Fatigue Crack Growth 85
Rate Data

Appendix 8 3.5% NaCl Fatigue Crack Growth 86
Rate Data

Appendix 9 Transformation Temperatures 87

Appendix 10 Weidmen t Austenite Measurements 88

REFERENCES 89

Vi

1k ~~~~~~~~~~~
_
~~~~

,
~~

_ N . _ .. _ - ._ _ - 
-

..... ~ &._:.. .-2.



- - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L I S T O F  I L L U S T R A T I O N S

Figure Pa~~

1 Investigation Outline 2

2 CW-GTA Pulse Arc Amperage  and V o l t a g e
Response

3 Representative Multipass Arc Welds 26

4 Correlation Between Fusion Zone Mechanical 27
Properties and Weld Process Utilizing Filler
Metal Heats VE716 and VE717

5 Microstructura l Refinement in Arc Weld Fusion 28
Zones in the As-Welded Condition

6 Representative Center Line Cooling Rates 30

7 Effect of Post Weld Ag ing on Plasma Arc 31
Fusion Zone Microstruc ture

8 Representative As-Deposited Solidification 32
Microstruc tures in Gas Tungsten Arc and
Plasma Arc Welds

9 Correlation Between CW-GTAW Fus ion Zone 30
Mechanical Properties and Filler Metal
Composition

10 Effect of Test Temperature on Notch 38
Toughness of AF 1410 Steel Weldments

11 Fracture Appearanc e of the Post Weld Aged 3~)
CW-GTAW Fusion Zone As a Function of
Tempera ture

12 Irregular Fatigue Crack Profile Evident in 43
Post Weld Aged CW-GTAW Fusion Zone Fracture
Toughness Specimens

13 S/N Fatigue Proper ties of AF 1410 Stee l .-~4

Weidment

14 Fati gue Crack Growth of AF 1410 Steel 46
CW-GTA Weidment in Dry Air

vii

L . 
- . 4 .  .- -. . - -

~ 

2 
_ _ _ _ _ _



-_- --—- --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --~~~~~~~~~~~~~~~
-—- _ _

LIST OF ILLUSTRATIONS
(Continued)

Figure Page

15 Fatigue Crack Growth of AF 1410 Steel CW-GTA 47
Weldment in 3.5% NaCl Solution

16 Stability of Solidification Struc ture in 51
Ar c Weld Fusion Zone

17 Decomposition on Heating and Cooling in the 52
Fe-Ni System

18 Effect of Heating-Cooling Rate on Fusion Zone 53
Transformation Temperatures

19 As-Deposited CW-GTAW Fusion Zone Microstruc - 55
ture

20 Autotempered Carbides in As-Deposited CW-GTAW
Fusion Zone 7’- struc ture

As-Deposit Fusion Zone Microstructure 58

22 Autotemp~ Leu ~arbides in As-Deposited CW-PAW 59
Fus ion Zone Microstruc ture

23 As-Deposited CW-GTAW Fusion Zone Micro- 60
s t r u c t u r e s  Subject  to Mult i p le Therma l
Reversals

24 A s-Deposited CW-GTAW Fusion Zone Micro- 61
struc tures Subject to Multiple Therma l
Reversals

25 Post Weld Aged CW-GTAW Fusion Zone Micro- 62
struc tures Representative of Multip le
Therma l Reversals

26 Post Weld Aged CW-GTAW Fus ion Zone Micro- 64
struc tures Representative of Multip le
Ther ma l  Reversa l s

V iii

L ~~~

. . . -,
~ 

.- .- -
- ~~~~~_.4Ir- _~~ ~~~~~~~ 

- ‘  -
~ 

-- - -



-~~~~—---~~~ -- --. - - - - -- -- -

LIST OF ILLUSTRATIONS
(Concluded)

Figur e Page

27 Heat Affected Zone Cooltng Rates 65

28 HW-GTAW Heat Affected Zone Microstructures 67
of Unaged Base Plate

29 Cold Wire Gas Tungsten Arc Weld HAZ 68
Properties

30 Hot Wire Gas Tungsten Arc Weld 1-IAZ 69
Properties

31 Cold Wire Plasma Arc Weld HAZ Properties 70

32 Cold Wire Plasma Arc Weld HAZ Properties 71 1
33 Microhardness Measurements in 1.25 inch 72

(3.18 cm) thick CW-GTA Weldments

ix

~~~~~~~~~ ~~~~~
. ~~~~~~~~~~~~~~~~~~~~~~ ~~ _ 1i

_
~~~ ___ J



L I S T  O F  T A B L E S

Page

1 Program Goals 3

2 Required Chemical Ana lyses for Initial Two 8
Filler Me tal Heats

3 Required Chemical Ana lyses for Fina l Six 9
Filler Metal Heats

4 Welding Parameters (Hea ts VE 716-717) 11

5 Welding Pa rame te r s  (Heats VE 798-800) 12

AF 1410 Rolled Plate Properties 20

7 Filler Metal Chemical Ana lyses (Hts. VE 716 , 21
VE 717)

8 Ingot Chemical Analyses (Hts. VE798-803) 
- 23

9 Filler Metal Chemical Ana lyses (Hts. 24
VE 798-800)

10 Comparison Between Fusion Zone Composition 33
and Notch Toughness

11 Fusion Zone Mechan ica l  P r o p e r t i e s  35

12 Weidment Mechanical Properties 41

13 Fracture Toughness of CW-GTAW We lded 42
AF 1410 Steel

14 Alternate Immersion Stress Corrosion Data 48

15 Stress Corrosion of CW-GTA Welded AF 1410 49
S teel

x

-‘

~ 

.- -

—I—- -. . - 7 - — - - - ‘.4, - ‘A ’ - - -  -‘
— ~v-=’~=~ - —‘----- -- —-- -  -



S E C T I O N  I

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

A high strength steel alloy , possessing high fracture
toughness and good stress cor~ osion resistance , was recently
developed in a cooperative program by General Dynamics and
U. S. Steel under the sponsorship of the Air Force Materials
Laboratory , Reference 1. The nominal composition of the alloy
steel resulting from the development program is I4Co-lONi-2Cr-lNo-
0.l6C-bal Fe. This 230-250 Ksi (1586-1724 MPa) TUS steel,
designated AF 1410, is attractive for aerospace structural
applications due to its superior fracture properties and stress
corrosion resistance.

Preliminary welding investigations using a matching AF 1410
filler metal composition indicated good weldability with arc
welding processes , References 1 and 2. However , some tensile
ductility and/or notch toughness degradation was present in the
heat affected zone and postweld aged fusion zone. These losses
of toughness properties , while not serious enough to limit the
welding of AF 1410 steel, indicated the need for additional
study.

In this investigation the effect of (1) heat input and
number of thermal reversals on HAZ properties (2) filler metal
composition , e .g .  level of deoxidizing and impurity elements on
mechanical properties , and (3) deposition rate , cooling rate , and
post  weld aging on fus ion zone mechanical-metal lurgical proper t ies
were briefly evaluated . Another factor which proved to be of some
concern in this investigation was the level of molten pool
contamination possible when welding with the CW-GTAW , HW-GTAW , and
CW-PAW arc weld processes . The evaluation of the heat affected
zone was curtailed when it was judged the resultant mechanical
properties were adequate for the arc weld processes investigated.
Thus, the remainder of the study was directed towards improving
the fusion zone mechanical properties. Due to the scope of the
variables involved in this program a screening of weld processes ,
f i l ler me tal hea ts , etc . was necessary to reach program goals.
An outline of the investigation screening process is i1 lustrated
in Figure 1. Using this approach the program goals of high
strength-high toughness-high corrosion resistant weldments were
for the most part met , Table 

I.I
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TABLE 1 PROGRAM GOA LS

Rolled Plate Goals Program Weidment
Property (Ar 1410 Steel) Results
________  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  k~~-CTAW , Heat VE799)

TYS , Ksi (MPa) 210-230 (1448-1586) 212 (1462)

TUS , Ksi (MPa) 230-250 (1586-1724) 224 (1544)
(2)

Ksi 
~
‘1

~~ 
(MPa V /r n )  2.115 (126.4) 139.5 (153.3)

CVN equiv , ft-lbf (J) .2 35 (47.5) 43.5 (58.9)

KISCC , Ksi ‘II~ (MPa V/~~) .2100 (109.9) 91 (100)

Notes:

(1) It was the intention of this investigation for
pos t weld aged fusion zone mechanical properties
to meet AF 1410 steel rolled plate goals .

(2) KQ va lue

3
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It is not suggested that the resultan t mechanical
properties ‘ierived from the FZ or HAZ evaluations in this
investiga tion canno t be imp roved upon wi th other we ld
p rccesses , parame tem , etc. Ra ther , improvemen ts in filler
me tal composition and arc weld metal puri ty will further improve
the fusion zone properties . In addition , metallurgical  inves ti-
gations of the etfec t of comp lex carbides , which are formed during
mul tipass welding and/or post weld aging, on stress corrosion
resis tance also will result in meeting this goal. This feasibility
investigation has demonstrated that the AF 1410 steel weld system
is capable of achieving high toughness and high stress corrosion
resis tance concomitan t with required strength levels in arc welds .
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S E C T I O N  I I

B A C K G R O U N D

Ma tching filler metal  composit ion s to the AF 1410
(l4Co-lONi-2Cr-ll’4o-O.l6C) alloy steel can be expected to
demons tra te similar metal lurgical behavi or as the base p late
composi tion . Maximum strengthening occurs during the preci pi-
tation of a f ine dispersion of secondary hardening alloy carbides
in a highly dislocated lath martensite matrix . Mo in conjunction
with C forms dislocation nucleated N2C alloy carbide s, over a
narrow range of aging tempera tures , which are prin cipally re-
sponsible for an abrupt increase in both strength and toughness.
Cr in this composition is free to substitute to some extent in
bo th the M3C and M2C carbide struc tures resulting in an accentuated
hardening effec t and shif t in secondary hardening temperature . At
op timum ag ing tempera tures , the principal alloy carbide has been
identified as (Mo , Cr)2C in a similar lONi-8Co-2Cr-LMo-.llC steel ,
Reference 3, while in the l4Co-lONi-2Cr-lNo-0.l6C composition ,
Fe3C and complex alloy carbides (M2C , M~C) have been found ,Reference 4. During higher aging temperatures an austenite
reversion occurs which increases to a maximum at 11000 - 1150°F
(593 - 621°C), References I and 5. Weidmen t heat affected zones ,
subject to repeated thermal reversals in the austenite forming
temperature ranges , may form up to 6.0 volume percen t reverted
austenite , Reference 1.

For optimum toughness in the base p late composition the
deoxida tion ,(~4n , Si , Al , V , TO and impurity~~~, P , 0, N),elements
were aiaintained at low levels . However , some deoxidation is
required for arc weld deposited filler metals to alleviate
porosity . A study to produce improved Ni-Co-Cr-Mo-C filler metals
by elim in- .ting porosity without affecting the weld metal mechanical
proper ties , indica ted add itions of 0.10 to 0.20% Si , up to O.02’
Al , or up to 0.l070V were acceptable , Reference 6. When deoxid izinc
elemen ts are us ed synergis tically ,  adjustments in the levels
should be made as over deoxidation is known to dec rease weld
metal toughness , Reference 7.

Numerous and comp lex variables interac t in the fusion zone
due to the diversi ty of weld parameters possible in different
arc weld processes which con trol the resultan t strength and
toughness of the weld metal. The microstructure can be difficult

5 
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to interpret for each l4Co-lONi-2Cr-lMo-O. 16C weldmen t due to
the superimposing of the transformation structure on the
solidification structure , the phase reversals , and continuous
aging which occurs during multi pass welding. In addition the
deoxidation practice and as-deposited weld meta’ purity can
vary with arc weld process.

In the heat affected zone , the documented ia~i~ghness
degradation (Reference 2) is expected to be a function of the
number of thermal reversals and heat input. A la rge number of
thermal reversals may result in up to 6.0 volume percent reverted
austenite in the heat affected zone. Also , comp lex alloy carbide
reactions are possible in Fe-Mo-C secondary hardening steels at
higher than normal aging temperatures which could be responsible
for this i~kZ behavior . A study of the alloy carbide stability
ranges in ~.imi lar Fe-Mo-Cr-C seconda cy hardening steel systems
disclosed t~-~at the M2C , M3C , and M7C3 type carbides would most
likely occur during weld ther~nal cycling in the heat affected
zone , Reference 8 and 9. A N C nonstoichiometric carbide has
been identified in the AF l4l~ steel. The M6C equilibrium
carbide is not expected to form ‘under normal welding conditions .
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S E C T I O N  III

E X P E R I M E N T A L  P R O G R A M

The scope of the experimen tal program was the melting,
processing , and welding of selected filler metal compositions.
Both the fusion and heat affected zones of the resultan t multip le
pass arc welds were evaluated for their mechanical and
metallurgical properties .

3.1 FILLER METAL SELECTION AND PROCESSING

Based on data obtained from the Heat No. 7318-8091 weldments ,
References 1 and 2, the initial filler metal compositions were
designed with a matching base plate composition , Table 2. Si ,
Al , and V were selected as deoxidizing elements. To obtain high
fusion zone toughness the S , 0, and N were limited to low levels
in the wire composition and the as-deposited chemical composition .
Following the fusion zone evaluation resulting from the subsequen t
weldmen ts ,six additional filler metal compositions were melted
to the required chemistry as listed in Table 3. For these series
of heats , the additions of A~ and Mn as deoxidizing elements were
limited. An attemp t was made to closely control the levels of
the deoxidizing and impurity elemen ts by selection of high grade
melt stock prior to VIM processing, Appendix 1. The resultan t
VIM ingo t and finish wire chemistries are discussed in the next
section .

The filler metal alloys were melted as 165 lb (74.8Kg) VIM
heats . The ingot sizes were approximately 5.75 inch (14.6 cm)
diameter tapering to 5.5 inch (14.0 cm) diameter with a length
of 28 inches (71.1 cm). After hot rolling to 0.312 inch (7.9 mm)
diame te r rod , the redraw stock was Kalo turned to remove all
external oxidation products. To keep the contaminants at low
levels (1) annealing operations were conducted in a vacuum environ-
men t and (2) wire drawing was conducted without the use of contami-
nan ts. The finished produc t was 0.062 inch (1.6 mm) diameter weld
wire which was subsequently given a comp lete chemical analysi s.

Ingot heats 2, 3, and 4 were processed to 0.5 and 1.0 inch
(1.3 and 2.5 cm) diameter redraw stock. Further processing of
these heats was curtailed due to lack of compositiona l control.

7
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3.2 ARC WELD P ROCESSES AND PARAMETERS

Eleven -6  x 12- 15 x 0. 625 inch (15. 2 x 30.5 . - 38.1 x 1.6 cm)
weldrnents us ing a i4Co-lONi-2Cr- lOMo-O.16C steel base p late and
matching filler metal were comp leted by the cold wire (pulse arc),
hot wire (pulse arc) gas tungsten arc and cold wire plasma arc
weld processes.

The base plate was in the double austenitized and water
quenched(1650°F (898.9°C) - 1 hr/in WQ + 1500°F (815.6°C) - 1 hr/in
WQ) heat treatmen t condition prior to welding . The object of using
three arc weld processes was to increas.e the weld deposition rate
appropriate levels for each process consisten t with acceptable
mechanical properties.

Since acceptable weld parameters had been previously estab-
lished (Reference 1) for the CW and HW-GTAW welds , only minor
adjustments were made . Additi onal effort was expended in
determining the balance between heat input and deposition rate
for CW-PAW welds by bead-on-p late and in-groove weld tests.
These tests indicate that 3.5 lb/hr (l.58Kg/hr) is close to the
maximum deposition rate for cold wire PAW welds . For higher
deposition rates hot wire feed is recommended . The CW and HW-CTAW
welds were deposited with low heat inputs while the CW-PAW weld-
ments required a 2 to 3 fold increase , Table 4.

By developing a weld joint better suited for PAW welding a
2.0 lb/h r (O.9Kg/hr) deposition rate at 60-65 Kj/in (2.4-2.6Kj/mm)
is poss ible  and would r e su l t  in improved weld meta l  cooling rates ,
Reference 10.

The non- keyhole mode was used for all multipass PAW welding
in the investigation . (All welds except the CW-GTAW weldments
were comp leted with a traveling gas shield to decrease gaseous
contamination).

The CW-GTAW process was selec ted to cont inue  the evaluat ion
of filler metal compositions and to comp lete the weidments
required for mechanical property characterization . Nine weldments
were made in 0.5 inch (1.3 cm) and 1.125 inch (2.9 cm) thick
rol l ed plate per the welding parameters listed in Table 5 . All
the weidments were made in 20 inch (50.8 cm) long plates as a
6 inch (15.2 cm) linear section was made available to AFML.

The weld plates were demagnitized to less than 1 gauss and
preheated to 120°F (48.9°C) prior to welding. The weld groove
confi~ztiration for the CW-GTA welds in 0.5 inch (1.3 cm) and
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1. 2 5 inch (2 .9 cm) thick p late  was Double J and Double  U ,
respect ively ,  bo th  w i t h  40° ( 0 .70  r ad )  inc luded ang le .  The
HW-GTA and CW-PAW weld jo in t s  were Double J - 60° (1 .0 5 rad)
grooves. All the weld joints had 0.06 inch (1.5 mm) lands and
a 0.125 inch (3.2 mm) groove radius.

The CW-CTA weidments (3A-4D) were accomp lished with a Sci~aky
automatic welding control system capable of bo th pulse arc
(amperage) and mechanical (transverse to weld direction)
oscillation . The amperage was pulsed between two levels with
the voltage being held near constan t by the closed ioop feed
back system. Sample recordings were taken for all the above
weidments per Figure 2. The rate of amperage response (overshoot)
is less than a 40 amp swing which correlates to the correction
factor of the solid state controls.

3 .3 WELD THERMAL ANALYSIS

Weld center-line and HAZ cooling rates were monitored by
W-3Re , W-25Re and chromel-alumel thermocoup les , respectivel y.
All fusion zone thermocouple insertions were made behind the
traveling arc in the outer portions of the molten puddle. HAZ
thermal measurements were made at the base plate center at varying
distances from the weld centerline. A minimum of four thermo-
couples were spaced at approximately 0.5 inch (1.3 cm) intervals
in the heat affected zones which were monitored .

3.4 MECHANICAL TESTING

The mechanical properties of the weidment fusion and heat
affected zones were evaluated by tensile , notch toughness ,
fracture toughness , stress corrosion , S/N fa tigue , and crack
growth rate tests . The specimen configurations and detailed
test procedures have previously been given in Reference 1.

3.4.1 Tensile

Tensile tests were conducted at room temperature in accordance
with ASTh E8-68 and Federal Test Method Standard No. lSla. Tests
were performed in both the longitudinal and transverse orientations
with respec t to the weld direction using a 120 ,000-pound-capacity
BLI-( test machine. The yield point was determined wi th a sti~ain
rate of 0.003 inch/inch/mm .

3.4.2 Notch Toughness

The notch toughness was determined by a standard-size Charpv
V-Notch specimen in the T-L direction in both the FZ and HAZ ~~~~ th
the notch or iented perpendicu lar  to the weld  p la te  s u r f a c e .  The
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locat ion of charpy notches  in the HAZ w er e  measured from the
weld centerline at the plate center . The te~ tin~ was conducted
in a Riehie Impact machine at ambien t and cryogenic temperatures
per ASTh 370A-1.

3.4.3 Fracture Toughness

Fracture toughness tests were conducted in the L-T plate
orientation at room temperature using compac t tension test
specimens . The specimens , tes t  f i x tures , f a t i g u e  c racking , and
test procedures met all the requirements of ASTh E399-72.

Fatigue prec racking was accomp lished in a BLH SF-i-U
fatigue machine using decreasing fatigue loads to crack the
specimens so that the final stress intensity was<< KIC/2 as
required by ASTM E399-72 . D i f f i c u l t y  was encountered in generat ing
straight fronted fatigue cracks , and several specimens did not
meet the requirements of paragraph 8.2.3 of ASTM E399-72. There-
fore , those results could not be described as valid KIC data.

Static testing was conducted at room temperature in a
60,000 pound (27,216 Kg) capac ity AMTEK electrohydraulic test
machine for B=l.0 inch (2.54 cm) specimens. A calibrated NASA- type
comp liance gauge was used to record crack opening disp lacemen t
(COD).

The stress solution of the compac t tension specimen (H/W =

0.6) is given by:

1/2 3/2 5/2
K1= P/B(W)½ 129.6 (a/w) - 185.5(a/w) + 6 55 .7 ( a/ w )

7/2 9/2
- lOl7(a/w) + 6 3 8 . 9 ( a/ w )

3.4.4 Compac t Tension-Ki5~ 0

Stress corrosion tes ts we re conduc ted in 3.5 percen t NaC l
solutions using the Novak-Rolfe Constan t Disp lacemen t WOL environ-
men t test spec imen .

The stress solution of the Klsce cons tan t disp lacemen t
spec imen is g iven by :

K1 = E Vo C3(a/w) where

C6(a/w) \!a

C3(a/w) = 3O.96(a/w)-195.8 (a/w)2 + 730.6(a/w)3

-l186.3(a/w)4 + 7 54 . 6(a/w)5
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C f (a/w) 
= 

f4.495-l6.130(a/w) + 63 .838 (a/w)
2 

-

89. 125( a/w) 3 + 46.851( a/w ) 4J

E = Modulus  of E la s t i c i t y

Vo = Crack Opening Disp lacemen t

a = Crack Length

No con t inuous crack propagation data was recorded as crack
grow th measurements were limited to visual inspection of specimens
endurimz 1000 hours without failure .

3. 4.5 Fatigue

The fatigue proper ties of the fusion zone was determined
by S/N fatigue and compact tension specimens.

3.4.5.1 S/N Fatigue

.\‘:ial tension-tension fatigue tests were run using a

~on nt a ~ SF—lU-U fatigue machine with a 5:1 multip lying fixture .

~.mc’oth (K~
=l) were cyclic loaded at a stress ratio of 0.1.

~~~~~~~ Compact Tension, da/dN

The compact tension specimen used to measure crack growth
had i thickness of 0.5 inch (1.3 cm ). The specimen was fatigue
nrecracked using decreasing load steps in a Baldwin SF-l-N
Fat i~~ue Test Machine . After precracking , the coupons were
H~ t~~l1ed in a 60,000 lb . (27 ,216 kg) Electro-Servo Hydraul ic
:\mete~ Tes t Machine where the load range of 6,000 lbs. (2,722Kg)
was u’~ed with measured accuracies of ±30 lbs. (13.6 Kg) as read
on a dial and ±60 lbs. (27.2Kg) as observed with an oscilloscope
during fatigue cycling.

The stress solution of the compac t tension specimen
(H/W O.48f1) is ~Jven by:

K = f(a/w) where
B~~’ W  

/ 

3/2
= ~fl .~~~( - u / w )  — 195.8( a/w) +

7/2 9/2
730.6 (a/.-:~ - 1186 . 3 ( a / w )  + 754 . 6 ( a / w )
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da / dN = C

where a = actua l half-crack length
N = number of cycles

4K = range of c rack t ip s t ress  i n t e n s i t y  parameter
A = proportionally constan t
n = numerical exponent

In tests requiring a 3.57~ NaC 1 aqueous solution , the
environmen t was con tained in a c lear p lexig la ss chamber . Two
chambers were use d , one on either side of the coupon with a neo-
prene 0-ring seal. The environmen t enters one chamber from a
gallon p las tic jug, flow through the crack into the other chamber
and then into a reservoir. A submersible pump was used to pum p
the f lu id  to the upper container  at the rate of two q u a r t s/h o u r .

The cyclic rate for specimens tested in dry air and 3~ 57~
NaCl was 360 cpm (6 Hertz)  and 6 , 60 cpm (0 .1 , 1.0 Her tz) ,
res pec tively.

The resul ts  were calculated with a Hewlet t -Packard 9 100B
calculator programmed to give da/dN and A K  which is ca lcu la ted
as the average for  each data point .  A p lot of da/dN versus
average A K  is drawn where constants  f i t t i n g  da/dN = C ( A K )

1’

were found and tabulated.

3.5 I4ETALLURGICAL ANALYSIS

Metallurgical analysis in this p rogram was limi ted to a
general phenomenological treatmen t of the effects of cooling rate ,
deposi t ion rate , number of thermal reversals and post weld aging
on fusion and hea t affected zone properties .

3.5.1 Mi c ros tructure

S tandard polishing and etching techniques were used in pre-
paring me tallographic specimens for optical microscopy analyses.
A modification of a tint etchan t (Reference 11) was used to reveal
solidifi ca tion st ruc tures . Tran sformation temperatures were
measured on a high thermal response Dilatronic III Metallurgical
Dilatotneter.

The fracture topograp hy of the tes t specimens were analyzed
both at the macroscopic and microscopic level. High magnifica-
tion frac tographic analysis was performed on a JEOL JSM-2 Scanning
Elec tron Microscope.

17.
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Thin foil -~ for transmission electron microscopy were pre-
pared from (0.09 in) (2.3 mm) diameter discs thinned to 2 mils
t h ic kn e s s .  .-\fter chemical thinning, the discs were electro-
polished in a chromic-acetic acid solution (75 gm Cr03 + 400 ml
acetic acid + 20 ml distilled water) in a jet polishing apparatus .
The polishing voltage varied from 16-19 volts and the polishing
current betwe€-n 65-90 milliamperes . Foils were examined in a
Siemens Elmisko p IA microscope by bright and dark field techniques.

3 .5 . 2 Microhardness

Microhardness rea’lings were taken using a Knoop diamond
indenter (500 gram load) for all the welds that were thermally
analyzed . The indentations were made at the plate center from
the fusion centerline into the heat affected zone for welds in
the as-deposited and postweld aged condition . The FZ centerline
and FZ/HAZ distances were measured for each HAZ microhardness
reading to record hardness changes due to microstruc tural changes.

3.5.3 X-Ray Diffraction

X-Ray diffraction analyses were made with a General Electric
XRD-5 diffrac tometer to determine the volume percen t of retained
and/or reverted austenite presen t in the fusion and heat affected
zones , both in the as-deposited and postweld aged condition .
Etching to reveal microstructure and microhardness readings were

4 
used to differentiate areas of interest prior to analysis. The
volume percent austenite was determined on mechanically polished
surfaces (6~~diamond) by measuremen t of integrated diffraction
intensities using the direc t comparison method. In this method ,
the samp le is irradiated with monochromatic Cr x-rays and the
intensities of the resultan t diffraction from the austenite and
martensite (ferrite) planes are measured and recorded. Due to

r the possibility of preferred orientation in the samples , al l
sets of peaks were averaged in calculating the percentage of
austenite present leading to improved accuracy.

18
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S E C T I O N  I V

R E S U L T S A N D  D I S C U S S I O N

Iwo filler metal compositions were deposited uy t o r t e  arc
weld processes during the p r e l i m i n a r y  s c r e e n i n g  phase 1 1 t I e  jT )ro-
gram. For the rema inder of the evaluation the CW-GTA W was used in
tbe welding of t hr e e  a d d i ti o n a l f i l l e r  m e t a l  h e a t s . The scope of

~
‘iese investigations included the chemical , mechanical , and 0:4- tn-

liurgical ana lyses of the fusion and eat affected zones .

4. 1 C HEMICAL COMPOSITION

Three rolled p late AF 1410 alloy steel compos itions were used
in various stages of the welding investigation , Table 6. The plate
produc t was VIM/VA R processed , cross rolled , and double austeni-
tized at 1650°F (898.8°C) and 1500°F (815.6°C) with water quench-
ing at each interim . Aged mechanical properties indicated tha t a
5 ~~~~~~~~~~~~ will cons iderably de2radate the notch touehness.
The low toughness heats were used to establish fusion zone
properties while the high toughness heat was used exclusivel y b r
evaluation of the heat affected zone properties.

The ingot and finished weld wire chemical analyses for Heats
VE 7l~ and 717 indicated partia l adherence to the specified filler
metal chemistry (Table 2) with the exception of Al and S, Table 7.
Deoxidi~ing (0.03-0.0577~ Al) and impurity (0.006-O .OU87~ S).
elements in excess ot recommended levels (>0.027~Al and>0 .005~ S)
can resuit in a decrease in weld meta l notch toughness. Acceptable
levels of 0 were pres en t in the two hea ts of weld wir e , Tabl e 7 .

Analjses of as-deposited fus ion zone compositions , represent-
ing var ia t ions in weld process and/or filler meta l composition ,
d isclosed tha t Al , S, and in some cas es , 0 a nd N , exceeded the
levels required for adequate notch toughness , A ppend ix 2. Th e pr o-
gress ive increase in Al from 0.03_0.0577~ in the weld wire to 0.061-
0.095T in the as-deposited weld metal represents a 3 to 6 fold
increase over the nominal requirement. Since different laboratories
are r€~spons ible for  thes e ana lyses the variations may be due to
technique. In either case Al at high levels , either present sing ly

• 
or comb ined wi th N , results in toughness degradation . It is also
expected tha t toughness in the weld meta l will be as sensitive to
S in excess of 0.0057O as has been repor ted in r ol led pla te ,
Reference 12.

Al though all the HW-GTAW and CW-PAW weidments produced were
shie ld ed , oxygen and nitrogen contamination resulted in some
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TABLE 6 AF 1410 ROLLED PLATE PROPERTIES

HAZ Evaluation Fusion Zone Evaluation
0.625 inch-t 0.625 inch-t 1.25 inch-t

Elemen ts (1.58 cm) (1.58 cm) (3.18 cm)

(A) (B) (C)
C 0.16 0.14 0.14
Mo 0.98 0.95 0.97
Co 13.80 13.95 14.05
Cr 1.95 1.88 2.03
Ni 10.15 10.10 10.10
Si 0.04 0.031 0.041
Al 0.009 0.006 0.005
Mn 0.06 0.085 0.079
Ti 0.01 <0.01 <0.01
S 0.003 0.006 0.006
P 0.007 0.005 0.007
N 20 ppm 30 ppm 20 ppm
0 9 ppm <10 ppm <10 ppm

Mechanical Properties

TYS , Ksi (MPa) 230 (1585.8) 224 (1544.4) 230 (1585.8)
TUS , Ksi (MPa) 245 (1689.2) 235 (1620.3) 250 (1723.7)
CVN , ft-lbf (J) -51.3 (69.6) 31.3 (42.4 29.3 (39.7)

Notes: chemical ana lyses expressed in weight percent

S>0.OO57~, not to AF 1410 composition

V iM/VAR , rolled p late

Aged: 950°F (510°C) - 5 hrs /WQ

(A) Heat No . 9

(B) Heat No . 61690

(C) Hea t No. 61689

20
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- . w e l d s , A p p e n d i x  2 .  F o r t u n a t e ly ,  t h i s  c o n d i t i o n  is not  indige-
O OU S  t ’ .  t he weld  m e t a l  s y s t e m  or weld p r o c e s s e s  as h igh  p u r i t y
welds have been produced in other studies using identical weld
conditions , Reference 10. It was the apparent infusion
~~ii air into the plasma arc weld meta l pool tha t eliminated this
weld process from further consideration . i~nother unexpected
p r o b l e m  was the decreased arc-transfer effic iency for alloy ing
elements , e.g. , Ni and Co through the plasma arc , Appendix 2.
Normall y, these elements are not very volatile and would not
present a problem. Additional chemical ana lyses of the as-deposited
p lasma arc weld meta l will be required to adjust the
filler metal compositions intended for plasma arc welding .

In the second phase of filler metal alloy development , an
attempt was made to control the Al and S level in the heats by
careful selection of melt materials , Appendix 1. Besides the
Al addition , V and Si were the only deoxidizing elements selec t-
ively added to these series of heats. Mn was not added . The
ingot chemistry for Heats VE 798-803 presented in Table 8 indi-
cates S met the chemistry requirements while Al aga in was not
controlled within desirable limits. Three separate Al ana lyses
were conducted by different laboratories on each ingot hea t to
provide a suitable check , Appendix 3. Hea t VE 798 was the only ingot
with an acceptable Al ana lys is , but the finished wire ana lysis in
Table 9 indicated the S content was in excess of the desired level.
On the basis of the reported ingot compositions given in Table 8
three heats with the lowest combined levels of Al and S were
selected for further processing to finished weld wire. The fina l
selection of the filler metal compositions in Table 9 concomitant
with high toughness welds was dependent on the mechanical proper-
ties of the CW-GTA~.4 fusion zone. Heat VE 799 was selected as
the best high toughness filler metal composition in this investi-
ga t ion.

The ultimate approach to determine the optimum selection
and level of deoxidizing elements , e.g., Al , Mn , Si , V , etc.,
consistent with balanced weldability and good toughness , is to
use a factorial experiment for the sorting procedure. However ,
the difficulty in controlling the impurity and deoxidizing
elements to prescribed levels in this investigation precluded the
app lication of these techniques .
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4.2 FUSION ZONE PROPERTIES

Mechanical and metallurgical properties were determined for
the arc weld deposited filler metal from five heats. Heat VE 799
was selected for further study based on mechanical property per-
formance.

4 . 2 .1 Fusion Zone Mechanical Properties (Heats VE 716 - VE 717)

Filler metal heats VE 716 and VE 717 were deposited by the
CW-GTAW , HW-GTAW , and CW-PAW processes , Figure 3. The fusion
zone notch toughness properties were below desired levels for the
multipass arc welds , Figure 4. In the 210-230 Ksi (1447.9-1585.8 MPa)
TYS range a CVN absorbed energy of 35 ft-lb f (47.SJ) or above is
requ ired to meet the goal of K10 >llS Ksi~/~i~ (126.4 MPa{m). In
the postweld aged condition the majority of the weldments met the
strength requirement of 230 Ksi (1585.8 MPa) TUS minimum , Appendix
4. The CW-GTAW fusion zone mechanical properties in this preliminary
investigation displayed similar behavior to other previous reported
fusion zone mechanical properties , Reference 1. The y ield strength
in the as-deposited condition is 23-42 Ksi (158.6-289.6 MPa) less
than in the postweld aged , 950°F (510°C)-4 hr , condition . However ,
during the secondary hardening reaction , a notch toughness degra-
dation is evident, 4-11 ft-lb (5.4-14.9J), rather than a toughness
increase as in aged rolled plate. This toughness degradation also
occurs in the HW-GTAW and CW-PAW weldments upon postweld aging .

The yield to tensile ratio changes dramatically for the CW-PAW
welds as compared with the HW-GTAW welds , Appendix 4. The TYS/TUS
increases from .699- .733 to .943- .948 (CW-PAW ) and from .834 to
.924- .927 (HW-GTAW) in the as-deposited and postweld aged fusion
zones, respectivel y .  Apparently, the plasma arc super heats the
filler metal , thus resulting in some C loss and almost complete
solutioning of carbides during the short duration at austenizing
temperatures.

The CW-PAW and HW-GTAW weidments represent a 2-3 fold and
S fold increase in deposition rate , respectively, over that of the
CW-GTAW process. The Lack of microstructural refinement occurring in
the as-deposited fusion zone increases with deposition rate ,
Figure 5. The HW-GTAW , 5.0 lb/hr (2.3 Kg/ h r ) ,  fusion zone displayed
the minimum refinement with multipass welding. Both weld groups ,
HW-GTAW and CW-PAW , experienced low notch toughness in the as-
deposited and/or post weld aged cc’ndition . Other factors besides
decreased microstructural refinement contributed to these low
toughness levels. As reported , filler metal heats VE 716 and
VE 717 contained excessive levels of Al and S leading to a consider-
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able toughness degradation , Table 7. Improvements in fusion
zone toughness  f o r  h igh d e p o s it i o n  r a t e  w e l d r n e n t s  w i l l  he
possible as follows : ( 1) F1’4— GTAW - high p u r i ty  f i l l e r  ~i e t a i
composition and improved weld parameters and (!) C W- PA W  - hi gh
purity filler metal composition , decreased gaseous contamination
during welding, and improved weld parameters .

4.2.2 Effec t of Welding Parameters and Fusion Zu n e  C o m p o s i t i c n
on Mechanical Properties

Center-line cooling r a t e s  of r e p r e s e n t a t i v e  w e i dm e nt s  I f l d I C r I t C d
tha t heat inputs  g r ea t e r  than 70 Kj / in (2 .8 Kj/mrn) are t o t  desir-
able , Figure 6. A comparison of the cooling rates of t h e  (~~~ and
HW-GTA W processes revea led  th is  p a r a m e t e r  to be more ~-u n s i t ive  t o
hea t input than deposition rate. The plasma arc welds requ ir~~sI
excessive heat inputs to s u c c e s s f u l ly d e p o s i t  weld m e t a l  a t  g r e a ter
than a depos i t ion  r a t e  of 3 l b s/h r  (1.4 K g / h r ) .  It was n o t i c e d
in the root passes  tha t the excess ive  cold wi re  feed s h i e l d e d  t h ~-

F lower portion of the molten weld puddle from the p l a sma  a rc  so a
tendency toward lack o fus ion  developed . Severa l t e chn iques , e . g . ,
increased angle of V or J-groove , oscillation , etc . can be used ,
but hot wire techniques should be more successful f : r

• deposition rates in excess of 3 l b/ h r  (1 .4  K g / h r ) .  The hI g h lit -a i t
input of the majority of the plasma arc welds allowed some fusion
zone refinement regardless cit the increased bead Size (Figure 7),
but it can be expected tha t the  s lower  coo l i ng  r a tc~-c w i l l  re c-wit  in
excessive autotempered products and/or transformation products
(carbides).

Excessive heat  inputs  can i n f l u e n c e  the s o l i d i f i c a t io n  mode
and the coarseness  and s eg rega t ion  of the s o l i d i f i c a t ion  m i c r o -
s truc ture .  A ce l lu l a r  d e n d r i t i c  s o l i d i f i c a t i o n  mode was appa r~~n~
for the wide range of welding conditions in this investigati on ,

Figure 8. The cell size differentia l between the CW- C 1A \ , and
CW-PAW weld meta l m i c r o s t r u c tures  ind ica tes  tha t the  coa rs -ne- C s
of the cellular dendrites are partiall y sensitive to heat input.

Overall  the fus ion  zone no t ch  toughness  did not  a t t a i n
previous levels , F igure  4 , or the levels be l i eved  t o  be i s ht a i n -
ab le  wi th  high p u r i t y  a s- d e p o s i t e d  l 4 C o - l O N i - 2 C r - l N u - -0. l h g  s te e l
weld metal.

The attendant fusion zone toughness is dependent on the Ic’ ci
of minor elements and the resultant as-welded and/or post weH
m i c r o s t r u c t u r e , T a b l e  10. A c o m p a r i s o n  of the f u s i o n  Z0 0 0  c h em i s tr”
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CW- GTA IOOX

HI— 33.2 Kj/IN. (1.3 Kj/\~M) DR— 1 .i LB/HR (0.5 Kg/HR)

F

CV~—PA W b O X
HI— 83 .2 KJ/I N. (3.3 KJ/MM) DR— T .9LB/HR (0.87 Kg/HR)

Rep r e s e n t — i t i v e  A s - D e p o s i t e d  S o l i d i f i c a t i o n  M i c r o s t r u c t u r es  in
(“-i s Ttings t en Arc and P1 a sma -\rc i.c~1 ds
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with the accompany ing notch toughness for  each weld  process
d e m o n s t r a t e s  the de t r imen t a l  e f f e c t  excess ive  i m p u r i t y  and/ o r
deoxid iz ing  e lements  can have on mechan ica l  p r o p e r t i e s , Tab le  10.
For ins tance , previous  CW-GTA weldments  w i t h  a Heat  7318-8091
f i l l e r  me ta l  revealed h igher  no t ch  toughness tha n o b t a i n a b l e  w i t h
Hea t VE 717 b y v i r t u e  of reduced levels of Al , S , and 0 in the
fusion zone.  B a s i c a l l y ,  two sources a re  respons ib le  for  the
high levels of the impurity elements: (I) filler metal composition
(Al , S) and (2 )  gaseous c o n t a m i n a t i o n  (0 , N) dur ing welding .
At  s i m i l a r  weld p a r a m e t e r s  for  individua l arc weld processes ,
excess ive  levels  of deox ida t ion  and/ or  impur i ty  elements  r e s u l t e d
in deg rada t ion  of fus ion zone no tch  toughness , Table  10. Deoxida-
t io n / i m p u r i t y  elements e . g . ,  Al , S , 0 , N , e t c . ,  form inc lus ions
or second phase particles and by changes  in f r a c t u r e  s e n s i t i v e
parameters , e.g., volume percent , critical size , shape , location ,
e t c . ,  can s u b s t a n t i a l ly dec r ease t h e ener gy for  duc t i l e  r u p t u r e  in
weld meta l , Referenc e 13 and 14.

4 . 2 . 3  Fusion Zone Mechanical  P r o p e r t i e s  (Heats  VE 79~~-8O0)

The CW-G TAW process was se lected for  the con t inued  e v a l u a t i o n
of add i t iona l f i l l e r  meta l  hea ts  based on ics abili ty to cor~sistent1y
obta in higher toughness weldments. The periodic contamination of
t he deposi ted CW-PAW weldments l imi ted  the use of t h i s  process  to
determine the effect of filler metal chemistry on mechanical

— properties.

A f t e r  s e l ec t ion  ( re fe r  to pa rag raph  4 .1)  of three  f i l l e r
meta l heats  w i t h  the best  p o t e n t i a l  for improved fu s ion  zone
toughness , t he CW-GTAW deposi ted weld meta l  was e v a l u a t e d  on the
basis of tensile and notch toughnesr properties , Table 11. The
fus ion  zone mechanica l  p r o p e r t i e s  of Heats  VE 798 , 799 , and 800
were determined in the as-deposited and 900°F (482 °C) and 950 °F
(5 10 °C) pos t  weld hea t  t r e a t m e n t cond i t i on .  A l t h o u g h  the a b i l i t y
of Hea t VE 799 to meet the TYS program goal , 210 Ks i  (1447 .9  M P a ) ,
was onl y marg ina l , the CVN /TYS r a t i o  was the h ighes t  of the th ree
heats , Figure 9. Whi le  the 900°F (482°C) post weld age was the
only therma l treatment resulting in a TYS exceeding program goals ,
it is speculated tha t if the carbon content were increased to a
nomina l v~ lue (O.l6~) the 950°F (510°C) aged properties could
easily reach the 210 Ksi (1447.9 MPa) TYS level , Table 8. The
combined  low levels  of A l  and S in Heat  VE 799 are  c red i ted  w i t h
the  48 f t - l b f  ( 6 5 . 1  J) absorbed energy — b t a i n e d  a t  950°F (5 10 °C ) - 4  hr
pos t weld age.  Since the Al  and S were bo th  a t  low levels in
Hea t 798 , i t  wa s pos s ib le to ~-‘ -~ lua te  the  e f f e c t  of 0 .08/ ~V on
the  fu s ion  zone m e c h a n i c a l  p r o p e r t i e s .  The V addition increased
th e- T\’S and TUS to 230 Ksi (l585..S MPa) and 241 Ksi (1661.6 MPa).
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TABLE 11 FL 1410 N ZONE M E C H A N I C A L  I ’ R O F E R I 1 E S

c - 1 d  W i r e  Gas 1sI I~- t t e n  A r c  Welds
0 . € - 2 5  Inch  ( 1 . i ’ i  CII ) I h i c k  I l a t e

Cha u - t i
Pest  W e l d  Y i e l d  St r e n g t h  U l t i n s a ~~e S l r e n g th , E l o n g a t i CC kL-d~~t C i I I  A S s - - t I - - s I t  C C -  -

Age Ksi  (MPa) Ks i  (1-Wa) 1 inch , 7. ~ t A r ~~~ . ’ C — l i l t (J ;  
—

F i l l e r  M e t a l  1k-a t yE 79))

A s— D e p o s  it e d  199 .6 ( 1 376 ) 23 1 .6 ( 16 6 6 )  1’,~ S 5 7 .  2 *‘‘ s . - - i i  - I

. 9 ) 1  - I -

900 F-4  hrs /W Q - - - - *~~~~~7 72~ 5
( 4 8 2° C )  ( j u l  (lu . )

950 ’ F-3 hrs/WQ 293 .9 (1585) 23 1 .4  (1 664 ) . 1 )  *2 1 1 )  2 3 . 1
( 5 10° C )  ( 1 1 . 2 ) 1 3 1 . 1

F i l l e r  M e t a l  h e a t  VI - .  2 9 9

A s - D e p o s i t e d  2 0 2 . 4  ( L 3 9 5 )  2 2 3 .3  (1540)  I t - 1I 5 7 . )  I I I . l ,
( 5-4 . - 3 ( 5 5 . - ’ )

900 °F — 2  h rs /W Q 2 1 1 . 7  (1460) 2 2 3 . 7  ( 1 5 - 3 2 )  I S - s i  - 3 . 1.4 - . .9  
(4 82 °C) ( s . 2 ) ( 1 9 . l s )

900 °F-4 hr s / W Q 2 1 L 5  ( 1 4 5 8 )  2 2 1 . 5  ( 1 5 2 7 )  16 . 0  # 2  1 *13 .1 , 36 . 2
(482° C )  ( . 5  .1 ) -  -

900°F—8 hrs /WQ 214 . 9  ( 1 4 8 1)  2 1 9. 9  ( 1 5 1 6 )  1 5 . 0  - , . 9 _ I I _ 9 _ ~~~~
( 5 .  ~t ) (  ~ . 2 )

900°F- 12  h r s / W Q  2 13 , 3  (1471) 2 2 0 .3  ( 1 5 1 9 )  I - I . )) b ( i 5 s . l . 3
(482°C ) ( s - . 1 ( 6 2 . 1 )

950 ”F - 2  h r s J W Q  2 0 7 , 7  (1432)  2 15 1 ( 1483) 1 1 .1) #~1 . i )  . 4 . 1 -
(550 °C) ( f - 1 . ~ (eS. - )

950 °F — S h r s/ W Q  * 2 0 7,2  ( 14 2 9 )  219 . 2 ( 1 5 1 1 )  1’ .~ *36.  17 . 2
(510 °C)  1

950 °F -I -  , u s / W Q  - - - - 5 ,
(5 1 0°C) ( 4  - - . ) I C ’ ) l )

950 °F-8 h r s / W Q  2 0 2 . 8  ( 1 3 9 8 )  2 1 0 . 7  (1 4 5 3 )  15 . 11 3. 1) .~~ . 5 .  . - . 11

(510 °C) ( I ~ - - ~> ) S # ~ . 2 )

950°F-12  h 1 - -j ~:Q 203 . 3 ( 1 4 0 2 )  208 , 3 ( 1 3 3 7 )  l 5 . u I 1 .2  c . - -
(5 10 °C)  ( l - - . 5 ) ( 7 I t- )

1 1 1 1 C r  ~k- t d  I p. . I t  VE 811 5

A s — D e p o s i t e d  1 8 7 . 3  ( 1 2 9 1 )  2 2 3 . 3  ( 1 5 4 0 )  1 1 .5  5~~~- I  * s - . - -
( t I .

900 1-i. i r a  /11(7 - - - - *29  - I - -
( 4 1 1 2 1 :)  ( )11 . s ~~1 )

9 t ( I ’ F — 3  h r s/ W Q  2 1 3 . 9  ( l 4 r - ) 2 2 2 . s ( 1 5 3 7 )  15 . 5  * ) 4  3 . 1
(51 0 1 : ) ( 1 4 . 1 1  - - . ~~1 )

l I - C C g i t ~~- I i :1al 1 t I 1 ~~i l IJ o r i e n t , l t l I t

• Tra n s v e r se  C V N  C C C  C C  I - 1
* F .  —~ 33-Id — c r C
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Figure 9 Correlation Between CW-CTAW Fusion Zone Mechanical Properties
and F i l l e r  Meta l  Composi t ion

36

- - . -- - - -

~

- . - - - 1 - ” -  
~~~~~~~~~~~~~~~~~~~~~ 

~~~~ _i



- —-

respec tively, with an accompany ing reduction in absorbed ener~ v
to 23 ft-lbf (31.2 J ) .

It should be noted tha t the notch toughness decrellse acc~)In~I

anying (paragraph 4.2.1) the post weld aging of the as-welded
fusion zone did not occur with Heat VE 799.

The effect of test temperature on the notch toughness ol.
the Heat VE 799 filler metal in the post weld aged condition is
shown in Figure 10 and Appendix 5 . The CW-GTA welds in 0 . 6 2 5
inch (15.9 nan) thick p late were c omparable to AF 1410 rolled
plate properties. As expected in these alloys no pronounced
ductile-brittle transition occurred , rather fracture occurred
with progressively less energy required for ductile rupture .
In room temperature fractures , small ductile dimp les indicated
fai lure  by void coalescense , Fi gure 11. At c ryogenic  t e m p e r a t u re s ,
-320 °F ( 195 .5°C ) ,  the low energy f r ac tu re s  also d isc losed  f a i l u r e
by a predominantly dimpled rupture  mode .

Since the thermal reversals imposed by consecutive passes
during multipass welding affect the as-deposited fusion zone
microstructure and corresponding mechanical properties , it is
recognized that the properties of FZ post weld aging and rolled
plate aging possibly will differ on a direct comparison basis.
Using this premise the 900°F (482°C) post weld age , which met
mechanical property goals , may be micros t ruc turall y equivalen t of
a 950°F (510°C) aging treatment in rolled plate. However ,
suf f ic ien t  f ine s t ructural  analys i s  was not  ava i lab le  to make
this judgment. Thus, the 950°F (510°C) post weld ag ing treatment
was selected for the continued mechanical cha rac t e r i za t ion  of
Heat VE 799 based on the improved stress corrosion cracking pre-
viously documented for this aging temperature in rolled plate ,
References I and 4.

4.2.4 Fusion Zone Mechanical Characterization Data (Heat VE 799)

The mechanical property data was obtained from CW-GTAW
deposited Heat VE 799 weld metal per the welding pa ramete r s
listed in Table 5. All mechanical properties with the e>~ccp tL.07
of S/N fatigue are representative of weldments made in 1.25
inch (3.18 cm) thick rolled plate. S/N fatigue specimens were
machined from weidments made in 0.625 inch (1.58 cm) thick pl1Ite.

4.2.4.1 Strength and Toughness

The properties of the all-weld metal (longitudinal direction )
tensile specimens , which were centrally located in the 1. 25 inch
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Figure 10 Effect of Test T?mperature on Notch Toughness
of AF141O Steel Weldments
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CVN - 24 FT/LBF (32.5 i)

Figure 11 Fracture Appearance of the Postweld Aged CW—GTAW
Fusion Zone as a Function of Temperature
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( L i s  ~- ii ~) t h i c k  welded p l a t e , were comparable with those

~~~ 

- observed in 0.625 inc h (1.59 cm) thick plate with the exception
ci ti the reduc t ion of area , Tables 11 and 1.2 . The loss in r educ t i on
of a rea  rroved to be indicative of a reduction in notch toughness.
A comparLsorI k — f  no tc h toughness  w i t h  loca t ion  ind ica tes  tha t the
CVN abs -che d energy increased from 34 ft-J .bf (46.1J) in the FZ
c e n t e r  to 41 ft-lbs (55.6J) in the FZ top , Table 12 , for the
l)ost weld  aged weld m e t a l .  A p p a r e n t l y the number of therma l
r c\~ - r so l s  imposed p revious to post weld aging can con t ro l  the
resultant notch toughness. The selection of post weld aging
schedule may need to be cor re la ted  w i t h  the previous therma l cyc l ing
histor y to prevent overaging . It was not possible to evaluate the
effect ~~t increased weld cycles on the HAZ notch toughness as the
absorbed energy of 26-3 1 f t -lb f  (35 .3-42 .OJ ) was comparab le  to the
aged parent meta l p r o p e r t i e s .  U n f o r t u n a t e l y ,  a low toughness hea t
of AF 1410 s teel  was the onl y 1.25 inch (3.18 cm) rol led p l a t e
available fo r  these  weldments , Table  6.  However , a l l  o ther  HAZ
investigations were accomplished with a high toughness heat.

Fracture toughness specimens were tested at ambient temperature
with the crack extension occurring in the weld direction . Plane
strain fracture toughness va lues (Kic) were not determined due to:
(a) crack front deviations greater than 57~ 

- ASTM E399-72 and (b)
Pmax/PQ greater than 1.1. The K0 values  ranged f rom 96.8 Ksi in
( 1 0 6 . 3  MPa 

~ 
m) to 139.3 Ksi ~

1in (152 .9 MPa Vm) , Table  13. There
is evidence the crack f ron t i r r e g u l a r i t y  shown in Figure 12 was
r e s p o n s i b le for  the low f r a c t u r e  toug hness.  As the crack growth
retardation increased , the fracture toughness progressively
declined , Figure 12. The loca t ion  of the fa t igue crack growth
retardati on approximates tha t of the fusion zone center. Compari-
son of shear lips with previously fractured high toughness plate
spec i me ns ind ica t ed  the K IC s hould be g rea te r  tha n l25 Ksi ~‘in
( 137 . 4 MPa \- m) fo r  the specimens exh ib i t ing  the g r e a t e s t  c rack
f r o n t  d e v i a t i o n s . Al though the f r a c t u r e  toughness goa l of K IC >
115 Ksi ~ in (126.4 MPa ~,/m) was not t echnica l ly met in the 1.25 inch
(3. i - ’-~ cm) weidments , there is evidence tha t this va lue could be
exceeded since the average fusion zone notch toughness exceeds
35 ft-l b f (‘~7.5J) absorbed energy at the 210 Ksi (1447.9 MPa )
TYS level. The 0.625 inch (1.59 cm) thick weldments , w i th  an
absorbed energy of 43.5 ft-lbf (58.9 J), also meet this goa l using
t he K i~~-C V N re l a t i o n s h i p  e s t a b l i s h e d  in Refe renc e I as a c r i t e r i o n .

~ .2.4.2 Fatigue

Irelim inary S/N fati gue data indicates tha t at a Kt = 1.0,
the AF 1410 steel (Heat VE 799) weld meta l exhibited reduced
f a t i gue p e r f rma nce c ompared with rolled plate data , Figure 13.
-\s t h e  enduran ce l i m i t  s t r e s s  l eve l s  are  approached , it becomes
d ii f [cult to eva luate the fusion zone fatigue performance as
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interna~ cracking degradated the cyc lic life , Appendix 6.
In contrast , the crack growth rate in dry air (6 Hz) and 3.57.
NaC1 solution (at both 0.1 and 1 Hz) is considerabl y improved
for fusion zone spec imens as compared to rolled plate data ,
Figures 14 and 15. The fusion zone crack growth rate in 3.57
NaC 1 solution ( d a/ d N  = 6.265 x 10-il ~~K3. 2U6 a t  1 Hz) shows
subs tan t ia l improvement over the rol led p la te  c rack  growth  r a t e
in dry a i r  (da /dN 7.010 x lo_ 9 4 K 2 . 13& a t  6 H z ) .  It has not
been determined if the microstruc ture and/or residua l stresses
are responsible for the difference in the rate of crack
propagation . The fusion zone crack growth rates in dry air and
3.570 NaC1 environments proved to be quite similar. Detailed
crack growth da ta is included in Appendices 7 and 8.

4.2.4.3 Stress Corrosion

Alternate immersion stress corrosion testing performed on
a CW-CTAW weidment indicated a tendency for early failure in the
heat affected zone. The tensile loaded SCC specimens were
sectioned in the transverse orientation from 1.25 inch (3.18 cm)
thick weldments so all weld assoc iated microstructures were
subject to test. It is difficult to evalua te the level of SCC
resistance in the HAZ as low toughness AF 1410 steel p la te  was
used for the thick weidments. Regardless it is expected that
susceptible HAZ microstruc ture will render a lower SCC limit
than the FZ microstructures , on a comparable basis , Table 14.

The stress corrosion cracking properties of the fusion zone
were determined by the Novak-Rolfe modified WOL ~~~~ 

spec imen .
Crack extension occurred at K11 greater than 85.4-93.0 Ksi V’[n
(93.8-102.2 MPav’-~ ) in the upstream direction , Table 15. When
crack extension occurred , the crack morphology was Type 1, e.g.,
a s ing le crack extended from the t ip  of the fa t igue  precrack .
Prema ture crack growth was thought to occur at Ki~ levels wher e
crack arrest normall y would be expected since an irregula r
fatigue pre—crack contour probabl y also exists for these specimens .
This could have resulted in SC crack extension a t  lower than
normal K11 levels. The K1scç0yalues reported for the_CW-CTAW
weldment , 80.4 and 91.3 Ksi ~in (88.3 and 100.3 MPa~’ m) did notmeet the program goa l of 100 Ksi y’Ii~ (109.9 MPa Vi~) .  Addi t iona l
invest igations in the re f inement  of weld process and pos t weld
age pa rameters , whic h can influence SCC p rope r t i e s , are  expected
to y ield an improved KISCC in the fusion zone .
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TABLE 14 ALTERNATE IMMERSION STRESS CORROSION DATA

AF 1410 Steel CW-GTA Weldment
Filler Metal - Heat yE 799

Results

Spec imen Diameter
No. 

- -  - -  
lnch (cm) Hours to Fail Remarks

4C4 0.200 (0.508) 488 Crack originated in HAZ

4C5 0.200 (0.508) >1000 No failure -

226.6 KSI (1562.3 MPa)
Residual Stress

4C6 0.200 (0.508 ) 198.9 Failed in radius at machine
damaged tool marks

Test Conditions

(a) 10 minutes immersed , 50 minutes air dry repeated cycle.

(b) 3.57, NaCl corrodant

~c) 165 KSI (1137.6 MPa) (757, ultimate strength) sustained stress

(d) 1000 hours exposure

(e) Transverse specimen orientation , 1.25 inch (3.18 cm)-t plate

( f )  Post weld aged : 950°F (510°C) - 4 hrs /WQ
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4.2.5 Fusion Zone Nicrv structura l Properties

The as-deposited fusion zone micros tructure was coarse
grained with lath martensite as the principa l decomposition product.
An i ns p e c ti on  of m i c r o s t r u c t u r e s  r e p r e s e n t a t i v e  of i n c r e a s i n g  ther-
mal  reversals , reveals the advantages of low deposition rate weld
processes in refining the as-deposited micros tructure . lhe r e f i n e -
ment in high deposition rate weidments is dependent on two f a c t o r s :

- : (1) The bulk of the adjacent larger weld bead generall y is not
- 

- 
heated into a temperature range suitable for refinement and (2) t he
number  of therma l r e v e r s a l s  a re  decreased . The therma l cyc l ing
proves to be most important as the level of retained solidification
microstruc ture and amount of reverted austenite depends on the
number of reversals. The solidification microstructur e of the
l4Co—lONi-2Cr-lMo-0 .16C weld metal rema ins quite stable during 1-2
consecutive therma l reversals , Figure 16.

Upon heating , the portion of the weld bead reaching the
tempe r a t u r e  fo r  the s t a r t  of the a—~.-y transformation will result
in decomposi tion of the martensite to austenite and ferrite compo-
sitions , Figure 17. The rate of this reversion depends on the
tem p e r a t u r e  and d i f f u s i o n  r a t e  of the so lu te  e l emen t s .  In F e - N i

• alloys , at high heating rates 64.8°F (18.2 °C / ru in ) ,  a reverse trans-
formation (OM— ..-yAt A5<A ,) which is reported to be diffusionless
occurs , References 17 and 18. At slower heating rates it is
p r o b a b l y  a ided by a simultaneous diffusion controlled process as
the A 5 is defined over a range of temperatures. Upon therma l
cycling the reverted austenite proved to be sufficientl y distorted
to e x h i b i t  marked  d i f f e r e n c e s  in m e c h a n i c a l  p r o p e r t i e s  and to
undergo recovery and recrystallization upon further heating . Austen-
ite and martens ite were both strengthened in the Fe-Ni alloys by
reverse  m a r t e n s i t i c  r eac t ions  w i t h  the ma jo r  e f f e c t  occu r r ing  in
the f i r s t  c y c l e .  The e f f e c t of h e a t i n g  and cooling rates on trans-
forma tion was briefl y investigated for the AF 1410 steel composition .
Hea ting rates comparable to those encountered in CW-GTA welding were
used to deter r~.ine t he  effect on the A~ and A F temperatures ,
Appendix 9. At progressive ly hig her heating rates the A5 increased ,
the  A c remained relatively unaffected , Figure 18. Comparable
results were obtained in Cleeble-HA Z studies ef a Fe-Co-Ni-Cr-Mo-C
s t e e l  a l i n y  in w h i c h  the  h i g h e r  h e a t i n g  r a t e s  c o n s i s t e n t l y inc r eased
the A 5 t empera t u r e s , Reference 19. Alternating Lhe magnitude of
the he a t i n g  r a t e  inc reased  the  A~ temperature at a faster rate.
A v a r i a n c e  of the cooling rate between 41.7°F (5.4°C)/sec - 233.6°F
( l 12 .0 °C ) / sec had l i t t l e  e f f e c t  on the M 5 t emper a t u r e .  The M 5
varied between 590’~F (31 0°C) 

- 608°F (320°C) for numerous determi-
nations.
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the arL- weld processes rena m c d  h e L ~~w ~ .0 volune }~~-cc -t,t 1 - c  the
as—deposited and post weld aged ciu d i L i i , -~p 1tendi:~ 10 . Weld
uet a  I f r o m  all tt~~. multi —pass a c welds , w i t ~ -n  ~ -~ -.~~~ l s L - t i  to ~ red Lt~- t ~-

than 3 therma l reversals , ceut ained 2.3 c 3.3 v0l13!-e -e c s - I L
austenite. The use of the i WV L de’-os ii i 3  e a t e  celd p r c - esses
(CW—G IAW and CW—PAW ) e x p i s e d  t H e  I is i n  zt  t i e  c~t 10 t i e  t i  1 i - F o r t -

t he rma l r eve r sa  is a b o v e  the  A~ L e i i p~~r ct L i r e , t I t u s  L esult ing 10

more s t a b i l i z e d  a u s ten i te  t h a n  was  e v i d e n t  f r  t I e  1il~~ C l AW Wt 10 .
When the a s - d e p o s i t e d  w e l l  w e t di  w s  pos  t w ~ 10 ig t - d , 9 5 1 1 1 (5 10 °C ) -
4 h r s , a gene r a l  i nc r ea se  in r e v c r t ~ 1 au s t e r t  i L u  c ru r r e L i , A p p e t i d i x
10. D e p e n d i n g  on the  a 1 lo~ composi Lion and voi  i w e  pe t  c en t  au s t e n i t e
p r e s e n t  anoma b u s  r e s u l t s  have  hc~~u r e p o r t e d  in regard to t rac tore
toughness  lu the literature . An iivesti~~ation of the ~~~~ec t  01 i f l C t e- d s-
ing r et a i n e d  a u s t e n i t e  in i l s — L i e p si  Led s t eel  i - o l d  ft t a l  (18 i —~~d -  - — 5 ~ Ii
maraging steel) on fracture toughn es s indica ted 4 e n u r al  ue~~r a d a t i o n ,
Refe renc e 20. The f r a c t u r e  t i u g h i e s s  dc - c re a s e  W a s  e xp l a i ned  as
i n i t i a l  void  f o r m a t i o n  in int erd endriti c aus ts-t ii ce- p ri l s r e s u l t i n g
in m i c r o c r a c k s  w h i c h  l ink up to  reduce the energy required fLr
ductile rupture. In the l4Cu-1UN I-2Cr -lNt -0.l6C stee’ LO ll ed p late ,
the quantity of reverted austeuite formed is proportiona l to the-
cumulative exposure at temperatures in the austenite formation
range , Reterence 1. App aren tt \- the additi ona l post weld aging
demonstrates this effect as considerable additiona l austenite was
formed at a temperature , 950°F (51u°C), where the ~~~~~~~ yreacti n
should be stable for a l o n g e r  L ime p e r i o d .  IL is suggested that
the  n o t c h  toughness  dec rease  ev i d en t  in sin e of t h e  p r i g r am  weld
metal in the as-deposited and/er post wuid iged c o n d i t i o t i  cou id
result from the following: (1) ri-ce -etc-i a i . -, L r u i t e - c - a s y  f r a c t u r e -
path (2) alloy carbide prec ip itat i i i i  f i tic r e t a i n e d  c i u s tu n i t e  a t
fracture sensitive interlath Location s and  ( 3 )  c e - C L a g i n g  of a l le y
carbides and (4) excessive aluminum and O tH e r  impuriti es which may
prec ipitate second phase particles at nm -optim um I L c a t i L - n s .
Addi tiona l work is required L i  C L -rela te toughness w i t h  the above
factors which could interact sing l y and/or s\’tie -rgu-~tic all y.

A b r i e f  m i c r o s  L r u c t u ra  1 i x a m i n a t i c i t  of t i n e  s tr u c t  or e  was
comp leted for CW—Git\W and CW—PAW deposit i 0 ‘ -Ic Id w e t  a l  in L I - c
(I) as—deposited (top pass), (2) multi pass (3 or wore L- e \e r sd l s ),
and (4) multi-pass and pos t  weld  a ged c o n d i t i o n s .

( 1 )  M i c r o s t r u c t u r e -  i - I  as— dcpiw I Led Wi-I d metal — ( 1 — 2  r e i er s a l s )

In t he  a s — d e p i s i  t~~d cond ition t h e  C k - - t ; I A W  w e l d  n e - t , l ]

m i c r o s t r u c t u r e  of  the last ‘ c t - I d  p a ss  c o n s i s t s  of
d i s l o c a t e d  pa r a l l e l  l a t h  m a c t e n s i l e  w i t h  i n t e r l a t h  fil m s
of stabilized austi -n it i - , F i gu r e  1- ) . Aut te~i. pt- r c-d
c ar b i d e s  e . g .  , w i d m a n s t L t c n  c e -n - i - i t t  i t t -  p la te li-L s and
sp h e r o i d  i zed cement i t  e part jule s , e t c  . , art- H r - ~~~~-n t
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-
. w i t h i n  th e la ths , Figure 20. At slower cooling rates

- - 
(CW-PAW welds) an increase in twinning , re ta ined aus teni te
and carbide prec ipitation is noted , Figures 21 and 22.
At cooling rates of 9.8°F (5.4°C)/sec in high deposition
rat e, 3.3 lb /h r  (1 .5  K g / h r ) ,  CW-P AW weld meta l , extensive
precipitation of (ll°)~ 

cementite and (IOO)a € -carbide
p l a t e l e ts wa s noted , Reference  10. The size of the auto-
tempered carbides was cons iderabl y larger than those

• formed at rapid cooling rates .

(2 )  M i c r o s t r u c t u r e  of Mul t ipass  Weld Meta l  (3 or more reversals)

CW-GTAW weld metal  subj ec t to 3 or more therma l reversa l s
had a dislocated lath martensitic struc ture with no
evidence of twinning , Figure 23. The lath widths were very
narrow (0.1P average) and seemed to reflec t the grain
refinement due to the therma l cycling . This is consistent
with observations made in an Fe-Ni-C alloy where rapid
re-austenitizing led to considerable martensitic refinement ,
Referenc e 21. Considerabl y more reverted austenite was
present in the multipass weld microstruc tures , Figure 23.
The stabilized austenite had an interlath film morphology
thus indicating the preference for lath boundary sites.
As before , the Kurdjuirov-Sachs orientation relationship

• is obeyed between the martensite and austenite.

Due to the therma l reversals , the carbides which are present
are comp lex and quite diverse. Comp lex carbides of the type M2C
and M~C , where M = Fe , Mo, Cr , have been identified , Figure 24.
The0widmanstatten (110)~ 

platelets of M3C are about l000A long and
IOOA in width. The M2C carbides , tentatively identified as Mo2C , are
very small in size and prec ipitate predominantly,at intralath sites.
Another carbide with a spherical morphology (275A dia.) was present
at lath interior and lath boundary sites . It is suggested tha t these
carbides may be of the M7C3 type where M = Cr , Mo.

(3) Microstruc ture of post weld aged multipass weld meta l -

(3 or more reversals)

The microstruc ture from the multicycled fusion zone weld
metal did not change significantly when post weld aged
at 950°F (510°C). The dislocated lath martensite structure
was not significantly affected by this aging treatment as
recovery in the substruc ture was minor as evidenced by
the fairl y high dislocation densities , Figure 25.
However , the amount of reverted austenite nucleated at
the interlath boundary and intralath sites proved to be
quite extensive , Figure 25. The estimated volume fraction
of the reverted austenite from the EM micrograp hs corres-
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W I D M A N S T A T TEN C E M E N T I T E  P LA T E LETS

HEAT INPUT: 100 KJ/ IN. (3.9 KJ/MM)
DE POSITION RATE: 1 .6 LBS/HR (0.7 LBS/HR)

Fi gure 2 2  Au t ot en i pe r e d  C a r hid e s  in A s - D e p o sit ed  C\~’- PA5.’ Fusion

Zone M i c r o - st r u c t u r e
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~~~~~~~~~~~~~~~~ ~~~~~ ~MULTIPLE THERMAL REVERSALS PRODUCE COMPLEX CARB IDES OF
THE TYPE: M2C, M3C, M7C3 WHERE (M Fe, Mo, Cr)

HEAT INPUT: 33.2 K J/IN. (1.3 KJ/MM)
DEPOSITION RATE: 1.1 LBS/H R (0. 5 Kg/HR)

Figure 24 As-Deposited CW-CTAW Fusion Zone ~-ticr nstr uc tUres Subject
To M i t i t i p ic Therma l Reversals
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ponded clos el y with the - d d e -  m e d  values by :-:-rav
diffraction , e.g., —~r 6 . 5  v o l .  Z .  The int - r la th )f i lins
were rathe r discontinuous whi le the inm ra lath V h a d
a globular morp hology .

The complexity of the preci pitate d carbides is less than
reported for the unaged condition as the (l10)~ co - - -iit itc-
p latelets have completel y gone into S e m I i o n .  T h is  indicates
tha t the posf weld aging at 950°F(5l0°C) of CW—CTA C weldn .ents pi ssi-
bl y results in a slightl y overaged mi.crostruc turc- w i l t - n  t h i  a d d i t i v e
effects of therma l cyc ling and aging are considered . R o l l e d  p l a L
microstruc tures , aged at a similar tempera ture for  i n c r e a s e d  t i n t - ,
s how the presence of ( l l O) a  c e m e n t i t e  p l a t e l e t s , a l b e i t  t h e - v  a r - e

in a transitory state of dissolution , References 1 and 2. A lloy
carbides tentativel y identified as M2C were pres ent at m a r t e n s i t ~
lath boundaries and intralath dislocation sites , Figure 26. The-
growth of these M2C carbides was still in the earl y stag i-s as
there was only a small increase in average size free the unagcd
condition . Meanwhile the globular N7C-~ precip itates appear to he
de c reas ing in size. This follows the Behavior of many love-i l I g a t o r s
(Reference 9) reporting on the F€-- No-Cr -C sstc- :- as the ‘-~ -C c a r b i d e
appears to be a metastable phase. There is genera l agri-en cOt that
if Cr is p r e s e n t  in a Fe-No-C s t e e l , Cr 7 C 3 occurs  a c c o m p a n i e d  by a
M2C carbide. As overaging occurs , Cr 7C3 redis solves as N2C h e - n i - --
richer in It o , thus  a p p r o a c h i n g  No 2 C. -

4.3 HEAT AFFECTED ZONE PR O P ER T1E S

The hea t affected zone was investigated brie - f in - in terms of
resultant microstructure and mechanical properties.

4 . 3 . 1  Heat  A f f e c t e d  Zone M i c r o s t r u c t u r e

All microstruc tural HAZ i n v e s t i g a t i o n s  Wi r i  conduc t ed on d o ub l e
austenitized and water quenched l4Co -lON i-2Cr -l Iit -O.16C (Hea l Ne . 9)
alloy steel rolled p late , Table 4. The micr o- it ruc t ur ,- was found Li
be dependent on the number , temper atur c-- t i n c  p rofile , and effectiv e
position of each therma l reversal accompan ying the e-e i d  pas . At
approx imatel y equivalent distances , O.h95-O . 1 - h  inch (2.~~l - 3 . 2 0  e n ) ,
f rom the FZ / HA Z i n t e r f a c e , an inc r e a s i ng  h e a t  i npu t ( H I )  is sh ai-m t o
decrease the resulting cooling rate , F ipu r i- 27. The t i n e  a t  a u s t i - n i t i -
forming temperatures is increased for each hi gh h e a t  in p u t wi - I d
pass , Figure 17. However , the hi gher deposit ion raN -- - associ atc- d
with high heat input welds rc-sult in fi-we r ther ti-i l ri t i sals and
different “eye brow ” locations which should lace a l i m i t i n g  efler t
on the austen ite reversion . Represent at in - c I ii. H I  — h i e h t  th erma l
cycle CW-GTAW and hig h HI - med ion tht-rma i c n-e- I i- L\~-1’A\~ h i a t
affected zones contain 8.5 to 8.8 volume percent y c i - e~- a r e I  to

c o n s i d e r a b l y lowe r V c o n t e n t s  i n  t he  low HI  - l w  t i ~~-rn al cycle
HW- GTAW HAZ , A p p e n d i x  10 and Ri-i c- re-nrc 1.
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POSTWELD AG ING RESULTED IN DISSOLUTION OF M3C RESULTING
IN LESS COMPLEX CARB~DES OF THE M2C AND M7C3 TYPE

HEAT INPUT: 33.2 KJ/ I N. (1.3 KJ/MM)
DEPOSITION RATE ? 1 .1 LBS/HR (0.5 K g/HR)
POSTvV ELD AGE: 950°F (510°C) 4 HRS/W Q

Figure  26 Po s tw e l d  Aged C~~-CTAW Fusion Zone Microstructures
R e p r e s e n t a tiv e  of  ~‘lu l t i p le Therma l R e v e r s a l s
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O u t b o a r d oil t he  FZ/ HA Z i n t e r f a c e  e x i s t s  a f i n e  gra ined
re gion r e p r e s e n t a t i v e  of t e m p e r a t u r e s  exceeding the r e c r y s t a l l i -
zation temperature , Figure 28. Adjacent to this area there is
evidence of grain growth indicative of h e a t i n g  in to  the two phase
field with a dark etching or “eyebrow” region occurring at somewha t
lower temperatures . The dark etching reg ion contained considerable-
ren-ert ed austenite as seen previousl y in marag ing steel weld hea t
affected zones , Referenc e 22. An overaged microstructure exists
outboard from the dark etching reg ions in which the majority of
the  HAZ tensile fa i lures occur .

4 .3 . 2 Heat  A f f e c t e d  Zone Mechan ica l  P r o p e r t ie s~

The correlation between peak temperature , microhardness , and
notch toughness as a function o f d i s t a nce f r om the FZ/ HA Z inter-
face is given in Figures 29-33. Generall y in all the representative
arc welds , the postweld aging increased the hardness with an
accompany ing decrease in notch toughness. The combination of the
highest ha rdness and toughness existed in the fine gra in micro-
structure outboard of the FZ/HA Z interface. The lowest hardness
and in some cases  toughness coinc ides wi th  the dark  e tch ing  (high
a u s t e n i t e ) region and overaged area  immediatel y adlacent. Severa l
of the high depos i t ion  r a t e  weldments  reveal  hardness drops
c oncomi tan t  w i t h  the r e l o c a t i o n  of the dark  e tch ing  region as weld-
ing p rogresses , Figures 30-32 . The CW-GTA welding r e su l t s  in a
localized “eyebrow region” consistent with a sing le hardness decrease ,
Figure  29 , except  in t h ic k p la t e  weldments , Figure  33.

Previous investigations of weld simulated heat affected zone
therma l response behavior in maraging steels indicated similar
behavior , Referenc e 23 and 24.  The amount of reve t ted a u s t e n i t e ,
extent of microsegregation and degradation of hardness increases
with an increase in the number of therma l cycles and a decrease in
the heating rate. Additiona l work on a Fe-Co-Ni-Cr-Mo-C steel
a p p r o x im a t i n g  the compos i t ion  of AF 1410 indica ted  tha t a t  CW-GTAW
heat inputs , T~ <A~ resulted in the minimum loss of s t r e n g t h  while
T~~>A , results in the minimum loss of toughness , Referenc e 19.
A t h ighe r  ene r g y in put s the r e is an a d d i t i ona l  dec r ea se in s t re n g t h
for  T~ >A , . The l-IA Z CVN absorbed energy is approximately 10 ft-lbf
(13.6J) hig her for the we ldmentt; where T~ >A F , Figure 29 and 32 .

In t h i s  i n v e s t i g a t i o n  the he a t  a f f e c t e d  zone p r o p e r t i e s  a r e
r e p r e s e n t a t i v e  of l o w- h ig h  d e p o s i t i o n  rate arc welding over a
w i d e  range  -il t h e r m a l c o n d i t i o n s . As p r ev ious l y r e p o r t e d,  R e f e r e n c e
2 , severa l t r a n s v e r s e  t e n s i l e  f a i l u r e s  occurred immed ia t e l y a d j a c e n t
to the dark etching region of the heat affected zone. The tensile
d u c t i l i t y  fo r  bo th  the CW-GTAW and CW-PAW weld tensile specimens was
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considerabl y reduced when compared to fusion zone or basep late
va lues , Appendix  4. Electron fractograph y of previous HAZ
tens i le  f r a c t - l r e s  disclosed tha t (1) the shea r zone of the fracture
was predominant l y quas ic leavage -shear  r id ges (2 )  the f ib rous  zone
revealed the presence of both void coalescence and quasicleavage ,
Reference 2. The fracture apparently initiates adjacent to the
austenite containing dark etching region in an overaged micro-
structure indicative of overaging at lower tempera tures. Measure-
ment of reverted austenite on the fracture surfaces of the tensile
spec imens support this as the volume percent austenite was found
to be 1.57. and 2.5 7.  for the CW-GTA and CW-PAW hea t affected zones.
The corresponding austenite in the adjacent dark etching region of
each respective HAZ was 8.1-8.5 volume percent (CW-GTAW) and 8.8-10.3
volume percent (CW -PAW) Appendix 10. Also , the  reduced l a t t i c e
parameter , A , of the martensite unit cell in the fracture region
indicated a low level of C and/ or  Mo contained in solut ion .

Since in the initia l stages of this investi gation the post
weld aged HAZ notch toughness , >34 ft-lbf ( 4 6 . 1 3 ) ,  was substantiall y
greater than the FZ notch toughness ,<25 ft-lbf (33.9J), of filler
metal’Heats VE 716 and VE 717; further HAZ investigations were cur-
tailed , Appendix 4. It was decided the ievel of strength and/or
toughness degradation in the l4Co-lONi-2Cr-lMo-O .16C steel J-LA Z
will not impair the weldability of this alloy when compared to the
fusion zone properties. Note tha t the HAZ notch toughness , 30 ft-lbf
(40.7J), recorded in Table 12 for the CW-GTAW thick plate weidment is
representati ve ct’)l-, c’f h~~ low toug hness base plate .

Substantial improvements in the control of impurity
and/or deoxida tion elements in the filler metal compositions
resulted in sizeable increases in fusion zone notch toughness.
The CVN absorbed energy of post weld aged CW-GTAW fusion zones
varied from 38-46 ft-lbf (51.5-62 .4J). Since the FZ strength and
toughness now meet program goals the impetus of further investi-
gations should be redirected toward the HAZ properties . The resist-
ance to stress corrosion cracking , which approaches program goals
in the FZ, could prove to be somewha t reduced in the HAZ. With a
divers i ty  of microst ruc tures existing in the HAZ , there is a
reduced opportunity to obta in SCC resistance microstructures.
For examp le , therma l trea tments which lead to the f o r m a t i o n  of
p latelet Fe C carbides and spher ica l  M~ C carbides at non-optimum
si tes  ( l a th~packet boundaries) will result in degradated fracture
toughness Innd stress corrosion resistance , Referenc e 4.

Further investigations leading to an understanding of the
effect HAZ microstructures have on mechanical properties will be - :

required before improvements in K ISCC can be suggeste d . The above
discussion was only intended to point out a possible “weak link”
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in the AF 1410 s tee l  we idment  s ince  the m e c h a n i c a l  pr oper t ies
oil bo th  t he FZ and HAZ ar e  v e r y  c o m p e t i t i v e  with o t h e r  high

strength steel weldments .
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S E C T I O N  V

C O N C L U S I O N S

1. Filler metal heats with a l4Co-lONi-2Cr-lMo-0.16C-bal Fe
base composition and controlled levels of impurity/deoxidizing
elements e.g ., (<0.00570S,<0 .003%0,<0.015’/1A1) ca n be expected
to exceed minimum program strength and toughness requirements
for fusion zone weld metal.

2.  The mechanical properties of a high purity filler metal
heat (No. VE 799) deposited by the CW-GTAW process , which
was subsequently post weld aged , compared favorably with
rolled plate data as follows :

AF 1410 Plate Heat VE799

a . TYS , Ksi (MPa) 210 (1448) 212 (1462)

b.  TTJS , Ksi (MPa) 230 (1586) 224 (1544)

c. CVN , ft-lbf (J) >35 (47.5) 43.5 (58.9)

The TUS will also be met when the carbon content is maintained
at the nominal composition .

d.  The fus ion  zone weld metal  f a i l ed  to meet a K lscc of
�100 Ksi ~

f I
~~ ( 109.9 MPa ri~) which was required to achieve

equivalent stress corrosion resistance with the AF 14IO
steel plate. The FZ KISCC did not exceed 91 Ksi ~!in (100
MPa V m) -

e. The crack growth ra te  was slower in the fusion zone, in
both dry air and 3.5% NaCI solution , than experienced in
AF 1410 steel rolled plate in dry air .

f. The fusion zone S/N fatigue properties (Kt = 1, R = 0.1)
did not meet the level of fatigue resistance achieved in
the AF 1410 steel rolled plate.

3. The post weld aged HAZ notch toughness was greater than 34
ft-lLb f (46.1 J) ab sorbed energy at equivalen t FZ strength
levels for all the arc weld processes evaluated.

4. The best balance of fus ion zone s t r eng th - toughness  was achieved
in the CW-GTAW and CW-PAW weidments with deposition rates of
1.1 lb/hr (0.50 Kg/hr) and 1.5 lb/hr (0.68 Kg/hr), respectively .
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5. The as-deposited CW-GTAW fusion zone microstructure consisted
of dislocated lath martensite with minor amounts of interlath
retained austenite . The int ralath autotempered widmanstatten
cementite platelets appear to have completely gone into
solution . The alloy carbides, tentatively identified as M2C
and M7C3 type precipitates , form at martensite lath boundaries
and intralath dislocation sites. The amount of reverted
austenite nucleated at the interlath boundary and intralath
sites proved to be quite extensive as compared to the as-
deposited weld metal .

6. The volume percent stabilized austenite in both the fusion and
heat affected zones apparently increases with decreasing cooling
rate and number of thermal reversals in the as-deposited
weidments .

7. The PS 1410 steel weld system is capable of achieving high
toughness and high stress corrosion resistance concomitant
with required strength levels in arc welds.
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R E  C 0M M  E N D  A T I  O N  S

1. Impurity and/or deoxidizing elements , e . g . ,  S and Al could
be controlled within closer limits by us ing mas ter heats
for filler metal melt stock .

2. Further development of welding parameters for low heat
input-low deposition rate CW-PAW weldinents may equal the
mechanical properties obtained by the CW-GTAW process.

3. Further improvements in FZ mechanical properties, e.g,
fracture toughness and stress corrosion resistance should
be possible by optimizing the effect the combined weld
thermal cycles and post weld treatments have on the aging
transformation of as-deposited microstructures.

4. Additional studies of the cumulative effect weld thermal
reversals have on HAZ microstructure and mechanical properties
are required fo r an unders tanding of the reverse transforma tion
mechanisms involved .
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APPENDIX 3

INGOT ALUMINUM ANA LYSES

Analytical Source: Cannon-Muskegon Corporation

Method : Point to plane

Analytical Line Pairs: Al 3092.71 A°
Fe 3125.65 A°

Preburn:  5 seconds

Exposure : 10 seconds

Entrance Slit: 10 microns

Standards Used: Bowser Ma rner Test Lab . <0.002% Al
U.S. Steel—Heat 61557 0.009% Al
NBS 1156 0.046% Al

Analytical Source : Misco, Division of Howmet Corporation

~~~_ 0  o_ t_ 
~~~~~~~~~~ -~~0 - ~~.— 0 - .  - . ~. _ ((. ~~~~~~~~~ 

-
L S S O I.~ LJ OC t .A ~~~~~~ 

..-~~ ., ~~~~~~~~~~ 14.0 4.44 C1j,,sL L1C L~~LS L~~ L 0 4 0 l 4

analysis , using a Direct Reader under air interrupted spark
source and aluminum line 3092.71 A° .

Values found at both analytical sources on ladle samples are .

C—M C—M Misco Nationa l Spectro-
Melt No. Values Values graphic Va lues

Heat 1 V E — 7 9 8  0.011% 0.016% 0.012%
Heat 2 VE—803 0.052% NA NA
Heat 3 VE —802 0.049% 0.094% 0.073%
Heat 4 VE—8 01 0.044% 0.074% 0.071°!.
Heat 5 VE—800 0.044% 0.062% 0.083%
Heat 6 - V E— 799 0.019% 0.032% 0.018%

Na t iona l Spectrographic da ta was a recheck.
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APPEND IX 5

LOW TEMPE RATU R E CVN IMPACT PROPERTIES
OF CW-GTAW WELDED AF 1410 STEEL PLATE

Plate
Tes t Temp . Thickness Specimen CVN Abso rbed  Energy
°F (°C) inch (cm) Number ft - l b f (J)

RI 0 .625 (1 .59)  3E14 47 .5  (64.4)
RT 3E15 48.0 (65.1)

0 (-17.8) 3E16 41.4 (56.1)
-50 (- 4 5 . 6) 3E17 36.5 -(49.5)

-100 ( - 73 . 3 )  3E 18 32.8 (44.5)
-150 (-101.1) 3E19 32.0 (43.4)
-200 (-128.9) 3E20 28.0  (38.0)
-320 (-195.6) 3E2 1 2 3 9  (32 .4)

RT 1.25 (3.18) 4A5 33.3 (45.1)
RT 4A6 34.5 (46 .8)
-25 (-31.6) 4A7 28.8 (39.0)

-100 (-73.3) 4A8 24.9 (33.8)
-200 (-128.9) 4A9 16.0 (21 .7 )
-320 (- 195.6) 4A10 13.6 (18.4)

Fusion Zone Data
Post Weld Age - 950°F (510°C) 4 hrs / WQ

- - 
Fil ler  Metal  Heat No.  VE 799
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APPENDIX 6

AXIA L FATIGUE PROPERTIES OF CW-GTA WELDED
AF 1410 WELDMENT

Kt = 1, R ~ - 0.1

Spec. Width Thickness Max . Stress Cycles to Location of
No. Inch (cm) Inc h (cm) Ksi (MPa ) Fail , KC Failure

4D1 0.500 (1.27) 0.254 (0.645) 210 (1448) 18 S-ND/FZ

4D2 0.506 (1.29) 0.256 (0.650) 210 (1448) 17 S-ND/HA Z

4D6 0.497 ( 1 .26) 0.245 (0.622) 180 (1241) 18 S-ND/FZ

4D3 0 .496 (1.26)  0. 246 (0 . 625) 160 (1103) - -8 7 S-ND fFZ

4D5 0.501 (1. 27) 0 .237 (0 .602)  140 (965) 219 IC/FZ

4D4 0.501 (1.27) 0.257 (0.653) 120 (827) 1100 IC/FZ

(1) All specimens longitudinally polished with 400 grit emery

(2) Tested in SF-b -U at 30 Hz.

(3) F l a t  specimens - 0.625 inch (1.59 cm) - t

(4) S - surface , ND - no visible defec t , FZ - fusion zone ,
HAZ - heat affected zone, IC - interna l crack.

(5) Filler Metal - Heat VE 799
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APPENDIX 7

DRY A I R  FATIGUE CRACK GROWTH RATE DATA

Cold Wire Gas Tungsten Arc Welded
1.0 Inch (2.54 cm) Thick Plate-Double J Groove
Fu s ion  Zone Data , Filler Netal Heat VE 799
C y c l i c  R a t e  360 cpm (6 Hertz)

da/dN x io
6

dN Crack Length ~ max inc h/cyc l e  A K
Identi fication KC A , Inches (cm) LBS (Kg) (cm/cycle) Ks i-1- in (MPaI3

4C2 inch (cm) 30 0.946 (2.403) 2300 (1043) 0.47 (1.19) 19.7 (21.6)
R = 0.1 (0.254) 40 0.955 (2.426) 2300 (1043) 0.23 (0.58) 19.9 (21.9)
B 0.500 (1.27) 40 0.918 (2.484) 2300 (1043) 0.58 (1.47) 20.2 (22.2)
W = 2.551 (6.48) 120 0.991 (2.517) 2200 (998) 0.11 (0.28) 19.6 (21.5)
A = 0.932 (2.37) 60 1.013 (2.573) 2200 (998) 0.37 (0.94) 19.9 (21.9)
H~2W = 0. 486 100 1.064 (2.703) 2100 (953) 0.51 (1.30) 19.6 (21.5)

100 1.077 (2.736) 1900 (862) 0.13 (0.33) 18.3 (20.1)
l0~ 1.148 (2.916) 1900 (862) 0.71 (1.80) 19.0 (20.9)
30 1.165 (2.960) 2100 (953) 0.57 (L48) 21.8 (23.9)
30 1.185 (3.010) 2100 (953) 0.67 (1.70) 22.2 (24 4)
10 1.200 (3.048) 2300 (1043) 1.50 (3.81) 24.7 (27.1)
10 1.211 (3.076) 2300 (1043) 1.10 (2.80) 25, 0 (27.5)

~ 20 1.236 (3.139) 2300 (1043) 1.25 (3.18) 254 (27.9)
10 L267 (3.218) 2500 (1134) 3.10 (7.87) 28.4 (31.2)
8 1.297 (3.294) 2700 (1225) 3.75 (9.53) 31.6 (34.7)
8 1.343 (3.411) 2900 (1315) 5.75 (14.61) 35.2 (38.7)

— 4 1.379 (3.503) 3100 (1406) 9.00 (22.86) 39.4 (43.3)
2.94 1.410 (3.581) 3300 (1497) 10.54 (26.77) 43.5 (47.8)
1 1.424 (3 617) 3500 (1588) 14.0 (35.56) 4 7 . 4  (52.1)
1 1.442 (3.663) 3700 (1678) 18.0 (45.72) 51.1 (56.2)
1 1.463 (3.716) 3900 (1769) 21.0 (53.34) 55.2 (60.7)
1 1.488 (3.780) 4100 (1860) 25.0 (63.5) 59.8 (€5.7)
1 1.521 (3.863) 4300 (1950) 33.0 (83.82) 65.2 (71.6)
1 1.560 (3.962) 4500 (2041) 39.0 (99.06) 71.9 (79.0)
1 1.616 (4.105) 4700 (2132) 56.0 (142.24) 80.7 (88.7 )
0.8 1.700 (4.318) 4900 (2223) 105.0 (266.7) 94.6 (103.9)
0.2 1.733 (4.402) 5100 (2313) 165.0 (419.1) 109.6 (120.4)
0.15 1.780 (4.521) 5300 (2404) 313.3 (795.78) 123.2 (135.4)
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I R A N S F O R M A 1 ION I 1~MI’ERA I ~ X L ~

k t  I & . t e  ~~~~ 1 R a t ~ A ,
I- . c .  ‘‘F(°C) ________

$
ciI7~~~$j~

35 (1.7)/s c .41.7 (5.4)/sec 121 1 (655) 1526 (830) 599 (314)

2 3) (1.7)/sec .41.7 ( S . 4 ) / s v c  1229 (665) 1508 (820) 599 (315)

9 1 . 4  ( 3 3 )/ s e c  203 ( 9 5 ) / se c  1 ) 7 3  (745) 1499 (815) 590 (310)

212 (1 0)/sec 219 (104)/sec 1400 (760) 1490 (810) 590 (310)

Spec imen #2

1 91.4 (~ 3)/sec 192.2 (89)/sec 1409 (765) 1499 (815) 599 (315)

2 91.4 (33)/sec 197.6 ( 9 2 ) / s o c  1400 (760) 1490 (810) 599 (315)

3 3.4.8 (1.6)/sec 82.4 (28)/sec 1256 (680) 1508 (820) 608 (320)

.4 9 3 . 2  (34)/sec 174.2 (79)/sec 1373 (745) 1508 (820) 608 (320)

5 34.8 (1.6)/sec 45.9 (7.7)/sec I3i0 (710) 1535 (835) 608 (320)

6 34.8 (1 .6)/sec 46.4 (8.0)/sec 1301 (705) 1535 (835) 608 (320)

7 9 1 . 4 (33)/sec 233.6 (112)/sec 1405 (763) 1490 (810) 608 (320)

Note s: (1) Fill er metal — yE 799
(2) Auste nitize - 1800°F(982°C)-15 m m .
( 3 )  DilaLocs tor specimens sectioned from CW-GTA fusion zone

subjec t t o  2 or more therma l reversals

- ~~~~ ~~~~~~~~~~~~~~~ L~~~_~~_ 
- I



- -. -~~~ - -  .---~~~~-~~ -. 
-

~~~~

0 0  0 0

~~
L r -  co

.
Cf~

U,
a)

0
.,-4
4.1

a) U,
~J W u )
U) ~~~~ LrS O NO  0 Uj . . . . •N. U,

< E (1) 0 r-1 0 ‘-4 ‘-4 •

U +1+1 +1+1 +1+1
~~~~ U W a)

0 > ,—i ~~ cv~ c~ Cf~ ir~z a) • •  • •  0
E Cf 3-i Cf5 ~.0 C~1 cfl -.1 N

— -
~~0 U U

~~4 4J
N U
~Z4 Cfl ~~ 0)

0 ~~ ‘-4 ‘4-4
‘-.4 X U) .0 4-1

U) I U,~~~~~
1-i 0

~—4 E-’ a) Lt5 0 Lñ L1~ ~.J ~~
~~ I-1 . . . . . . -~~ U ) 0
z z a) 00  0 00  • a)

U +1+1 + ‘ +1+1 o’-~.~ ~
~-i E-i I N
P.~ Cl) C’J ~~ N 0 Lfl 0 0 ~-4 -~~ ~J

• • •
,—4 ,—4 — ,-1 ~~4 ,—1 19 E

I~~~ ) -‘-4

Z 0 0~~U)
C’4 • Q Q )

Z I O U  U

U) U) (I) Z 0 c 9 E~~~-3-1 U 3-i 0 4.J U) ~-.bO
:3 -~~ -~~

I a)~~~~~W~~~0~~~~~cu~~~ a
I I I Q ’ .- ’ ,-4 1

a) ~~~ ~~~~
. ~~ 0) 19

I t s  0) 0 0) 0 U 0
.4.1 0 4.1 0 4.1 0 4J 0 0 Oi Lfl
Co •‘-4 ~~~ 0 --1 0 .-4 0 I ~-1 N U (~~ ~~a ) 4 J  U ) . . , - 4  (fl • ., -4 Q) .. 4 (9
~~~~ ., 0 4J if~ 0 4-J Lfl O 4 - ~~~~ a ) 4 J~~~~~0) 0

E-4~~~ Q~~C o ’-’ Q~~co ’—’ O~~C o ’-’ 4.1 W 0~~~~ 09) ~~ 9) 9) ~~ 19Z . r 4 4.1
4 . 1 Q  ~~0 ~~~~~~~~~~~ ~~~~~ O , 1  (I) ~
C~ 0 I 9) 0 I 9) 0 I 0) 0 Q.~ 11 ~ U
9) U) OOLFS U ) 6~~ U5 U ) 9~~tf5

~~~~~~~~ < <0 ’  < <s ’  W
U) a) ~~~~- U )
U ,.,

~~~~~~ 
9 ) - r~~~ *

~~~~ 4 E—i U~~~~~~4

U)
•~~~~~I-l r 4 U  9)

I-I
0
Z

El ‘-4 E4 ‘-~ < ‘-4
.

~~~ Q C’4
,-4 I • ,-4 I •~~~~~ I • O ~0) C )  • •

Q C f 1 .-4 ~~~~C f l L15 Q~~~~~ -4

88

4

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-*I- .

~ ~~~~
- -., 

~~~
- ;; 

_ _ _ _ _ _ _ _ _  AII~~
- - . . _ _ _



r ..-— .. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

--- . -

R E F E R E N C E S

1. L i t t l e , C.  D. and Machmeier , P . N . ,  “Development of A
Weldable High Strength Steel” , Technical Report  AFML-TR-
75-148 , September 1975.

2. Machmeier , P. M . ,  e t .  a l . ,  “Eva luation of a lONi -Co-Cr--Mo -C
Weidment , ” General Dynamic s ’ Technical Repor t  ERR-FW- 1565 ,
December 1974 .

3. Speich , C. R . ,  e t .  a l . ,  “ Strength and Toughness of Fe-lON i
al loys  Conta ining C , Cr , Mo , Co , “Metal lurgical  Transactions ,
Vol. 4, pp. 303-15, January 1973.

4. Machmeier , P. M., Genera l Dynamics, Unpublished Data .

5. Longenecker , J. B. ,  “ Invest igation of Austeni te  Reversion
During Aging of 10-Nickel Modified Steel” , Technical Report
GAE/MC/ 75-7 , December 1975.

6. Konkol , P. J. and Connor , L. P . ,  “Development and Evaluat ion
of an Improved lONi-Cr-Mo-Co Filler Meta l , ” U.  S. Steel ARL
Report  No. 39 .018-007(22),  June 1968 .

7. Harbuck , L. H . ,  “High Deposition Rate HY -l80  Weldments , ”
Union Carbide Corporat ion Status Report , Jul y 1970.

8. Andrews , K. W . ,  et. a l .  “Const i tut ion Diagrams for  Cr-Mo -V
Steels ,” Journa l of the Iron and Steel Ins t i tu te, pp. 337-50 ,
May 1972.

9. Machmeier , P. N. and Jones , R.  L .,  “High Tempera ture S tab i l i t y
of AF 1410 Steel” , Genera l Dynamic s ’ Technical Repor t  ERR-FW-
1646 , December 1975.

10. Ma chmeier , P. M . ,  e t .  al . ,  “Pre l iminary  Eva luat ion of High
Deposi t ion Rate  Arc Welds in AF 1410 Steel” , Genera l Dynamics ’
Technical Report  ERR-FW-l7l6 , December 1975.

11. Kil pa t r i ck , J. R . ,  e t.  a l . ,  ~Tint -Etch ing  Improves Reso lu t ion
and Cont ras t  of Microstruc tures, ” Metal  Progress , pp. 79-81,
1971.

12. Dabkowski , D. S . ,  e t .  a l . ,  “The lON i -Cr-Mo--Co Steel Weldment -

Its Fabr i cab i l i t y  and Struc tura l  S u i t a b i l i t y  For U l t r a s e r v i c e
Appl ica t ions ,” U. S. ARL Repor t  39.018-007(41),  Jul y 1970.

89

-

~ 

r 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1



— 
. 

~~~~~~~~~~ TT:. ~~~~~~~~~~~~~~~~~~~~~~~ 
-

~ 
- -

~~~~~~~~~~~

REFERENCES
(Continued)

13. Cox , T. B. and Low , J. R. , Jr., “Investigation of the Plastic
Fracture of High Strength Steels ,” NASA Technical Report No.
3 , May 1972.

14. Cladman , T., et. al., “Effects of Second Phase Particles on
Strength , Toughness , and Ductility ”, Effec t of Second-Phase
Particles On the Mechanical Properties of Steel, the Iron
and Steel Institute , pp. 68-78, 1971.

15. Goodenow , R. H. and Hehemann , R. F., “Transformation in Iron
and Fe-9 Pct. Ni Alloys ” , Trans . of the A IME, Vol.  223 ,
pp. 1777-86 , 1965.

16. Floreen, S., “The PHysical Metallurgy of Maraging Steels”,
Me ta l lurg ical Rev iews , Review 126, Pp. 115-28 , 1968 .

17. Lana S. and Wayman , C. M., Martensite to FCC Reverse Transformation
in an Fe-Ni Alloy ” , Trans . of the Metallurgical Soc iety of AIME ,
Vol. 239, pp. 1187-93, 1967.

18. Krauss , G. and Cohen , M., “Strengthening and Annea ling of
Austenite Formed by the Reverse Martensitic Transformation”,
Trans . of the Metallurgical Soc iety of A IME , Vol. 224,
pp. 1212-21 , 1962.

19. Snide, J., “Some Aspects of the Physical Metallurgy and Welda-
bility of 10 Nickel Modified Steel” , Ph.D. Dissertation , Ohio State
University, 1975.

20. Kenyon , N., ‘Effec t of Austenite On The Toughness of Maraging
Steel Welds”, AWS , pp. 193A-l98S , May 1968 .

21. Hab rovec , F. et. al., “Rap id Re-Austenitizing of An Fe-Ni-C
Alloy ” , Journa l of the Iron and Steel Institute , pp. 861-865,
1967.

22. Pellissier , C. E., “Microstruc ture in Relation to Fracture
Toughness of l8Ni (250) Maraging Steel Weidments ” , Sympos ium
on Weld Imperfections , September 1966.

23. Goldberg , A., “Influence of Repeated Therma l Cycling Under
Various Conditions on The Hardness of A Marag ing Steel ,”
AWS Weld ing Resea rch Supplement , pp. 199-S-202-S , May 1968.

90

~& .--- -- .‘
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 

•.
~~~

. 
_ ,•.-

~~
__ i

~
_,



~ -- --~~~~~~~~~ 
.-. 

~~~~~~~~~~~~~~~~

REFERENCES
(Continued)

24. Goldberg, A., “Effects of Repeated Therma l Cycling On The
Microstruc ture of 300-Grade Maraging Steel” , Transact ions
of the ASM , Vol .  61 , pp.  26-36 , 1968 .

F

91
* it . c . r’sl’. 

.
1 ‘~~‘—fl~~ ~~~~

-- ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :. ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..L~~ .


