
A Study of the Weld Heat-Affected Zone 
Toughness of 9% Nickel Steel 

Although thermal cycling reduces cryogenic 
impact toughness and upper shelf energy, 

ASTM specifications are still exceeded 

BY E. F. NIPPES AND J. P. BALAGUER 

ABSTRACT. The weld heat-affected zone 
toughness of 9% nickel steel weldments 
at cryogenic temperatures was investi
gated. The material was thermally 
treated, using a Gleeble, to produce syn
thetic weld heat-affected zones. Tough
ness of this steel, subjected to three 
different thermal cycles, was measured 
using the Charpy V-notch impact test. It 
was found that the material subjected to 
high peak-temperature thermal cycles still 
met the ASTM toughness requirements 
for this steel at liquid nitrogen tempera
tures. The upper shelf energy for this 
steel was lowest for an intermediate 
thermal cycle of 1000°C (1832°F) peak 
temperature. 

A fractographic analysis of the material 
was conducted. Charpy V-notch speci
mens fractured at liquid nitrogen temper
atures were examined in the scanning 
electron microscope. Material represen
tative of the coarse-grained region of the 
heat-affected zone failed by a partially 
low-energy mode at cryogenic tempera
tures. 

The retained austenite content of this 
material, under varying conditions of 
thermal treatments, was determined 
using standard x-ray diffraction tech
niques. It was found that upper shelf 
toughness increased as the amount of 
retained austenite increased, while 
toughness at liquid nitrogen temperatures 
was related to combined effects of prior 
austenite grain size and retained austenite 
content. Retained austenite was also 
measured using the Magne-Gage, modi
fied for the measurement of austenite in 
a ferritic matrix, and these data were 
correlated with the x-ray diffraction 
results. 

Introduction 

Increases in demand for natural gas 
have made it necessary to construct stor
age facilities for liquefied natural gas. 
Because liquid natural gas (LNG) is stored 

at, or below, the -162°C (-260°F) boil
ing temperature, the vessel must be con
structed from a material which possesses 
high strength and suitable fracture tough
ness at cryogenic temperatures. 

Nine percent nickel steels were first 
produced in the United States in the early 
1940's. More recently, Japanese steel 
companies have also begun to produce 
large tonnages of 9% nickel steel. The 
alloying addition of approximately nine 
percent nickel and the subsequent heat 
treatment are primarily responsible for 
the relatively high strength and excellent 
fracture toughness exhibited by this steel. 
The superb low-temperature properties 
of 9% nickel steel make it a good material 
candidate for liquid natural gas storage 
tanks. 

Almost all the 9% nickel steel produced 
in the United States is intended for the 
fabrication of welded pressure vessels. It 
is well known that welding can seriously 
alter the metallurgical properties of the 
material immediately adjacent to the 
weld joint. Therefore, the effect of weld 
heat-affected zones (HAZ) on the cryo
genic fracture toughness of 9% nickel 
steel LNG storage tanks must be properly 
evaluated. 

Previously, the weld heat-affected 
zone properties of a wide variety of 
steels and nonferrous metals have been 
evaluated utilizing weld simulation 
devices, Charpy V-notch impact testing, 
and metallographic investigation. The 
object of the present investigation will be 
to evaluate the effect of weld thermal 
cycles on the impact absorption energy 
of the weld HAZ of 9% nickel steel at 
cryogenic temperatures. 

Metallurgical Characteristics 

The fundamental mechanical proper
ties of 9% nickel steel must meet the 
minimum requirements of ASTM 353 or 
ASTM 553 Type I specifications, as shown 
in Table 1. ASTM 353 and 533 Type I 

specify double-normalize-and-temper 
(NNT) and quench-and-temper (QT) heat 
treatments, respectively. These specifica
tions require measurement of impact 
absorption energy at liquid nitrogen tem
peratures, -196°C (-320°F). However, 
at the LNC storage temperature of 
-162°C (-260°F), these steels, in the 
wrought condition, safely exceed the 
ASTM specifications described in Ta
ble 1. 

The excellent low-temperature tough
ness of this steel results from the alloying 
addition of approximately nine percent 
nickel. The nickel acts to suppress the 
formation of ferrite/pearlite high-temper
ature transformation products; thus, a 
microstructure is produced which is high
er in strength and notch toughness. It is 
generally recognized that the superior 
fracture toughness of 9% nickel steel at 
cryogenic temperatures is due to the 
presence of stable retained austenite 
(Refs. 1-5). The addition of nickel lowers 
the martensite finish temperature such 
that unstable austenite remains after 
cooling from the austenitization tempera
ture to room temperature. 

Previous investigations (Refs. 3, 5, 6) 
have shown that if tempering is per
formed in the two-phase a + i region 
above the lower critical temperature, i.e., 
above approximately 580°C (1076°F), 
the high nickel content stabilizes the aus
tenite, and the final product contains 5 to 
10 volume percent (v-%) "retained" aus
tenite. This second phase increases low-
temperature toughness primarily by scav
enging interstitials, and this scavenging 
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Table 1—ASTM 553-

Composition 
(v-%) 

Tensile 
Requirements 
(20°C) 

Impact Absorption 
Energy (Charpy 
V-Notch) at 
- 196°C 

Heat Treatment 

Specifications for 9% Nickel Steels 

C Mn P S Si Ni 

0.13 0.90 0.035 0.040 0.15-0.40 8.5-9.5 
max. max. max. max. 

Tensile Strength Yield Strength, min. Elongation in 
MPa (ksi) MPa (ksi) 50 mm, min.% 

690-825 (100-120) 585 (85) 20.0 

Longitudinal, min. Transverse, min. 
J (ft-lb) | (ft-lb) 
34 (25) 27 (20) 

Austenitizing Tempering Temperature 
Temperature °C (°F) 

°C(°F) 565-635(1050-1175) 
800-925 

(1475-1700) 

Table 2—Chemical Analysis of Base Plate Used in This Investigation (Ref. 19) 

Element C 

v-% 0.05 

Table 3—Mechanical 

Tensile 
Strength 
MPa (ksi) 

742 (107.5) 
1005 (145.7) 

1118.5(162.1) 

Mn P S Si Ni Fe 

0.71 0.018 0.019 0.41 8.90 bal. 

Properties of Base Plate Used in This Investigation (Ref. 19) 

Yield Test 
Strength Elongation Temperature 
MPa (ksi) % °C (°F) 

695 (100.7) 26.4 20 (68) 
905.5(131.2) 27.1 - 1 6 2 (-260) 

984(142.6) 29.3 - 1 9 6 (-321) 

Tensile properties — longitudinal plate orientation. 
Values reported represent average ot two tests. 

action prevents the formation of embritt
ling carbides and nitrides. The resulting 
decrease in yield strength and increase in 
work-hardening ability increases fracture 
toughness. During tempering, the austen
ite also gathers uncombined carbon, 
which is thought to initiate cleavage 
cracks in martensite (Ref. 2). Kim (Ref. 6) 
and Schwartz (Ref. 7) have proposed that 
additional mechanisms, including the 
blunting of cleavage crack tips upon 
entering regions of retained austenite, 
may operate to a lesser degree than the 
scavenging effect. However, recent 
work by Kim and Morris (Ref. 8) on a 
5.5% nickel steel suggests that the crack 
blunting hypothesis is unlikely. They pro
pose that the reduced effective grain size 
of a composite microstructure is respon
sible for the high observed toughness at 
cryogenic temperatures. 

Simulation and Analysis of Weld 
Heat-Affected Zones 

Welding can seriously alter the metal
lurgical properties and the stress state of 

the material immediately adjacent to the 
weld joint. The intense heat of a welding 
arc can subject the surrounding material 
to severe thermal cycles. The thermal 
cycles always alter, to some extent, the 
metallurgical structure of the base materi
al near the weld. This region, referred to 
as the weld heat-affected zone (HAZ), 
has been studied extensively by Nippes 
(Ref. 9) and others. The methodology of 
simulating the weld HAZ used in this 
study, i.e., reproduction of measured 
weld thermal cycles in a small specimen 
using the Gleeble machine, is an intrinsic 
part of the welding literature. A detailed 
discussion of these techniques can be 
found elsewhere (Refs. 9-11). 

The effect of weld heat-affected zones 
on the cryogenic fracture toughness of 
9% nickel steel LNG storage tanks has 
been the subject of recent study. The 
fracture toughness of this material has 
been evaluated using both traditional 
testing methods, such as Charpy V-notch 
(CVN) and crack-opening displacement 
(COD) tests, and more advanced meth
ods, such as J-integral and R-curve tech

niques. The variety of testing methods 
and the inconsistencies of weld HAZ 
structures have resulted in contradicting 
data on the fracture toughness of the 
HAZ in 9% nickel steel welded joints 
(Refs. 12-18). 

Dhooge, et al. (Ref. 16), have suggest
ed that the thermal cycles to which the 
HAZ is subjected can reduce the impact 
energy of this region by almost fifty 
percent. Similarly, Syn, et al. (Ref. 5), have 
found that the retained austenite content 
of 9% nickel steel is reduced to im
measurable levels by elevated tempera
ture treatments. Dhooge, et al. (Ref. 16), 
have also found that a postweld heat 
treatment at 600°C (1112°F), followed 
by rapid air cooling or water quenching, 
would increase the toughness of the 
weld HAZ. 

Materials and Procedure 

Characterization of Base Material 

The base material used in this investiga
tion is a quench-and-tempered 9% nickel 
steel. The material was obtained in the 
form of 12-mm (0.47-in.) thick plate. The 
chemical analysis of the plate, shown in 
Table 2, meets the compositional require
ments of ASTM 553-I. The fundamental 
mechanical properties of this alloy are 
shown in Table 3. 

The impact absorption energy of the 
base material as a function of tempera
ture, measured using the Charpy V-notch 
impact test, is shown in Fig. 1. It is difficult 
to determine the ductile-to-brittle transi
tion temperature of this material from 
these data because the lower energy 
shelf is not clearly defined. If it is assumed 
that the lower energy shelf begins at 
— 196°C, the transition temperature, 
defined as one-half the sum of the upper 
and lower shelf energies, appears to be 
approximately -120°C (-184°F). The 
average impact absorption energy of this 
material at -196°C was about 110 J (86 
ft-lb), considerably higher than the 34 J 

- 1 5 0 . - 1 0 0 . , - S O . 

TEMPERATURE (°C) 
Fig. 1 —Impact energy vs. temperature for 
material in the as-received condition 
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(25 ft-lb) minimum specified by ASTM 
553-1. The average impact absorption 
energy at the LNG service temperature 
(-162°C) was about 135 J (101 ft-lb). 

The macrohardness and microhard
ness of the as-received material were 
HRC 20 and HV 259, respectively. Grain 
size estimates of the as-received and 
heat-treated material were prepared in 
accordance with ASTM El 12, using the 
intercept method. 

Simulation of Weld Heat-Affected Zones 

Oversized Charpy V-notch specimen 
blanks were machined from the base 
material plate and thermally cycled in a 
Gleeble to produce synthetic weld heat-
affected zones. The oversized dimen
sions allowed removal of surface oxide 
resulting from thermal cycling by final 
machining prior to notching of the speci
mens to specified dimensions. A 0.254-
mm (0.010-in.) diameter, two-wire, 
chromel-alumel thermocouple, percus
sion welded to the side of the specimen 
blanks, was used for temperature control 
in the Gleeble. The thermocouple-base 
metal joint was later removed during the 
machining of the notch in the Charpy 
specimen. 

The specific welding thermal cycles 
used in this investigation were calculated 
utilizing the data of Nippes, Merrill, and 
Savage (Ref. 20) for arc welds in 12.5-mm 
(0.5-in.) plate. Thermal cycles for welds of 
15.75 kj/cm (40 kj/in.) energy input and 
an initial plate temperature of 22CC 
(72°F) were calculated. Distances of 10.4, 
7.9, and 7.4 mm (0.41, 0.31, and 0.29 in.) 
from the weld centerline were chosen to 
produce peak temperatures of 500°, 
1000°, and 1300°C (932°, 1882°, and 
2372°F), respectively. 

Impact Absorption Energy Testing 

Following the thermal cycling treat
ment, specimen blanks were machined to 
final dimensions of 10 X 10 X 55 mm 
(0.394 X 0.394 X 2.165 in.) and notched. 
Charpy V-notch specimen preparation 
procedures and impact testing were per
formed in accordance with ASTM E-23. 

Impact absorption energy testing was 
performed using a Riehle Charpy V-notch 
testing machine. Prior to testing, the 
Riehle machine was calibrated with spec
imens provided by the United States 
Army Materials and Mechanics Research 
Center, Watertown, Massachusetts. 
Testing temperatures of 0°C to -162°C 
were obtained using a bath of 2-methyl-
butane cooled with liquid nitrogen. Test
ing temperatures of — 196°C were 
obtained with liquid nitrogen. Specimens 
were maintained in a liquid bath at the 
test temperature for 5 min prior to 
impact testing. Three specimens were 
tested at each temperature for the 

1300°C and 1000°C thermal cycles; two 
specimens were tested at each tempera
ture for the 500'C thermal cycle. 

Metallography 

All samples in this investigation were 
prepared for metallographic examination 
using standard techniques. Samples were 
embedded in 31.75-mm (1.25-in.) diame
ter bakelite mounts and prepared by 
successive stages of lapping, grinding, 
and mechanical polishing. The following 
chemical etchants were used to prepare 
the sample for viewing under the optical 
microscope: Etchant A —2% Nital; Etchant 
B - 2 g picric acid, 100 cc H 20. 

Measurement of Retained Austenite 

X-ray diffractometry was used to 
determine the amount of retained aus
tenite present in thermally cycled speci
mens of this steel. The method of Miller 
(Ref. 21), which compares the integrated 
peak intensities of ferritic and austenitic 
phases, was used. 

An Aminco Model 5-660 Magne-Gage 
was also used to estimate the retained 
austenite content of specimens subjected 
to the various heat treatments used in this 
study. The Magne-Gage is normally used 
to measure a small amount (~0-15 v-%) 
of ferrite in largely austenitic materials. 
However, Kotecki (Ref. 22) has shown 
that the Magne-Gage can be modified to 
measure volume percent ferrite in partial
ly and fully ferritic steels. Ferrite and 
martensite, both ferromagnetic phases, 
and retained austenite, a non-magnetic 
phase, are normally present in the micro-
structure of 9% nickel steel. Therefore, 
the attractive magnetic force of the sam
ple, measured by the Magne-Gage, 
should vary inversely with the volume 
percent of retained austenite. 

In the present study, the Magne-Gage 
was not physically modified. A 0.25-mm 
(0.010-in.) thick plastic shim was placed 
between the specimen and the magnet 
during measurement. The purpose of the 
plastic shim was to reduce the strength of 
the Magne-Gage magnet. This alteration 
resulted in the increased sensitivity neces
sary to measure large amounts of ferrite. 
The Magne-Gage measurements were 
taken on three separate areas of each 
specimen, and the measurements were 
repeated ten times per area. Data were 
recorded from the silver dial of the 
Magne-Gage. 

Results and Discussion 

Microstructural Analysis 

The microstructure of the 9% nickel 
steel base plate, in the as-received condi
tion, is shown in Fig. 2. The microstruc
ture of this material consists largely of 
tempered martensite (TM). The TM is a 

3>¥''MMm 

"mmm 
"V- i^ i - , , 

Fig. 2 — Photomicrograph of the material in the 
as-received condition, Etch A (500X). A — 
Parallel to the plate surface; B — Perpendicular 
to the plate surface 

mixture of ferrite (a) and carbide which 
has precipitated during the tempering 
heat treatment of as-quenched marten
site. Nine percent nickel steel, in the 
quench-and-tempered condition, also 
contains approximately 5-10 volume per
cent of retained austenite (7). Figure 2B 
shows the extensive banding present in 
the as-received material, the lingering 
result of segregation during the original 
solidification. 

In order to verify the heat treatment of 
the as-received material, a small piece of 
the plate was austenitized, quenched, 
and tempered. The steel was austenitized 
at 816°C (1500°F) for 2 hr, water 
quenched and tempered at 593°C 
(1100°F) for 30 min, and air cooled. The 
as-quenched and quench-and-tempered 
hardness of this material are listed in 
Table 4. The microstructure of the mate-

Table 4—Results of Macrohardness and 
Microhardness Measurements 

Heat Treatment 

As-received 
As-quenched 
Quench & tempered 
500°C peak 

temperature 
thermal cycle 

1000°C peak 
temperature 
thermal cycle 

1300°C peak 
temperature 
thermal cycle 

Macro
hardness 

(HRC) 

20-21 
36 
20 
230» 

37-38<a> 

36<a> 

Micro
hardness 

(HV, 200-g 
load) 

256 
357 
246 
255 

367 

353 

(s>Ca.culated values. 
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Fig. 3 — Photomicrograph of the material in the 
as-quenched condition, Etch A (1000X) 

Fig. 4 — Photomicrograph of the material in the 
quench-and-tempered condition, Etch A 
(1000X) 

A A: 
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Fig. 5 — Microstructure of material 
cycled to a peak temperature of 500 
(500X) 

thermally 
'C Etch A 

iX?> '^;yiyiX<' "',"-•*'• • ; , i , - ' 

40 

Fig. 6 - Microstructure of material thermally 
cycled to a peak temperature of 1000°C, Etch 
A (500 X) 
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im 

Fig. 7—Microstructure of material thermally 
cycled to a peak temperature of 1300°C, Etch 
A (500X) 

Fig. 8—Microstructure of material thermally 
cycled to a peak temperature of 500°C Etch B 
(500X) 

rial in the as-quenched and quench-and 
t empe red condit ions is s h o w n in Figs. 3 
and 4, respectively. The microstructure 
o f the as-quenched material consists pr i 
marily of martensite (M). The temper ing 
process transforms this martensit ic struc
ture into a mixture of ferr i te, carbide, and 
austenite identical t o that o f the as-
received material. 

. a • 

~ ? >• * . ' < " 

4 0 \.m 

Fig. 9 — Microstructure of material thermally 
cycled to a peak temperature of 1000CC, Etch 
B (500X) 

Di la tometry was p e r f o r m e d dur ing 
synthetic thermal cycling of specimens. 
These results indicate the t ransformat ion 
temperatures dur ing the rapid heat ing 
and s low cool ing por t ions of the w e l d 
thermal cycle. Lower and upper critical 
temperatures of 6 1 8 ° C (1144°F) and 
6 6 6 ° C (1231 °F), respectively, w e r e mea
sured for a heating rate o f 3 5 0 ° C / s 

" l ^ r ^ P * ! ^ - • -*A'*W 

XVi 

M 
Fig. 10 — Microstructure of material thermally 
cycled to a peak temperature of 1300"C, Etch 
B (500X) 

(630°F/s). A martensite start (Ms) temper
ature o f 354°C (669°F) was measured fo r 
a cool ing rate of 3 ° C / s (5.4°F/s). 

The microstructures of Charpy V-
no tch specimen blanks thermal ly cycled 
to 500° , 1000° , and 1300°C are s h o w n 
in Figs. 5, 6, and 7, respectively. The same 
specimens w e r e repol ished and e tched 
t o reveal the prior-austenite grain size. 
The microstructural results are s h o w n in 
Figs. 8, 9, and 10. The results of micro
hardness testing are given in Table 4. The 
results of grain size measurements are 
listed in Table 5. 

The microstructure of this material was 
no t not iceably al tered by the 5 0 0 ° C peak 
tempera ture thermal cycle. Addi t ional ly, 
the microhardness and grain size o f the 
material w e r e unaf fec ted by the l ow-
tempera ture thermal cycle. 

Thermal cycling to a peak tempera tu re 
o f 1000° C had a severe ef fect o n the 
microstructure o f this material. As s h o w n 
in Fig. 6, the structure was ref ined by the 
a -*• 7 t ransformat ion wh i ch occurs 
w h e n heating to a tempera ture above 
the upper critical tempera ture . The 
a —• 7 t ransformat ion resulted in a 
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Fig. 11—Impact energy vs. temperature for 
material thermally cycled to a peak tempera
ture of500°C 

1000°C PEAK TEMPERATURE 
THERMAL CYCLE 

-200 . -150. -100. . . - 5 0 . 0. 
TEMPERATURE ( C) 

Fig. 12 —Impact energy vs. temperature for 
material thermally cycled to a peak tempera
ture of 1000°C 
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Fig. 13— Impact energy vs. temperature for 
material thermally cycled to a peak tempera
ture of 1300"C 

Fig. 14 —Fractograph of material thermally 
cycled to a peak temperature of 500'C and 
impact tested at -196 "C (500XJ 

mi 

Fig. 15—Fractograph of material thermally 
cycled to a peak temperature of 1000 "C and 
impact tested at -196 °C (500X) 

awl A- ,, mmL^t ^ I M W I 

Fig. 16 — Fractograph of material thermally 
cycled to a peak temperature of 1300"C and 
impact tested at -196 °C (500X) 

decrease in grain size from ASTM No. 9 in 
the as-received material to ASTM No. 11. 
The microhardness of this structure indi
cates that it was fully hardened. That is, 
the maximum possible hardness, at this 
carbon content, had been attained by 
transformation to 100% martensite. 
Apparently, the relatively high cooling 
rate associated with the 1000°C thermal 
cycle had prevented any significant tem
pering of martensite during cooling from 
occurring. 

The microstructure of the 9% nickel 
steel was completely altered by the 
1300°C peak temperature thermal cycle. 
Figure 7 shows the coarse-grained, mar
tensitic structure which results from this 
thermal treatment. The microhardness of 
this structure is slightly lower than that of 
the 1000°C thermally cycled material, but 
significantly higher than that of the as-
received material. 

Impact Testing 

Impact absorption energy as a function 
of temperature for material thermally 
cycled to peak temperatures of 500°C, 
1000°C, and 1300°C is shown in Figs. 11, 

12, and 13, respectively. The impact 
absorption energies at —196°C and 
-162°C, for the base metal and the 
thermally cycled material, are listed in 
Table 6. Three specimens were thermally 
cycled to 1300°C, slowly cooled to room 
temperature, and quenched to —196°C, 
prior to impact testing at 0°C. The results 
of these tests are also listed in Table 6. 

Fractography 

Fractographs of Charpy V-notch speci
mens of the three thermal cycles, impact-
tested at —196°C, are shown in Figs. 14, 
15, and 16. Fractographs of similar speci
mens thermally cycled to 1000° and 
1300°C, and impact tested at 0°C, are 
shown in Figs. 17 and 18. The material 
thermally cycled to a peak temperature 
of 500°C had an impact absorption 
energy of 104 J (77 ft-lb) at -196°C. The 
Charpy V-notch fracture surface, shown 
in Fig. 14, indicates that failure occurred 
by a mixed mode of microvoid coales
cence and ductile tearing. This failure 
mode is characteristic of high-strength, 
high-toughness materials (Ref. 23). 

The material thermally cycled to a peak 

temperature of 1000°C had impact 
absorption energies of 59 J (44 ft-lb) at 
-196°C and 93 J (68.5 ft-lb) at 0°C. 
Examination of the fracture surface of the 
Charpy specimen tested at —196°C indi
cates that failure occurred by a mixed 
mode of microvoid coalescence and duc
tile tearing. Additionally, some secondary 
cracking occurred normal to the fracture 
surface. A secondary crack is present in 
the center of the fractograph in Fig. 15. 
Examination of the fracture surface of the 

Table 5—Results of Grain Size 
Measurements 

Heat Treatment 

As-received 
500°C peak 

temperature 
thermal cycle 

1000°C peak 
temperature 
thermal cycle 

1300°C peak 
temperature 
thermal cycle 

ASTM Grain Size 

9 
9 

11-12 

4-5 
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Table 6—Impact Absorption 

Heat Treatment 

As-received 
500°C peak temperature 

thermal cycle 
1000°C peak 

temperature thermal 
cycle 

1300°C peak 
temperature thermal 
cycle 

1300°C peak 
temperature thermal 
cycle, quenched to 
- 196°C prior to 
testing 

Energies of Thermally Cycled 9% Nickel Steel 

Impact Absorptior 

- 196°C 

112(82) 
104 (77) 

59 (44) 

38 (28) 

— 

1 (ft-lb) 
Energy 

- 1 6 2 ° C 

133 (98) 
140 (103) 

72 (53) 

71 (52) 

— 

Upper Shelf 
Energy 
I (ft-lb) 

245 (181) 
185 (136) 

93 (69) 

123 (91) 

133 (98) 

Table 7—Results of Retained Austenite 
Measurements by 
Magne-Gage 

Heat Treatment 

As-received 
500°C peak 

temperature 
thermal cycle 

1000°C peak 
temperature 
thermal cycle 

1300°C peak 
temperature 
thermal cycle 

X-Ray Diffraction and 

X-Ray 
Diffraction 

(v-% 
Retained 7) 

9.4 ± 0.3 
3.9 ± 0.6 

<1.0 

2.9 ± 0.1 

Magne-Gage 
(Silver 
Dial 

Reading) 

32.8 ± 0.7 
29.5 ± 0.7 

24.2 ± 0.3 

29.7 ± 1.7 

specimen tested at 0°C showed an 
increase in the dimpled area characteristic 
of a microvoid coalescence-type failure. 

The material thermally cycled to a peak 
temperature of 1300°C had impact 
absorption energies of 38 J (28 ft-lb) at 
-196°C and 123 J (90.5 ft-lb) at 0°C. 
Examination of the fracture surface of the 
specimen tested at —196°C indicated 
that failure had occurred by a mixed 
mode of transgranular quasi-cleavage 
and microvoid coalescence. Dimpled 
areas indicating a ductile mode of failure 
were extremely localized. A significant 
amount of secondary cracking occurred 
in areas of quasi-cleavage. A similar spec
imen, impact tested at 0°C, failed by a 
mechanism of microvoid coalescence. 
The fracture surface of this specimen, 
shown in Fig. 18, contained the extensive 
dimpling associated with this type of 
failure. 

Retained Austenite 

Results of the x-ray diffraction mea
surements for retained austenite are giv
en in Table 7. The 9% nickel steel plate 
used in this investigation was found to 

have approximately 9.4 v-% retained aus
tenite in the as-received condition. The 
retained austenite contents of material 
thermally cycled to peak temperatures of 
500° and 1300°C were found to be 
approximately 4 and 3 v-%, respectively. 
With the x-ray diffraction technique used 
in this investigation, no retained austenite 
was detected in the material thermally 
cycled to a peak temperature of 1000°C. 
The lower limit of detection for this 
technique was estimated to be approxi
mately 1 v-%. Therefore, the material 
thermally cycled to a peak temperature 
of 1000°C probably contains some finite 
amount of retained austenite less than 1 
v-%. 

Results of the Magne-Gage measure
ments for estimating retained austenite 
content are listed in Table 7. These results 
are in good agreement with the results 
from x-ray diffraction measurements. The 
correlation between the Magne-Gage 
and x-ray diffraction measurements was 
evaluated using the Pearson correlation 
coefficient (Ref. 24). This coefficient, 
which is used to measure the strength of 
the linear relationship between two vari
ables, was found to be 0.9. Although 

further research is needed in this area, 
these results indicate that the Magne-
Gage has potential as an inexpensive and 
qualitative method for estimating the 
retained austenite content of this materi
al. 

Autogenous welds were made on 9% 
nickel steel plate using the GTAW pro
cess and an energy input of 45 kj/ in. The 
microstructure of the weld in the coarse
grained region of the HAZ is shown in Fig. 
19. The microstructure compares favor
ably with the synthetically produced 
coarse-grained HAZ, shown in Fig. 7. The 
results of a microhardness traverse across 
the true weld HAZ are shown in Fig. 
20. 

Microhardness data measured in the 
true weld heat-affected zone were cor
related with similar data from synthetic 
weld heat-affected zones. Using the 
F(s,d) calculations discussed previously, it 
was found that synthetic thermal cycles 
to peak temperatures of 1300° and 
1000°C correspond to distances of 0.25 
mm (0.01 in.) and 0.75 mm (0.03 in), 
respectively, from the fusion line in the 
actual weld. The microhardness of the 
true weld HAZ, at a distance of 0.20 mm 
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Fig. 17—Fractograph of material thermally 
cycled to a peak temperature of 1000°C and 
impact tested at 0"C (500X) 
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Fig. 18 — Fractograph of material thermally 
cycled to a peak temperature of 1300°C and 
impact tested at 0°C (500XJ 
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Fig. 19 — Microstructure of the coarse-grained 
region of the true HAZ in a 9% nickel steel 
weld. Etch A (500X) 
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Fig. 20—Microhardness traverse of the true 
weld HAZ in an autogenous, GTA weldon 9% 
nickel steel 

(0.008 in.) f r o m the fusion line, was HV 
347. This correlates wel l w i t h the value o f 
HV 353 obta ined fo r material synthetical
ly thermal cyc led t o 1300°C. The micro
hardness o f the t rue w e l d HAZ, at a 
distance o f 0.70 m m (0.028 in.) f r o m the 
fusion line, was HV 367. This is identical 
t o the value obta ined fo r material ther
mally cycled to a peak tempera ture o f 
1000°C. The max imum microhardness 
measured in the t rue w e l d HAZ, HV 3 8 1 , 
occur red at a distance o f 1.3 m m (0.05 
in.) f r o m the fusion line. 

Conclusions 

The effect o f w e l d thermal cycles o n 
the impact absorpt ion energy of the w e l d 
HAZ of 9% nickel steel at c ryogen
ic temperatures was evaluated. The 
pr imary f indings o f this investigation 
w e r e : 

1. The impact absorpt ion energy of 
the we ld HAZ of 9% nickel steel does not 
decrease b e l o w the limit of 34 J at 
- 1 9 6 ° C (25 ft- lb at - 3 2 0 ° F ) as specif ied 
in ASTM 553-I. 

2. The upper shelf o f the impact 
energy curve was lowest f o r the material 
thermally cyc led to a peak tempera ture 
o f 1000°C (1832°F). 

3. The impact absorpt ion energy, 
measured at — 196°C, was lowest for the 
material thermal ly cyc led to a peak t e m 
perature o f 1300°C (2372°F). This reduc
t ion in impact absorpt ion energy was 
p robab ly the result o f the grain coarsen
ing wh i ch normal ly occurs in this region 
o f the we ld HAZ. 

4. Material thermally cyc led t o peak 
temperatures o f 500° and 1000°C (932° 
and 1832°F) and impact tested at 
—196°C failed by a mixed m o d e of 
m ic rovo id coalescence and ducti le tear

ing. Mater ial thermal ly cyc led to a peak 
tempera tu re o f 1300°C and impact test
ed at — 196°C failed by a mixed m o d e of 
transgranular quasi-cleavage and micro-
vo id coalescence. 

5. The retained austenite con ten t o f 
this steel, as measured by x-ray diffrac
t i on , is approx imate ly 9 v-% in the as-
received condi t ion. 

6. Synthetic thermal cycl ing of this 
material t o peak temperatures of 500° 
and 1300°C significantly decreases the 
retained austenite content . Synthetic 
thermal cycl ing to a peak tempera ture of 
1000°C reduces the retained austenite 
content t o an undetect ib le level. 

7. The decreased impact toughness o f 
this material , after synthetic thermal 
cycl ing, is apparent ly part ly caused by 
local reduct ions in the retained austenite 
content . The reduct ion in retained aus
teni te content results in a decrease in the 
upper shelf o f the impact energy vs. 
temperature curve for all three thermal 
cycles. 

8. The Magne-Gage, a l though normal 
ly used to measure small amounts of 
ferr i te in a non-magnet ic matr ix, can be 
used to measure, quali tat ively, small 
amounts o f austenite in a ferrit ic matrix. 
The Magne-Gage measurements of 
retained austenite content w e r e in g o o d 
agreement w i t h x-ray di f f ract ion mea
surements for the material and heat treat
ments used in this invest igat ion. 

9. Procedures uti l ized previously fo r 
construct ing and produc ing w e l d thermal 
cycles in low-al loy steels can be ef fect ive
ly used fo r 9% nickel steel. The synthetic 
w e l d heat-af fected zones p roduced in 
this investigation correlate wel l w i th actu
al we ld heat-af fected zones in this mate
rial. 
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