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ABSTRACT

The ratio analysis diagram (RAD), which is a graphical method by which
the fracture toughness of a material may be commonly indexed by various
energy scales, was used to characterize the fracture behavior of maraging
steel weld metals in the yield strength range from 150 to 200 ksi. Dynamic
tear (DT) tests for indexing to the RAD were conducted for four wire compo-
sitions of the following nominal analyses: 12%Ni-39'cCr-3%Mo, 17%Ni-2%Co-
3Mo, 12%Ni-5°i'&r-3%Mo, and 18%Ni-8%Co-4%Mo. RAD positions for the four
weld metals indicated that the fracture to ughnes s of these materials was
dominated by yield strength. The predicted structural performance ranged
from fracture initiation requiring large flaws and plastic instability for 160-
ksi yield strength material, to fracture initiation requiring only flaws in the
range of tenths of an inch and elastic s t r e s s e s for 190-ksi yield strength
material. DT tests conducted in the range from 300 to 80'F indicated a signif-
icant but small (with respect to flaw size vs stress resistance) temperature
transition effect. Shelf properties are attained at 80'F, or possibly higher
temperatures, which approximately equal the fracture toughness of plate ma-
terial in the optimum material trend line (OMTL) corridor.
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RATIO ANALYSIS DIAGRAM INTERPRETATIONS OF THE FRACTURE
TOUGHNESS CHARACTERISTICS OF MARAGING STEEL WELDS IN THE

RANGE FROM 150- TO 200-KSI YIELD STRENGTH

INTRODUCTION

Exploratory studies for welds of yield strengths in the range from 150 to 200 ksi
have provided ample evidence that the best practices of gas-tungsten-arc (GTA) pro-
cesses are essential for maximizing the fracture toughness of welds in this range. This
range of yield strengths features a dramatic decrease in fracture toughness with increas-
ing yield strength for the best base metals developed to date. The same effects of
increasing strength also apply for weld metals. This relationship between yield strength
and fracture toughness has been defined as a "strength transition" because of the simi-
larity to the general shape of the temperature transition curves.

Figure 1, taken from a previous report (1), illustrates the general trends of shielded-
metal-arc (SMA), gas-metal-arc (GMA), and GTA weld deposit fracture toughness for
1-in.-thick welds. These trends are compared directly with the strength transition
"corridor" for 1-in.-thick plate materials of optimum fracture-toughness properties.
The indexing procedure shown on Fig. 1 is referred to as the ratio analysis diagram
(RAD). Details concerning its derivation are provided in a previous report (1). The
importance of the diagram lies in the common indexing of fracture toughness by various
scales such as the Charpy V (Cv ) shelf, the dynamic tear (DT) test shelf, and the Kic
value for plane strain fracture.
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Fig. 1 - Generalized ratio analysis diagram (RAD) for
steels and related weld metals (from Ref. 1)
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The K Ic YS ratio lines are interpretable in terms of flaw-size vs stress conditions
for fracture. For 1-in. thicknesses, ratio values in excess of 1.5 signify ductile slant
fracture, relatable to very large flaws and plastic loading. For ratio values below 0.5,
small flaws on the order of tenths of an inch may be expected to cause fracture initiation
at elastic stress levels. The range of ratios between 1.5 and 0.5 represents transition
from ductile to brittle behavior. Definition of critical flaw sizes are best obtained from
charts as presented in Ref. 1.

We should call attention to the fact that the ductile-to-brittle (temperature-independent)
strength transition is obtained generally in a yield strength range of approximately 40 ksi.
This is the "sharp" effect of yield strength that is defined as the fracture toughness
strength transition. The specific strength range of the transition depends on metallurgical
quality factors.

The purpose of this report is threefold: (a) to bring the analyses technique of the
RAD to the attention of the field of weld metal development; (b) to illustrate the applica-
tion of the DT test in the assessment of weld metal properties falling in the strength
transition range; and (c) to present data of interest for maraging welds of intermediate
strength levels.

The weld metals involved in this study provide major problems of fracture toughness
characterization, which are resolved by the DT test. The KIc test capability for charac-
terization of 1-in. plate (or weld) is limited to KIC /a y ratios of approximately 0.7. In
effect, weld metals of higher fracture toughness cannot be characterized by valid KI,
values. Charpy (Cv) test interpretations are complicatedby the problem of defining the
temperature range for which the shelf correlation to the DT test applies. This question
is discussed and illustrated with full-scale flawed pressure vessel tests, simulating
service failures, in Ref. 1. The authors are of the opinion, based on extensive correlations
of the various fracture toughness tests, that Cv test data comparisons based on a fixed
temperature (say ambient) can be highly misleading. In fact, such data cannot be used
with confidence, particularly for base steels or welds of high strength levels. Unfortu-
nately, this practice is frequently followed in weld property comparisons.

The DT test provides a practical method for obtaining reliable fracture toughness
characterizations covering the range from the relatively brittle to high levels of fracture
toughness. In addition to providing an energy value which is indexable to the RAD, the
DT test develops the characteristic fracture propagation mode for the metal. For exam-
ple, Fig. 2 illustrates 1-in.-thick weld metal DT tests of ratios 1.5 and 0.5 characteristics.
The difference in fracture toughness is clearly indicated by the slant and flat fractures
which relate to these two respective ratios.

The effects of temperature result in changing the characteristic fracture mode until
the shelf region is reached. It is important to note that the shelf region for the strength
transition may represent a mixed-mode fracture (combined flat and slant), at least for
intermediate levels of fracture toughness. The fracture mode definition of the DT test,
as well as the energy indication of the shelf, provides clear evidence of the temperatures
above which conditions of maximum attainable fracture toughness are reached. The Cv
test cannot provide this information directly. The use of KIC tests for shelf definition is
prohibitively expensive and, moreover, is possible only for shelf conditions of plane
strain (low) fracture toughness.

MATERIALS AND WELD PROCEDURES

Three weld compositions developed for matching the properties of 12%Ni (180)
maraging plate metal, and one composition for matching the properties of 18%Ni (200)
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Fig. 2 - Illustrating f r act u r e appear-
ancesof (a) 1.5 and (b) 0.5 K 1e/ays weld
metals

plate metal were included in this investigation. Except for one sample of 12%Ni-5%Cr-
39%Mo (12-5-3) material, all filler wires were the product of pilot production 1000-1b
vacuum-induction-melted (VIM) heats. The nominal range for-primary alloy elements
(Ni, Cr, Co, Mo, Ti, Al) is based upon specification standards; however, the residual
(impurity) elements (C, S, P, Mn, Si, H2 , 02, and N2 ) were minimized to obtain the best
weld wire product possible. Relatively low levels of impurity elements in these weld
wires are apparent from the analyses presented in Table 1. All of the wires were vacuum-
anneal processed. In effect, these represent the best material that can be produced by
practices translatable to commercial production.

Special weld joints were used to provide specimens which would fracture completely
within the material under study. Narrow weld joints may result in partial fracture of
plate material and thus complicate interpretations. The joint designs are shown in Fig. 3.
The automatic GTA cold wire feed welding process was used for all welds. The welds
were tested in accordance with the standard procedure for the conduct of the 1-in. DT
test, described in Ref. 2.

Prior to welding the bottom side of the weld joints illustrated in Fig. 3, the backup
bar was removed, plus approximately 1/8 in. of weld metal, using arc-air gouging, chip-
ping, or grinding to expose sound and clean weld metal. The specific welding parameters
that were used to provide a series of 3.5-ft-long GTA weldments are given in Table 2.
Commercial argon at flow rates of 30 to 40 cfh was used as shielding gas, with no aux-
iliary shielding, and all welding was started without preheat and finished with 225-250'F
maximum interpass temperature control. Heat treatment after welding consisted of aging
at 850 or 900'F for a period ranging from 3 to 24 hr. Specific heat treatment conditions
for various samples are given in Table 3.
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Fig 3 - Three joint designs for weld metal DT tests

Table 2
Welding Parameters for GTA Maraging Steel Welds

Max.
Wire Heat Nominal Current Voltage Travel Wire Feed Argn Inter-Numer No ~ a* ~Speed (in./min) Shielding Gas

r No. Anaysis (Amps) (Volts) in./min) (Cu ft/hr pass Temp.
(OF)

MIl 6-4072 12-3-3* 280 11 4 22 40 225
M41 6-4072 12-3-3 290 11 5 22 30 225
M46 6-4072 12-3-3 320 12 4.5 22 40 225

M5 V-363 12-5-3* 280 11.2 4.1 22 40 225
M7 V-363 12-5-3 280 11 4 22 40 225
M43 03028 12-5-3 290 11 5 22 30 225
M44 03028 12-5-3 290 11 5 22 30 225
M45 03028 12-5-3 320 12 4.5 22 40 225

M12 01545 17-2-3t 280 11 4 22 40 225
M13 01545 17-2-3 280 11 4 22 40 225
M19 01545 17-2-3 300 it 4.5 22 30 200
M20 01545 17-2-3 300 11 4.5 22 30 200

M26 01545 17-2-3 280 10 5 22 30 225
M27 01545 17-2-3 280 10 5 22 30 225
M42 01545 17-2-3 290 11 5 22 30 225

M28 03030 18-8-4t 280 10 5 20 40 225
M28A 03030 18-8-4 280 10 5 20 40 225
M29 03030 18-8-4 280 10 5 20 40 225

M30 03024 18-8-4 280 12 5 20 30 225
M30A 03024 18-8-4 280 12 5 20 30 225
M31 03024 18-8-4 280 12 5 20 30 225

,."12-3-3 and 1Z-5-3 refer to Ni-Cr-Mo contents. t7-Z-3 and 18-8-4 refer to Ni-Go-Mo contents.

DISCUSSION OF RESULTS

Weld Metal for 12%Ni (180) Maraging Steel Plates

The compositions aimed at developing 180-ksi yield strength were of nominal 12%Ni-
3%Cr-3%Mo (12-3-3), 17%Ni-20%Co-3%Mo (17-2-3) and 12%Ni-5GCr-3%Mo (12-5-3)
analyses. Variations in aging treatments influenced yield strength to a minor extent. The
fracture toughness performance was dominated by the specific yield strength level attained
by each base composition. The RAD positions of all the weld metal data points were con-
fined to a distinct "band," as shown in Fig. 4. The influence of weld metal yield strength
can be compared directly with the slope and position of the base metal optimum materials
trend line (OMTL). It appears that the decrease in fracture toughness with increasing

3 'T
L__. 4 .
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Table 3
Test Data for One-In.-Thick GTA Welds for Maraging Steel Weld Metals.

Tensile Properties Were Obtained with 0.505-In.-Diam Weld Metal Specimens.

NRL Nominal Aging YS UTS El. RA CV DT
No. Analysis (0F/hr) (ksi) (ksi) (%) (%) at 30 0 F at 80°F at 30°F tat 80 0 F

M11* 12-3-3t" 850/24 163.7 170.9 15.0 61.8 72 82 3228* 3585*
M41 12-3-3 900/3 153.2 160.1 16.5 62.0 71 77 4846 <5000
M46 12-3-3 900/8 155.3 160.7 17.0 64.8 78 88 4288 --

MS 12-5-3 t 850/12 179.0 188.0 16.0 62.4 48 48
M7* 12-5-3 850/24 181.1 188.5 13.0 58.2 50 56 1356* --

M43 12-5-3 900/3 178.6 191.5 14.0 57.7 39 45 1170 2145
M44 12-5-3 900/24 187.0 195.7 14.0 56.1 33 39 1133 1784
M45 12-5-3 900/3 186.9 195.8 13.5 57.9 38 39 1173 1296

M12* 17-2-3 * 850/24 168.1 180.5 15.0 60.0 48 52 2560* --

M13 17-2-3 850/12 164.8 175.6 14.5 59.9 47 57 2560 3585
M19 17-2-3 900/3 174.0 183.4 15.0 59.0 47 50 2733 --

M20 17-2-3 900/3 179.3 187.0 14.0 55.8 45 47 2501 --

M27 17-2-3 900/7 176.5 186.4 13.5 54.8 47 52 1996 2413
M42 17-2-3 900/24 172.0 182.5 13.5 49.2 47 50 1996 3040

M28 18-8-4* 900/8 191.3 198.5 12.5 56.2 28 28 930 --

M28A 18-8-4 900/24 190.9 198.4 13.5 55.4 26 27 810 --

M29 18-8-4 900/3 189.3 195.8 12.5 53.8 29 29 931 1228
M30 18-8-4 900/8 193.5 199.8 12.0 54.0 31 32 1251 --

M30A 18-8-4 900/24 189.7 199.2 13.5 57.4 31 32 1448 --

M31 18-8-4 900/3 192.4 199.2 12.5 56.1 32 32 1246

Two-in.-thick weldments evaluated in DT with 1-in. DT specimens.
weldments were 1-in. thick.

T12-3-3 and 12-5-3 refer to Ni-Cr-Mo contents.

$17-2-3 and 18-8-4 refer to Ni-Co-Mo contents.

All other

yield strength is slightly sharper than that of the base metal. A more detailed comparison
may be made by consideration of the "corridor" for the base metal, which defines the
band of expected values. Additionally, exact comparisons with the base metal would be
justified only if the weld metals were of shelf level properties at the 30'F test temper-
ature. This was not the case, and additional studies of the effects of increasing temper-
ature disclose attainment of properties nearly equivalent to the plate material corridor.
The base metal corridor relates to full attainment of shelf properties at the 30°F refer-
ence temperature.

The influence of temperature in the range of 30 to 80'F in the performance of spe-
cific weld metals can be assessed approximately by comparison of the low (30 OF) and high
(80OF) end of the weld metal data band, as shown in Fig. 4. Both the 17-2-3 and the
12-5-3 welds displayed increases of 50% or more in DT energy between 30'F and 80'F.
In general, the effect of increased temperature on the KI,/a Y, ratio increased is on the
order of 0.2 to 0.3 -which, while small, is significant. These data also indicate that the
transition to full shelf fracture toughness occurs at higher temperatures for the weld
metals as compared to the plate materials. These deductions provide examples of the
significant interpretations that can be made using the DT test.
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Fig. 4 - Ratio analysis diagram (RAD) trend band for maraging
welds compared to plate material limit properties as defined
by optimum material trend line (OMTL)

Weld Metals for the 18%Ni (200) Maraging Steel Plates

Two heats of matching composition for the 18%Ni (200) maraging grade were included
in this investigation. The chemical compositions and heat numbers for the nominally
18%Ni-8%/cCo-4%/cMo (18-8-4) weld metals are given in Table 1, and the welding parameters
are listed in Table 2. Mechanical property data are summarized in Table 3 and plotted
in the RAD of Fig. 4.

The location of the DT data points for these higher strength weld metals appears to
be an extension of the previously described trend band. The DT properties indicate that
valid Kic values on the order of 100-140 ksi iAn. (ratios on the order of 0.5 to 0.7) would
be measurable by fracture mechanics tests based on 1-in.-thick specimens.

Essentially equivalent yield strength values of approximately 190 ksi were developed
by both the base composition and the titanium-modified 18-8-4 weld metals. The increase
in titanium content from 0.24 to 0.30% was either ineffectual or it was masked by other
compositional variations. On the basis of 210-ksi yield strength expectancy for 18%Ni
(200) grade plate, the matching weld metals develop a weld joint yield strength efficiency
of approximately 90%. Limited DT tests were conducted at 80'F; although significant
increases in fracture toughness were noted, the increase was not sufficient to indicate
exceeding the plane strain (brittle) conditions for 1-in. thicknesses.

SUMMARY AND CONCLUSIONS

Fracture toughness data obtained from DT tests of weld metal coupled with the direct
structural interpretations of the ratio analysis diagram (RAD) permit the following
summary conclusions to be made for maraging steel welds in the range from 150- to
200-ksi yield strength.
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1. The fracture toughness characteristics of high metallurgical quality maraging
steel weld metals are dominated by the yield strength level. The usual effects of the
"strength transition" are demonstrated.

2. The fracture resistance of maraging weld metals decreases sharply in the range
from 160- to 190-ksi yield strength. The decrease is caused by conditions that range
from requiring large flaws and plastic instability for fracture at the 160-ksi yield strength
level, to that relating to small flaws (in the range of tenths of an inch) and elastic stresses
for fracture at the 190-ksi yield strength level.

3. The yield strength level is essentially fixed by the nominal composition and can
only be varied in a limited range with modifications of recommended aging heat treatments.

4. The subject weld metals are in the transition temperature region at 30'F. Attain-
ment of maximum fracture toughness apparently requires temperatures of 80'F or
possibly higher. However, the evidence indicates that the shelf fracture toughness
approaches, but does not exceed, that of the plate material optimum material trend line
(OMTL) corridor. In effect, this signifies that essentially equivalent shelf fracture
toughness may be attained, but at higher temperatures than for the plate material.
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