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ABSTRACT

G. M. Goodwin** ' ('()/ )f'-'/( ' 6-, </9---

The phenomenon of hot cracking is described and discussed, and criteria for

tests to assess hoc cracking are elucidated. The historical development of hot

cracking tests is traced from the 1930s to present, with categorization of tests

into several types. It is noted that the number of tests developed continues to

increase dramatically. The number of literature citations also increases with time,

with a few popular tests receiving a major share of interest. Predominant countries

of origin of both tests and citations shift with time, and a few journals account

for most of the published information. Reviews of hot cracking are reviewed, and

it is predicted that modeling and other developing analytical techniques will

contribute greatly to an increase in our understanding of hot cracking.

INTRODUCTION

Hot cracking is an often-studied yet poorly understood phenomenon which occurs

during the welding of a wide variety of metals and alloys. It is sometimes referred

to as fissuring, microfissuring, or solidification cracking and also manifests

itself in castings, in which case it is called hot shortness.

Hot cracking results when a susceptible microstructure is subjected to a

tensile stress. It is differentiated fron other types of cracking, such as hydrogen

cracking, stress-relief cracking, stress-corrosion cracking, etc., in that hot

cracking occurs during the solidification process, at a point in time when liquid
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and solid phases coexist. Upon subsequent examination, the surfaces of a hot crack

often show visual evidence of the presence of a liquid film during the formation

of the crack, as typified in Fig. 1.

Essentially all commercial alloys pass through a significant liquid plus solid

temperature range during solidification, and high stresses, both tensile and

compressive, are invariably present in a solidifying weldment due to the steep

thermal gradients and fast cooling rates involved. Thus, the observation that not

all welds hot crack suggests that some minimum stress level is required, and

further, that some liquid plus solid microstructures are more susceptible to hot

cracking than others. A successful hot cracking test must therefore in some way

reproduce combinations of restraint (stress) and microstructure which are capable

of differentiating the sensitivity to cracking of one material vs. another.

There are other criteria by which a hot cracking test can be assessed; Borland

(Ref. 1) listed essential features of an ideal cracking test as the following:

a) Cheap and simple to make

b) Economical in material, labor, and time to conduct the test

c) Able to show a direct correlation with fabrication requirements and service

behavior

d) Simple to conduct

e) Free from variations due to the human element

f) Capable of giving reproducible results

g) Able to show a high sensitivity to small changes in a test variable

h) Able to show the effects of all welding variables

i) Applicable to all welding processes

He added that, "Such a test has never been devised, of course, and is not likely

to be because of the many different conditions found in practice."

At the time Borland wrote his classic review in 1960, about 40 different hot
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cracking tests had been documented in the literature. Since I960, 100 or so

additional tests have been developed, giving the potential user a wide selection

of techniques to use in evaluating hot cracking.

HISTORICAL DEVELOPMENT

Significant use of welding in comnercial fabrication essentially began in the

time period between the World Wars. Stainless steels were developed shortly before

the beginning of World War I, and bare-wire welding, both gas and electric,

gradually gave way to covered electrodes and other modern processes during the 1920s

and 1930s. Although hot cracking almost certainly was experienced earlier, studies

attempting to evaluate the problem do not appear in the literature until the late

1930s.

In 1938, Reeve (Ref. 2) published results obtained with both his fillet weld

and butt weld tests, aimed, as were many early tests, at evaluating cracking in

carbon steels using the shielded metal arc process. Both tests used large, heavily

restrained specimens, and numerous modifications were made to the basic specimen

designs by both Reeve and others.

The Hurex machine was developed in 1940 (Ref. 3). It is a severe test,

applying increasing amounts of lateral rotational strain to an SMA fillet weld

during deposition. It represents the first use of augmented strain in a cracking

test.

After 1940, as shown in Fig. 2, tests were introduced in ever-increasing

numbers, with the cumulative total number of tests growing at an exponential rate.

Many were short-lived, but others were to see substantial use in subsequent years,

including the circular patch test (1944) (Ref. 4), Lehigh restraint test (1946)

(Ref. 5), Finger test (1954) (Ref. 6), Houldcroft test (1955) (Ref. 7), Fisco test

(1957) (Ref. 8), and Varestraint test (1965) (Ref. 9). The Gleeble thermomechanical
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simulator, (Ref. 10) developed in 1949, is not typically used to evaluate hot

cracking per se, but often appears in hot cracking-related studies. By 1989,

approximately 140 individual tests had been documented.

TYPES OF TESTS

There are several ways to categorize hot cracking tests. Borland (Ref. 1)

separated then as class A - crack/no crack type, or class B - cracking tendency is

assessed by measurement of crack length, with several sub-categories of each class.

It is also perhaps informative to divide them as self-restraint vs. augmented

restraint. The primary advantage of a self-restraint type test is that it requires

no additional equipment or apparatus to perform the test. Disadvantages include

the point that self-restraint specimens are likely to be more complicated and

expensive, and that since the restraint is essentially invariant, it is unlikely

that a single specimen design will accommodate a wide range of materials and welding

conditions, permitting cross-comparisons. Of the 140 tests noted above, 95 are of

the self-restraint type and 45 of the augmented-restraint type. Of the nine most

popular tests mentioned, 5 are self-restraint and 4 are augmented-restraint.

The choice of which test, or tests, to use is of course governed by the

specific needs and resources of the user; few facilities have more than a few test

techniques available, and in many instances, a simple go-no go answer is all that

is needed.

GEOGRAPHIC SOURCES OF TESTS

As shown in Fig. 3, the majority of the tests developed overall have come from

the United States and Japan. Great Britain, the Soviet Union, and West Germany have

also contributed a significant number. The chronology of these developments is

shown in Fig. 4. Until 1960, the United States and Great Britain were the major
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sources of new tests, whereas the West Germans and especially the Japanese have been

the predominant contributors since 1960.

CITATIONS

Approximately 300 references in the available literature deal specifically

with the application of one or more hoc cracking tests. Figure 5 shows the nine

most often used tests, based on number of literature citations. The Varestraint

and its modifications account for nearly half of the total. Figure 6 further

subdivides the Varestraint-type tests. The Transvarestraint, developed in 1971

(Ref. 11), has nearly overtaken the original Varestraint test in popularity.

The total number of papers reporting hot cracking studies by year is shown

in Fig. 7. The plot shows a strong correlation, as might be expected, with the

chronology of test development (Fig. 2), and as with the number of tests, the number

of citations is growing exponentially. As confirmed in Fig. 8, the countries which

develop the most tests also write about them most often. Worldwide interest in

hot cracking is evident from the large number of countries (17) producing

publications.

Figure 9 shows the source of published papers by publication. The American

Welding Society's Welding Journal is the largest single publisher of hot cracking

information, with •.he combined total of three Japanese journals a close second.

It is important for researchers in the field to note, however, that a large fraction

of the total volume of information available appears in conference proceedings and

other sources separate from the monthly journals.

The types of materials studied are summarized in Fig. 10. As one might

anticipate, stainless steels top the list, but surprisingly, carbon and low alloy

steels are a close second. Aluminum alloys and superalloys make up most of the

remainder, with a few papers each on a wide variety of other materials.
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The first taajor review of tests for assessing hot cracking was that of Borland

(Ref. 1) in 1960. He addressed 22 then-current tests in detail, and his work

represents the starting point for most current literature searches.

In 1961 (Ref. 12), 1964 (Ref. 13), and 1968 (Ref. 14), Battelle Memorial

Institute's Defense Metals Information Center issued reports reviewing cracking

tests in general, including many hot cracking tests. These reports contain

extensive bibliographies.

The 1971 Welding Research Council publication, "Weldability of Steels" (Ref.

15) contains a chapter on direct weldability tests for fabrication by Stout and

Doty, which discusses 10 individual tests.

Reference 11 (1971) contains a paper by Prokhorov et al. comparing several

tests from within the Soviet Union with others from outside. Additional discussion

and analysis is contained in two articles (Refs. 16, 17) in Welding Production in

1973.

The results of a collaborative program to evaluate 6 hot crack tests are

reported in an IIW document in 1975 (Ref, 18).

Also in 1975, Wilken and Schonherr (Ref. 19) described five tests, all

involving augmented restraint.

In 1978, Schweissen and Schneiden published a review of 6 test techniques by

Duchting (Ref. 20).

Matsuda et al. wrote two articles for the JWRI in 1982 (Refs. 21, 22)

discussing a total of nine different tests as applied to fully austenitic stainless

steels.

In 1984 and 1985, Schweissen and Schneiden carried comparisons of numerous

tests by Ohrt (Ref. 23) and Wilken (Ref. 24) respectively.

Six tests are compared by a technical committee of the Japan Engineering

Society in an IIW document in 1986 (Ref. 25).



PERSPECTIVE

As noted earlier, it is difficult to rate the usefulness or success of one

hot cracking test vs. another since no universal standard test exists and often

prospective users have diff eritig needs and expectations. The frequency with which

users have chosen a given test (as detailed in Fig. 5) is a measure of that test's

popularity, at least, and presumably says something about its perceived usefulness.

Several of the most popular tests are old and established, while others are relative

newcomers. Overall usage, as noted from Fig. 7, continues to increase, without

regard to the age of a specific test.

Table 1 represents an attempt by this author to assess eleven individual tests

by a number of criteria. It is of course a subjective rating, and a number of

additional criteria could have been imposed, any of which could render this

assessment invalid. It remains an individual decision as to which test or tests

to select for a given problem or research interest.

The first nine criteria are those which Borland listed in 1960 (Ref. 1). The

other five are arbitrarily added to supplement those and add criteria, such as

modeling, which are essentially new.

The tests rated are the ten most commonly used, based on citations, and one

additional new test, the Sigmajig (Ref. 26), included with the understanding that

the author, as developer of the test, has an obvious bias which must be taken into

account. It should also be pointed out that newer tests have the advantage of being

developed based upon knowledge gained from earlier efforts.

The degree to which the individual tests meet the specific criteria is rated

on an arbitrary scale of one to five, with five being an excellent rating and one

being a poor rating. Again, there is considerable room for discussion concerning

the assignment of these numbers. Recalling all the above limitations on this (or

any other) rating concept, the following comments are made.
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BORLAND'S CRITERIA

Cheap and Simple to Hake

(Referring to the Test Device) Those tests which do not use a fixture or

device are clearly best in this category; this includes the Houldcroft, circular

patch, inverted tee, and Lahigh Restraint tests. The finger test is very goo<i in

that it only requires a clamping fixture. The others involve test devices of more

complexity and/or size, and thus a greater commitment of capital.

Economical in Material, Labor, and Time

(Referring to Specimens and Their Preparation) Small (50 x 50 mm) specimens

of thin sheet material give the Sigmajig an advantage in this area, particularly

for research applications where material is often available in limited quantity.

Large specimens, as are required for the Murex, Fisco, Lehigh Restraint, and

Varestraint tests, consume both material and specimen preparation time and labor.

Complicated geometries, such as the Houldcroft and Lehigh Restraint specimens

further add to machining costs.

Direct Correlation With Fabrication Requirements and Service Behavior

Unfortunately, no existing test can provide direct correlation with fabrication

experience. Any valid test should be able to rate materials in order of their

response to consistent fabrication conditions, but one-to-one correlation will have

to await development of more sophisticated analytical and computational techniques,

to characterize both the test and the conditions it is attempting to reproduce.

Simple to Conduct

The tests involving manual welding, especially the circular patch, Houldcroft,



inverted tee, Fisco, Lehigh Restraint and finger tests, are easy to conduct, given

a skilled manual welder. The others require a more involved test procedure, but

minimize the need for welding skills.

Free From Variations Due to the Human Element

Humans being involved in all current laboratory work, this freedom is

unobtainable to date. The manual welding tests noted immediately above are more

susceptible to operator variations than those using mechanized welding, but operator

attention to detail is clearly important to the successful application of any test.

Capable of Giving Reproducible Results

The tests using varying stress and/or strain, including all three Varestraints,

Murex, and Sigma jig, have an advantage in that they are not "go-no-go" type tests.

The Varestraints, however, are somewhat hindered by their very complex stress-strain

distributions and the multiplicity of cracking responses.

Able to Show a High Sensitivity to Small Changes in a Test Variable

The variable restraint tests, noted immediately above, are inherently able to

respond to changes in test variables, whereas the fixed restraint tests cannot.

The Sigmajlg shows high sensitivity to varying stress, and the Varestraint specimen

geometries require high levels of strain to produce significant total crack lengths.

Able to Show the Effects of All Welding Variables

Welding variables are particularly difficult to maintain constant or vary

intentionally over a significant range with the manual welding tests. The

Varestraint tests, although they use mechanized welding, are not highly sensitive

to welding variables. The Sigmajig test is very sensitive to welding parameters,

which means that they must be carefully controlled to maintain reproducibility.



Applicable to all Welding Processes

As with the comments on direct correlation with fabrication experience, this

criterion is unlikely to be met until analytical capabilities have expanded

dramatically. Host of the early manual tests were developed for shielded metal

arc welding and some have been used with gas metal arc and gas tungsten arc. The

newer tests usually use the gas tungsten arc process, although some have been used

with laser beam and electron beam processes. Evaluation of filler metals is easier

with the shielded metal arc and gas metal arc processes.

Easy to Interpret Results - The manual welding tests are usually easily

interpreted in that they are essentially go-no-go type, or at most a single measure

of crack length (as with the Houldcroft test). The Varestraint tests are often

difficult to interpret due to the complexity of the cracking patterns. Total crack

length, maximum crack length, and average crack length are all used as indices.

Some investigators have counted and measured cracks on metallographically polished

surfaces, while most take the data from low magnification views of the as-welded

surfaces. It is perhaps fair to comment that the Varestraint tests have more to

offer for fundamental studies, while the manual type tests are more useful for

applied work. The Sigmajig test gives a centerline crack visible to the naked eye.

Amenable to Modeling

In this category, simplicity of the specimen and test technique are important,

as is consistency of the welding process. The thin sheet tests, Houldcroft,

circular patch (modified), and Sigmajig should be easier to analyze than plate tests

where triaxial stress states predominate.



Quantitative

As with the criterion for ease of interpreting results, the go-no-go tests are

at a disadvantage. Those tests which yield a quantitative measure of cracking

sensitivity, be it crack length, critical strain (as with Varestraint tests) or

threshold stress, make it easier to make material-to-material and laboratory-to-

laboratory comparisons.

Accepted

As noted earlier, acceptance comes with time, and is likely based on many

considerations. The older tests with few recent citations (Murex, Fisco, Finger)

may decline further, and undoubtedly new and better tests will continue to be

developed. From principles of inertia, many of the popular tests of today will

continue to be used for a significant time into the future.

The overall ranking of tests, based purely on the author's perceived

differences and highly subjective choice of criteria, should in no way influence

the selection of a hot cracking test for a particular application or reflect on the

usefulness of each individual test.

DISCUSSION AND PROGNOSTICATION

As can be seen from the preceding, it is not surprising that much remains to

be learned about the mechanisms of hot cracking. The story of the independent

observations of blind men describing an elephant pales by comparison to the reality

of thousands of researchers, worldwide, however competent, using over one hundred

tools to observe a single phenomenon in countless alloys and compositions. Bits

and pieces of useful information are often obtained, but it remains to fit these

pieces into a coherent picture. As noted elsewhere (Ref. 27), the application of

modern techniques, both analytical and computational, will greatly assist in this



in this area, and other areas, permitting us, Ideally, to recreate the metallurgical

situation electronically, and to use weldability testing as confirmation, rather

than as the primary data gathering function. Newly emerging analytical tools, such

as the atom probe, will also contribute, providing the necessary detailed

information concerning the microstructure to be modeled. It is anticipated then

that our understanding of hot cracking will increase exponentially with time, as

did the development of testing techniques which preceded.
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Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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