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Abstract

This second edition of Recommended Practices for Heat Shaping and Straightening covers the shaping of metal products
by prudent use of heat to obtain a desired configuration. The text reviews the theory and analytical calculations that
explain how heat shaping and straightening occurs. Sample calculations and tables are presented for typical materials.
General heating patterns and heat shaping and straightening techniques are discussed. Specific heating applications are
illustrated for various sections.
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Statement on the Use of American Welding Society Standards

All standards (codes, specifications, recommended practices, methods, classifications, and guides) of the American
Welding Society (AWS) are voluntary consensus standards that have been developed in accordance with the rules of the
American National Standards Institute (ANSI). When AWS American National Standards are either incorporated in, or
made part of, documents that are included in federal or state laws and regulations, or the regulations of other govern-
mental bodies, their provisions carry the full legal authority of the statute. In such cases, any changes in those AWS
standards must be approved by the governmental body having statutory jurisdiction before they can become a part of
those laws and regulations. In all cases, these standards carry the full legal authority of the contract or other document
that invokes the AWS standards. Where this contractual relationship exists, changes in or deviations from requirements
of an AWS standard must be by agreement between the contracting parties.

AWS American National Standards are developed through a consensus standards development process that brings
together volunteers representing varied viewpoints and interests to achieve consensus. While the AWS administers the
process and establishes rules to promote fairness in the development of consensus, it does not independently test, evalu-
ate, or verify the accuracy of any information or the soundness of any judgments contained in its standards.

AWS disclaims liability for any injury to persons or to property, or other damages of any nature whatsoever, whether
special, indirect, consequential, or compensatory, directly or indirectly resulting from the publication, use of, or reliance
on this standard. AWS also makes no guarantee or warranty as to the accuracy or completeness of any information
published herein.

In issuing and making this standard available, AWS is neither undertaking to render professional or other services for or
on behalf of any person or entity, nor is AWS undertaking to perform any duty owed by any person or entity to someone
else. Anyone using these documents should rely on his or her own independent judgment or, as appropriate, seek the
advice of a competent professional in determining the exercise of reasonable care in any given circumstances. It is
assumed that the use of this standard and its provisions are entrusted to appropriately qualified and competent personnel.

This standard may be superseded by the issuance of new editions. Users should ensure that they have the latest edition.

Publication of this standard does not authorize infringement of any patent or trade name. Users of this standard accept
any and all liabilities for infringement of any patent or trade name items. AWS disclaims liability for the infringement of
any patent or product trade name resulting from the use of this standard.

Finally, the AWS does not monitor, police, or enforce compliance with this standard, nor does it have the power to do so.

On occasion, text, tables, or figures are printed incorrectly, constituting errata. Such errata, when discovered, are posted
on the AWS web page (Www.aws.org).

Official interpretations of any of the technical requirements of this standard may only be obtained by sending a request,
in writing, to the appropriate technical committee. Such requests should be addressed to the American Welding Society,
Attention: Managing Director, Technical Services Division, 550 N.W. LeJeune Road, Miami, FL 33126 (see Annex C).
With regard to technical inquiries made concerning AWS standards, oral opinions on AWS standards may be rendered.
These opinions are offered solely as a convenience to users of this standard, and they do not constitute professional
advice. Such opinions represent only the personal opinions of the particular individuals giving them. These individuals
do not speak on behalf of AWS, nor do these oral opinions constitute official or unofficial opinions or interpretations of
AWS. In addition, oral opinions are informal and should not be used as a substitute for an official interpretation.

This standard is subject to revision at any time by the AWS C4 Committee on Oxyfuel Gas Welding and Cutting. It must
be reviewed every five years, and if not revised, it must be either reaffirmed or withdrawn. Comments (recommendations,
additions, or deletions) and any pertinent data that may be of use in improving this standard are required and should be
addressed to AWS Headquarters. Such comments will receive careful consideration by the AWS C4 Committee on Oxyfuel
Gas Welding and Cutting and the author of the comments will be informed of the Committee’s response to the
comments. Guests are invited to attend all meetings of the AWS C4 Committee on Oxyfuel Gas Welding and Cutting to
express their comments verbally. Procedures for appeal of an adverse decision concerning all such comments are
provided in the Rules of Operation of the Technical Activities Committee. A copy of these Rules can be obtained from
the American Welding Society, 550 N.W. LeJeune Road, Miami, FL 33126.
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Foreword

This foreword is not part of AWS C4.4/C4.4M:2007, Recommended Practices for Heat Shaping and
Straightening with Oxyfuel Gas Heating Torches, but is included for informational purposes only.

The shaping of metals by the use of heat has a long history of successful applications. This shaping has been used to
curve, camber, or otherwise shape a product as well as to correct members that have become distorted or damaged by
accident or fire.

This second edition of Recommended Practices for Heat Shaping and Straightening with Oxyfuel Gas Heating Torches
presents methods and techniques used by engineers and technicians to shape and straighten metal parts by careful appli-
cation of heat.

All revisions to the 2004 edition are identified by a vertical line in the margin next to the text.

Comments and suggestions for the improvement of this standard are welcome. They should be sent to the Secretary,
AWS C4 Committee on Oxyfuel Gas Welding and Cutting, American Welding Society, 550 N.W. LeJeune Road,
Miami, FL 33126.
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Recommended Practices for Heat Shaping and
Straightening with Oxyfuel Gas Heating Torches

1. Scope

This publication describes some causes of distortion and
corrective actions through the use of heat. It also
describes some heat shaping techniques and the direction
of movement expected in the heated metal. Equations are
provided to aid in estimating the amount of movement
for a given heating technique. The methods discussed are
specifically applicable to ferrous metals, but many of the
methods can be applied to nonferrous metals as well. For
a more comprehensive description of specific applica-
tions, see Annex A, Informative References.

Heat has been used to shape and straighten structural ele-
ments in bridges, buildings, and marine constructions for
over a hundred years. Since the late 1930s, the use of
oxyfuel gas torches to do this work has become more
prevalent. This publication is a recommended practice
for using the torch process for work on bridges and
buildings, and to some extent, shipbuilding.

Mechanical forces in fabrication and erection, forces
occurring in service, accidental impacts from external
forces, fire, and explosion, all cause stress in a structural
member or a part of a member. If that stress exceeds the
elastic limit of the material, distortion will occur, and the
member will not conform to its desired shape. Heat shap-
ing and straightening is an economical method to pro-
duce the desired movement to bring the member into
conformance.

The shipbuilding industry throughout the world has
taken heat shaping to new heights in shaping technology.
Particularly, the use of line heating to shape complex
curves in hull structures has become an integral part of a
group technology in shipbuilding which also includes
product work packages and accuracy control.

Basically, straightening and shaping involves controlled
thermal expansion and contraction of a structural ele-
ment. The method, location, and shape of the heat appli-
cation are covered briefly in this publication. This

recommended practice is limited to fundamentals and sim-
ple applications (see Annex A for additional information).

This standard makes use of both U.S. Customary Units and
the International System of Units (SI). The latter are shown
within brackets [ ] or in appropriate columns in tables
and figures. The measurements may not be exact equiva-
lents; therefore, each system must be used independently.

Safety and health issues may not be fully addressed by
this standard. Users of this standard should consult ANSI
749.1, Safety in Welding, Cutting, and Allied Processes,
applicable federal, state, and local regulations and other
relevant documents concerning safety and health issues
not addressed herein.

2. Normative References

The following standard contains provisions, which,
through reference in this text, constitute mandatory pro-
visions of this AWS standard. For undated references,
the latest edition of the referenced standard shall apply.
For dated references, subsequent amendments to, or revi-
sions of, any of these publications do not apply.

AWS documents:!

AWS A3.0, Standard Welding Terms and Definitions,
Including Terms for Adhesive Bonding, Brazing, Solder-
ing, Thermal Cutting, and Thermal Spraying; and

AWS F4.1, Recommended Safe Practices for Prepara-
tion for Welding and Cutting of Containers and Piping.

Other documents:

ANSI Z49.1, Safety in Welding, Cutting, and Allied
Processes:;?

I AWS standards are published by the American Welding Society,
550 N.W. LeJeune Road, Miami, FL 33126.
2 ANSI Z49.1 is published by the American Welding Society,
550 N.W. LeJeune Road, Miami, FL 33126.
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CGA E-5, Torch standard for welding and cutting;® and

ISO 5175, Equipment used in gas welding, cutting
and allied processes — Safety devices for fuel gases and
oxygen or compressed air — General specifications,
requirements and tests.t

3. Terms and Definitions

All the terms in this section are used in various parts of
this document and require definition for correct interpre-
tation of the instructions. AWS A3.0, Standard Welding
Terms and Definitions, Including Terms for Adhesive
Bonding, Brazing, Soldering, Thermal Cutting, and
Thermal Spraying, provides the basis for terminology
used in this document. Some of the terms are listed in
AWS A3.0, but their definitions have been enhanced to
clarify their use in this document, as noted below.

For the purposes of this document, the following terms
and definitions apply:

apex. The narrow or pointed end of a V heat shape
pattern (see Clause 10).

backfire. The momentary return of the flame into the
torch that is usually signaled by a popping sound. The
flame may either extinguish or reignite at the end of
the tip.

block heat. A heating pattern that moves in a linear fash-
ion, weaving back and forth in a marked area main-
taining the same width.

coefficient of thermal expansion. An alloy-specific
numerical value (with units of in/in/°F [mm/mm/°C])
which can be used to calculate the change in unit
length or the change in volume of a solid when its
temperature is changed.

cold restraining material. The material, or portion
thereof, preventing movement (expansion) of the
heated area, thus causing the heated portion to upset.

flashback. The return of the flame through the torch and
into the hose and/or regulator. It may also reach the
cylinder. This event is caused by the oxygen and fuel
mixing in one side of the oxyfuel system and subse-
quently being ignited at the tip. This condition is gen-
erally caused by the reverse flow of one gas into the
other side of the system. Flashback can be hazardous,

3 CGA standards are published by the Compressed Gas Associ-
ation, 4221 Walney Road, 5th Floor, Chantilly, VA 20151.
41SO standards are published by the International Organization
for Standardization, 1, rue de Varembé, Case Postale 56, CH-
1211 Geneva 20, Switzerland.

whereby; it can potentially cause an explosion at any
point in the system.

line heat. Heat applied in a linear manner.

modulus of elasticity (or Young’s Modulus). A physi-
cal constant, usually represented by the letter E, that
expresses the ratio of stress and strain below the
proportional limit in pounds per square inch.

patterns. See V heat, line heat, spot heat, and block
heat.

plastic flow. Slip or atomic movement within a material
when stressed beyond its elastic limit into a plastic (or
permanent) deformation mode.

quenched and tempered. A heat treatment of steel per-
formed by heating steel to not less than 1650°F
[899°C], quenching in water or oil, then tempering at
not usually less than 1100°F [593°C].

shape. To camber, curve, straighten, or produce sweep in
a member.

spot heat. A flame bending pattern at a given point (see
Clause 10).

strain. Deformation in inches per inch [mm/mm)].

sustained backfire. The return of the flame into the
torch with continued burning inside the torch. This
event can be identified by an initial popping sound
followed by a squealing or hissing sound caused by
the continued burning inside the torch.

thermal stress. Stress in metal resulting from nonuni-
form temperature distributions.

upset. The localized material thickening resulting from
the application of heat.

V heat. Heat applied for flame bending in a V-shaped
pattern (see Clause 10).

yield strength. Stress level at which permanent dimen-
sional changes begin to take place in a material.

4. Theory of Heat Shaping

Much has been written about heat curving/straightening
(see Annex A), and most of the literature delves into
engineering theory. This document will do that to some
extent in the paragraphs below, but first there will be a
practical example of the phenomenon so that the user can
better understand what happens to the steel member that
needs to have a change in geometry.
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Take a steel bar of 1 in X 1 in X 6 in [25 mm X 25 mm X
150 mm] and heat it to 1100°F [593°C]. The bar will
attain a dull red color. The bar will expand three dimen-
sionally; length, width, and depth. When it cools it goes
back to its original shape.

If the bar is put in a vise (see Figure 1) and is similarly
heated, it will try to expand in all directions. It will not be
able to expand lengthwise; however, it will become
thicker (it expands in the width and depth directions).
When the heat source is removed, the material will cool
and contract in all three dimensions. What was the
thicker portion, width and depth, contracts and the bar
shortens.

In practice, the surrounding unheated steel will act like
the vise to restrain movement. In a beam, girder, or other
shape, the unheated portion of the flange or web restrains
the movement of the heated zone. The material gets
thicker in the heated zone and shortening follows during
cooling. This shortening causes movement of the mate-
rial. Thus by the application of heating patterns in proper
locations, the curvature wanted or unwanted is counter-
balanced by the movement (shortening) of the steel.

As a result, bent portions of beams and girders can be
straightened, dimples in webs can be removed, camber
can be added or removed, and all kinds of heat shaping
can be performed. The use of heat to straighten or curve
a steel member has been called “black magic”; however,

AWS C4.4/C4.4M:2007

if the logic described above is followed, the mystery
disappears.

The engineering theory follows.

Metal expands as it is heated. The restraint of this expan-
sion by adjacent cooler metal causes plastic strain, and
cooling causes deformation which can change the shape
of a member. If there is no restraint, or if the attempt to
expand does not cause stresses to exceed the yield
strength of the metal, there will be no permanent defor-
mation. However, restraint of the expansion of a metal,
as it is heated, can stress a portion of the member beyond
its yield point and cause permanent deformation (plastic
strain). The basic equations for expansion and contrac-
tion are as shown below.

At or below the elastic limit,
AL =L (0ot x At) (M

Beyond the elastic limit,

AL = L[(oc X At) —(%H 2)

At or below the elastic limit,

AL—L=Z=(X><At 3)

HEATED BAR, 1200°F [649°C]

ASTM A 36 STEEL BAR

From Equation (2): AL =L [(a x At) — (S/E)]

where:
At = Change in temperature, °F—Fahrenheit [°C—Celsius]
o = 6.5x107%in/in/°F [11.7 x 107 mm/mm/°C]
S = 7.5ksiat 1200°F [51.7 MPa at 649°C]
E = 20000 ksi at 1200°F [138 000 MPa at 649°C]

Amount of shortening = AL = 0.071 in [1.80 mm]

l«e— 10.000in [254 mm] ———— >

Figure 1—Shortening of Bar from Application of Heat
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Beyond the elastic limit,

NOTE: Both S and E change with changes in tempera-
ture (see Figure 2).

AL _ 7= (axAt)—(E) ) Structural steel has an average coefficient of thermal
L E expansion (o)) of 6.5 x 1076 in/in/°F [11.7 x 10°° mm/
where: mm/°C]. It has a Modulus of Elasticity (E) of 29 000 ksi—
' 30 000 ksi [200 000 MPa—-207 000 MPa]. Using Equation
L = initial length, in inches [millimeters] (1), if a bar of ASTM A 36 material is heated so that the
a = coefficient of thermal expansion, in inch ttimp erature 1ncr'easesl b}(,) 3510 ZOF [18(())03C J, the fbar will
change in length per inch length per °F—in/ ¢ ongate app rox1m?m.3'y ) in [0. mm]. or every
- o s . i inch [25.4 mm)] of initial length of the bar. This amounts
in/°F [millimeter change in length per milli- . . . .
meter length per °C—mm/mm/°C] to slightly more than 1/8 inch in ten ft [3 mm in 3 m].
At = change in temperature, °F—Fahrenheit, [°C— AL = (1 in) (6.5 x 1076 in/in/°F x 180°F) = 0.0012 in
Celsi
elsius] . . . [AL = (25.4 mm) (11.7 x 10-6 mm/mm/°C x 100°C) =
S = yield strength, psi [MPa]—This changes with 0. 030 mm]
temperature for A 36 steel (see Figure 2)
E = Modulus of Elasticity, psi [MPa]—This AL/L =0.0012 in/1 in = 0.0012 in/in
changes with temperature for A 36 steel (see [AL/L = 0.030 mm/25.4 mm = 0.0012 mm/mm]
Figure 2) ) ) )
AL = change in length, in inches [millimeters] due When Fhe b ar is restrained, the restrng preve.nts the
{0 the change in temperature elongation in the example above, and this in turn induces
a stress (f) in the bar. This is sometimes called residual
AL/L = unit deformation, in inches per inch [milli- tensile stress (see Figure 3).
meter per millimeter]
Z = strain, in inches per inch [millimeter per milli- f= A_L «E or ZxE 5)
meter], also Z = AL/L L
TEMPERATURE (°C)
0 100 200 300 400 500 600
50 | | | | | | 30
_ —200 —
300 — MODULUS OF > S
ELASTICITY o =
. 40 — S -
c 250 B e 2
=] g - >
T = o £
= 200 o 30 E | 150 ©
o 4 w =
i - L 20 < 2
T 150 & v m
%) w
) £ 20— YIELD STRENGTH o) u
a
D 10— I > =
= = | -}
> ) =
10 — N —100 O
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Figure 2—Variation in Yield Strength and Modulus of Elasticity
with Respect to Temperature for ASTM A 36 Steel
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12 in [305 mm]

121in
[305 mm]

3in
[76 mm]

NO PLATE DISTORTION
DUE TO PLATE STIFFNESS

RESIDUAL TENSILE STRESS (f)
Equation: f=Z x E

where:
f = Stress in pounds per square inch—psi (pascals—Pa)
Z = Strain in inches per inch (millimeters per millimeter)
E = Modules of elasticity in pounds per square inch—psi (pascals—Pa)

Assuming the conditions of welding followed by cooling would produce a strain, Z, of 0.0027 in/in (0.0027 mm/mm), the following shrinkage

would be intended:

Longitudinal shrinkage intended= 0.0027 in/in x 12 in = 0.032 in (0.0027 mm/mm x 305 mm = 0.82 mm)

Traverse shrinkage intended

=0.0027 in/in x 3in=0.081in (0.0027 mm/mm x 76 mm = 0.21 mm)

Figure 3—Imperceptible Welding Distortion of a Thick Steel Plate

where:

f = stress, in pounds per square inch—psi
[pascals—Pa]

AL/L = unit deformation, in inches per inch [milli-
meters per millimeter]

AL/L = Z or strain, in inches per inch [millimeters
per millimeter]

E = Modulus of Elasticity, in pounds per square
inch—psi [pascals—Pa]

For mild steel the unit deformation at the yield strength
(S) is approximately 0.015 inches per inch [0.015 milli-
meters per millimeter]. By inspection one can see that
the elongation in the example above does not exceed this
unit deformation; therefore the stress is at or below the
elastic limit. If the bar is heated and cooled uniformly
without restraint, its length when cooled to the initial
temperature will be the same as the initial length.

If the expansion of a bar is completely restrained, the
original length of the bar would be mechanically main-

tained. However, various stress levels, depending on
temperature change, would be induced in the bar.

The equations will only give approximations of the
changes since they assume perfect restraint and instanta-
neous uniform heating and cooling. In practice, these
conditions can be approached but not obtained.

NOTE: The numerical values shown in the examples are
rounded off to simplify the text.

For example: if there is a temperature change of +180°F
[100°C] (see calculations above), the stress (f) induced in
the bar by complete restraint will be:

f=2ZxE or f=0.0012 in/in x 30 000 000 psi =
36 000 psi

[f=ZxE or f=0.0012 mm/mm X 207 000 000 kPa =
248 000 kPa]

This stress level is close to the yield strength of the mate-
rial, but it does not exceed it. Since the elastic limit has
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