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Travis Field is a pipe welding
specialist and founder of Pipe
Welding Institute, focused on
controlled welding execution
in high-integrity piping
applications.

He holds Red Seal
Journeyman Welder

and Alberta B-Pressure
certifications and has
extensive experience with
advanced alloy systems
across Canada and the United
States.

Field is an AWS Certified
Welding Inspector (CWI),
holds API 571 certification,
and has been granted

O-1 classification for
extraordinary ability in
welding technology.
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The metallurgy of piping, tubing,

To survive extreme heat, intense pressure, and highly corrosive chemicals,

the massive pipes and heat exchangers used in industrial plants rely entirely
on microscopic atomic chemistry. Because pure metals naturally want to give
away their electrons, a trait that makes them rust and corrode easily, engineers
must mix them with specific added elements to create tougher, custom alloys.
However, the manufacturing process changes how atoms physically arrange
themselves inside the metal, and this final internal structure is what ultimately
determines whether a pipe will hold strong or fail under pressure.

Piping, tubing, and heat exchangers are
the essential vessels of modern industry,
facilitating critical fluid transport from re-
fineries to power stations. Without them,
massive-scale industrial processes would
be impossible. Their primary role is to con-
tain and transport specific, often hostile
products, including aggressive chemicals,
high-temperature gases, corrosive hydro-
carbons, or high-pressure steam.

Managing the complex, varying environ-
ments introduced by these process fluids
is the central challenge of material science
in industrial design. Material selection is
critical, as the chosen metal must with-
stand its service condition. Failure often
means not just economic loss, but cata-
strophic safety consequences.

Understanding why certain materials are
successful while others fail requires mov-
ing beyond general labels like “stainless
steel” or “nickel alloy.” We must examine
how the microscopic “atomic team” is
organized within a metal’s structure. This
organization determines everything from
a metal's stress bending ability to its corro-
sion self-defense capacity.

Our journey begins at the most funda-
mental level: with the atoms and elec-
trons that make up these engineering
metals. By understanding their individual
“personalities”(their tendencies to give,
take, or share electrons) and how they
work together, we can build our under-
standing up through alloys, crystal grids,
and the communal “sea of electrons” that
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Figure 1: A shell-and-tube heat exchanger and its principal internal flow paths. The schematic depicts
an overall counter-current arrangement in which hot shell-side fluid, shown in orange, and cooler tube-side
fluid, shown in blue, exchange thermal energy through the tube walls while remaining physically separated.
Key components including the shell, tube bundle, tubesheets, and segmental baffles are identified. The
baffles support the tubes and redirect shell-side flow across the bundle, increasing turbulence and
improving heat-transfer effectiveness. The illustration is provided as a visual aid and is not drawn to scale.
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and heat exchangers: An atomic perspective

holds it all together. Only then can we
grasp the overall picture of how engi- Periodic table of the elements
neering materials are atom by atom
designed to defeat the threats from

; H He
flowing products.
Li |Be Metals Non-Metals Bl|C|IN|O|F [Ne
. . Metalloid Noble Gas
The magic number eight: Na|Mg Al|Si|P|[s|cl|Ar

A helpful starting point

o K |Ca|Sc| Ti| V |Cr|Mn|Fe|Co Ni [Cu|Zn|Ga|Ge|As|Se|Br |Kr
Every element on the periodic table

represents a unique type of atom. Rb([Sr | Y [Zr [Nb[Mo| Tc|Ru|Rh|Pd|Ag|Cd|In |Sn|Sb|Te| | |Xe
What makes one element different Cs|Ba Hf [Ta| W |Re|Os| Ir [Pt |Au|Hg| TI [Pb | Bi |Po| At |Rn
from a.nother is the number of protons Fr |Ra Rf |Db|Sg|Bh|Hs Mt |Ds|Rg|cn|Nn| Fi [me|Lv [ Ts |0g
inside its nucleus. Iron, for example,
allazys iEs 28 [pElens, s aEErs La|Ce|Pr |Nd|Pm|Sm|Eu|Gd|Tb|Dy [Ho|Er |Tm|Yb|Lu
also contains neutrons, while electrons
occupy energy levels around it. Ac|Th|Pa| U |[Np|Pu|Am|Cm|Bk |Cf |Es [Fm(Md|No|Lr
Electrons do not actually circle the
nucleus in fixed rings like planets. energy level. Transition metals such as | Figure 3: The periodic table below shows
However, picturing them in simplified iron, chromium, nickel, molybdenum, sl siratherthan

] . . . four rigid bonding teams. Metals commonly
shells is a useful way to begin under- and titanium are more complicated act as electron donors, nonmetals often attract
standing how atoms behave. because electrons in their partially or share electron density, metalloids frequently

filled d-orbitals can also participate in exh/bi; intermediate or cond/tion—depenq’ent
. . . . behavior, and noble gases are generally inert.
The electrons involved most directly in | bonding.
bonding are called valence electrons.

For many elements, these are the Many main-group atoms become contains eight electrons. This ten-
electrons at the outermost-occupied more stable when their outer shell dency is known as the octet rule: the
“magic number” of eight. The octet
1. ELEMENTAL IRON IS COMPOSED OF IRON ATOMS rule is a helpful guide, especially for
ONE IRON ATOM many common nonmetals, but it is not
rcamns. i 26 PROTONS DEFINE IRON a universal law. Hydrogen and helium
Isotopes of iron may contain . s .
s|ep|tn e e e e e fill their first shell with only two elec-
trons, and transition metals cannot be
2. SIMPLIFIED ENERGY-LEVEL MODEL OF A NEUTRAI"‘ I::g_':l AT04M (Fe) ELECTRONS BY ENERGY LEVEL properly explained by cou nting only to
=S 314 .
/ OUTERMOST OCCUPIED ENERGY LEVEL Z . ;; : EIght.
2 OUTER-SHELL 45 ELECTRONS ez 3
Sometimes called the valence shell AlE 4: 2
in simplified shell models —_— . .
fre - e TOTAL: 26 Four common atomic behaviors
26 PROTONS 55 25555%%‘5 ;:fsl;ﬁmsngynsszﬂg;nous GROUND-STATE ELECTRON CONFIGURATION De pend'ng on thell’ Sta I’tlng number
:Z:r‘:::;g:‘esis':w:im g X0 NEuTRONS to | 3d°: 6 BONDING-RELEVANT ELECTRONS 1s? 257 2p° 35 3p° 3d° 4s® of outer electrons, atoms can gi\/e,
g s Lo Shorthand: [Ar] 3d° 4s? -
R o % J / b Sl attract, or share electron density.
rawn to count. Ak onn
2= IRON VALENCE CLARIFICATION These four personalities are extremely
K SHELL—n=1 For transition-metal iron, ‘valence 9 0
2 CORE ELECTRONS electrons’ are not limited to the useful ana|0g|es for rememberlng
1s? outermost n = 4 shell. Both 4s and . .
B CORE ELECTRONS - partially filled 3d electrons can common bondlng bEhaVIOrS, though
participate in bonding; 4s electrons PP
[ [ BONDING-RELEVANT 3d AND 4s ELECTRONS arecnarllramesel i biing it is important to remember they are
L o not rigid categories that every element
Energy levels are simplified teaching rings; electrons occupy orbitals, not fixed circular paths. ] .
Diagram not to scale. follows all the time.

Figure 2: Elemental iron and a simplified energy-level model of a neutral iron atom. Iron is - .
defined by its 26 protons; the representative iron-56 isotope shown also contains 30 neutrons. A Th.e G EIeCtron.donors (metals)
neutral iron atom has 26 electrons distributed among its principal energy levels as 2"-" 8"-" 14"-" In introductory chemistry, these atoms
2, with the ground-state configuration [Ar]” " 3d"6 4s/2. Gold represents the [Ar]core electrons, typically have one, two, or three outer

while orange represents the bonding-relevant 3dand 4selectrons. The rings are simplified teaching electrons. Because they are so far from
representations; electrons occupy orbitals rather than fixed circular paths. Iron also demonstrates . . .
why transition metals cannot be fully explained through simple octet counting. the magic number eight, trying to steal
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enough electrons to fill their shell takes
way too much energy. Their easiest
path to stability is to throw their outer
electrons away, exposing a perfectly
full shell sitting just underneath.

Many metals simply hold some of
their outer electrons relatively loosely.
When they react with other elements,
they give up or contribute this electron
density, making them electron donors.
However, not every metal has a simple
one, two, or three electron setup.

Transition metals like iron, chromium,
nickel, and titanium can use their
electrons in several different and com-
plex ways. Therefore, placing these
engineering metals on the giver team
is a helpful, simplified way to describe

their tendency to lose electron density
during specific chemical reactions,
especially during oxidation and corro-
sion.

The takers:

electron attractors (nonmetals)
These atoms generally have five, six,
or seven outer electrons. Elements like
oxygen or fluorine are painfully close
to the finish line. Because they only
need one or two more electrons to

hit eight, they aggressively attract the
electron density they need from the
givers.

While it is easy to picture them as
thieves that steal electrons to form
negatively charged ions, that isn't al-
ways the case. In many situations, they
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The jar of marbles provides a stylized
composition visualization and a
simplified lattice-based schematic

to illustrate how alloying elements
integrate into a base metal. The jar

of spheres on the left demonstrates
the physical packing of atoms, where
the blue “primary giver” spheres
represent the principal base element
around which the alloy is built.

The similarly sized orange spheres
represent “swap-ins,” or substitutional
elements, which occupy normal lattice
positions in place of the base-metal
atoms. Meanwhile, the tiny red and
yellow grains represent “gap-fillers,”

ANALOGIES FOR ATOMIC PACKING AND CRYSTAL LATTICE
STRUCTURES IN A METALLIC ALLOY

~_._| THETAKERS
™~ INTERSTITIAL
ELEMENTS

PRIMARY

SUBSTITUTIOSNAL

ELEMENT:

or interstitial elements (labeled here
as “the takers”), which are small
enough to occupy the spaces between
the larger base-metal atoms. The
structural model on the right shows
how these same atoms arrange
themselves in a repeating three-
dimensional pattern, highlighting
how interstitial solutes sit within the
gaps of the grid, while substitutional
solutes take the place of primary
atoms. Consistent with earlier figures,
these models are simplified teaching
representations and analogies rather
than scale-accurate atomic diagrams
or precise crystallographic models.
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share electrons but pull that shared
electron density much more strongly
toward themselves. “Taker” is a great
analogy, but the actual result always
depends on the specific atoms, their
surroundings, and the type of bond
being formed.

The sharers: Covalent bond formers
Atoms with approximately four outer
electrons often occupy a middle po-
sition: giving away four electrons or
acquiring four additional electrons
may require too much energy. Instead,
they frequently share electron pairs
with neighboring atoms, allowing each
atom to approach a more stable out-
er-shell configuration. This produces
what is known as covalent bonding.

Carbon and silicon are well-known
electron sharers. Both belong to
Group 14 of the periodic table, al-
though carbon is classified as a non-
metal and silicon is usually classified
as a metalloid. “Sharer” therefore de-
scribes a bonding behavior, not a sep-
arate periodic-table category. Many
nonmetals and metalloids and even
some metals in particular compounds
participate in covalent bonding.

The loners:

Filled-shell atoms (noble gases)
These atoms have exactly eight outer
electrons. Their shell is perfectly full,
meaning they are completely content.
Gases like argon have virtually zero
desire to interact or form bonds with
other atoms under ordinary con-
ditions, which is exactly why argon
works so perfectly as an inert welding
shielding gas. (Note: Helium is the one
exception to the rule of eight; it is per-
fectly stable with just two electrons,
which completely fills its first and only
shell).

While we call them “loners,” noble
gases are best described as highly
inert rather than completely incapable
of reacting. Under very special, ex-
treme conditions, a few of the heavier
noble gases, like xenon, can be forced
to form compounds.
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From atoms to alloys:
Building the team
The metallic materials used in struc-

tures, tools, pressure vessels, and pip-
ing systems are rarely perfectly pure.
Most are alloys built around a princi-
pal element and carefully controlled
amounts of additional elements.

The base element is the principal
element around which an alloy is
built

Examples include iron in carbon
steels, low-alloy steels, and stainless
steels; nickel in nickel-based alloys;
aluminum in aluminum alloys; and ti-
tanium in titanium alloys. Carbon steel
and stainless steel are not individual
elements. They are broad families of
iron-based alloys containing different
combinations and amounts of alloying
elements.

The terms base element and matrix
are related, but they do not mean

the same thing. The base element
identifies the principal chemical el-
ement in an alloy. The matrix is the
continuous phase within the material's
microstructure. Some alloys, such as
duplex stainless steels, contain two
major phases rather than one simple
matrix.

Each intentionally controlled element
may perform one or more jobs. An
element may increase strength, sta-
bilize a desired crystal structure, im-
prove high-temperature performance,
increase hardenability, control grain
structure, or help protect the material
against corrosion. Some elements may
also be present as residuals or impu-
rities rather than deliberate alloying
additions.

For example, Types 304 and 316 are
both iron-based austenitic stainless
steels containing chromium and
nickel. Type 316 also contains mo-
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lybdenum and has somewhat differ-
ent permitted chromium and nickel
ranges. Its principal advantage is not
simply that it is tougher. Molybdenum
generally gives Type 316 better resis-
tance to localized corrosion, especially
pitting and crevice corrosion, in many
chloride-containing environments.
However, Type 316 is not immune to
chloride attack, and its actual perfor-
mance depends on the specific envi-
ronment and service conditions.

The alloy recipe is important, but
composition alone does not deter-
mine the final result. Temperature,
cooling rate, heat treatment, me-
chanical deformation, welding, and
service conditions influence how the
atoms and phases are organized. This
resulting arrangement, the material’s
microstructure, plays a major role in
determining its final properties and
performance.

We also provide Bead Rolled in Round Tubes and CTL for Hollow Sections

Process followed as per ASTM A554 & ASTM A312

&, +9198252 26776

& sales@spsautotubes.com
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