
Transformation Hardening of Steel 
Using High-Energy Electron Beams 

The high-energy electron beam process can heat treat steel 
to depths not attainable with other processes 

BY J. W. ELMER, M. A. NEWTON and A. C. SMITH, JR. 

ABSTRACT. Megavolt/megawatt high-
energy electron beams (HEEBs) represent 
a new generation of charged particle 
beams that have unique capabilities for 
advanced processing of materials. These 
beams have energies in the 1 to 10 MeV 
range, which enables them to deposit en
ergy volumetrically within the material 
being processed, under rapid and con
trolled conditions. One material process
ing application for HEEBs is the localized 
transformation hardening of steel. The 
high accelerating voltage of the electron 
beam allows its energy to be deposited 
subsurface, so that the steel can be heat 
treated at depth without melting, while 
the beam's high average power allows 
transformation hardening to be per
formed at rapid surface coverage rates. In 
this investigation, a 6 MeV electron beam 
was used to process plain carbon steel 
and 0-1 tool steel using stationary and 
traveling beams, at normal and glancing 
angles of incidence. These experiments 
investigated the beam fluence thresholds 
for transformation hardening, melting, 
and vaporization of steel. Localized 
transformation hardening of steel was 
performed at a surface fluence of ap
proximately 20 J/mm^, which hardened 
the steel to a depth of nearly 2 mm with
out melting, thus producing a mi
crostructure that was free of solidifica
tion-related defects such as cracking and 
porosity. Achieving deep localized heat 
treating of steel to its peak hardness with
out surface melting and at high surface 

J. W. ELMER and M. A. NEWTON are with 
Lawrence Livermore National Laboratory, Liv
ermore, Calif. A. C. SMITH, JR., is with Ballena 
Systems Corp. 

Paper presented at the 74th Annual AWS 
Meeting, held April 25-29, 1993, in Houston, 
Tex. 

coverage rates is not possible by con
ventional directed energy beam process
ing techniques. 

Introduction 

Localized heat treating of steel re
quires the steel to first be austenitized for 
sufficient time to dissolve, or partially 
dissolve, the carbides present in the mi
crostructure, and then the steel must be 
rapidly cooled in order to harden the 
steel through the formation of martensite. 
Austenitizing the steel places low- and 
high-temperature limits on the heat treat
ing process if melting is to be avoided, 
and transformation hardening of this mi
crostructure requires a high cooling rate 
in order to form martensite. Conven
tional methods for localized hardening of 
steel such as laser and electron beam 
processing heat only the surface of the 
steel. For example, energy absorption 
ranges are on the order of 10 pm for 100 
kV electrons and less than 1 pm for pho
tons. Heating with these beams occurs by 
thermal conduction from the surface of 
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the material only since no internal energy 
is deposited by the heat source. There
fore, the conduction of heat by thermal 
diffusion places limitations on the maxi
mum depth to which a steel can be fully 
hardened by conventional localized heat 
sources. Typically, localized heat treating 
by conventional beam processing is lim
ited to approximately 1 mm (0.04 in.) 
maximum depth (Refs. 1, 2). 

High-energy electron beams differ 
from conventional electron beams in that 
they deposit energy deeply and rapidly 
into the material being processed. The 
range over which the electrons interact 
with the material depends on the kinetic 
energy of the beam and the properties of 
the material being processed. Monte 
Carlo simulations of the energy deposi
tion by HEEBs indicate that the electron 
range is on the order of 1 cm for steel 
(Ref. 3), and that scattering of the elec
trons from within the steel leads to a max
imum energy deposition approximately 1 
mm below the surface of the plate. Thus, 
the deeply penetrating HEEB electrons 
can austenitize the steel at depth, while 
the rapid self quenching of the short-du
ration heat pulse can transformation 
harden this zone without immersion into 
a quenching medium (Ref. 4). 

In this investigation, a 6-MeVelectron 
beam was used to process mild steel and 
tool steel for the purpose of gaining a fun
damental understanding of deep local
ized transformation hardening of steel 
wi th HEEBs. Experiments were per
formed on steel plates by rapidly heating 
the steel to peak temperatures near its 
melting point using both stationary and 
moving HEEBs. Results from these exper
iments confirm the Monte Carlo calcula
tions of the energy deposition in steel, 
and demonstrate that a deep and nearly 
uniform transformation hardened zone 
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Fig. 1 — Schematic drawing of the materials processing section of 
the ETA II accelerator. The 6-MeV beam enters from the right-hand 
side of the figure, and separate magnets are used for 
positioning/scanning and focusing the beam on the workpiece. 
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Fig. 2 — A — Surface plot of the electron distribution in a 
1 kA/pulse, 6 MeV beam from a digitized image produced 

by a quartz thin-foil diagnostic; B — current vs. time plot of 
the pulse width from a 1-kA/pulse, 6-MeV beam. 
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can be produced in steel at rapid surface 
coverage rates. In addition, high fluence 
experiments were conducted on steel to 
determine the melting and vaporization 
thresholds for this beam. 

Experimental Procedures 

Electron Accelerator 

The experimental test accelerator II 
(ETA II) at Lawrence Livermore National 
Laboratory is a linear induction accelera
tor capable of producing up to 50 pulses 
of a 2.5-kA electron beam at peak pulse 
repetition rates of 2 kHz. The pulse dura
tion is approximately 60 ns full width half 
maximum (FWHM), giving several hun
dred joules of energy per pulse. This fa
cil i ty combines high-brightness (-100 
A/[mm-rad]^), high-electron beam cur
rents (2.5 kA maximum) and energies in 
excess of 5 MeV with high average power 
capability (~2 M W maximum). The high 
brightness of ETA II enables the beam to 
be focused to a spot diameter of approxi
mately 3.5 mm, which corresponds to a 
beam power density on the workpiece of 
up to -20 MW/cm^ averaged over a burst 
of 50 pulses. The focused beam can be 
precisely controlled using a magnetic 
beam steering system to position the 
beam at specific locations on the work-
piece or to rapidly scan the beam across 
the surface of the workpiece. The total 

number of pulses and the repetition rate 
can also be easily varied to tailor the mag
nitude and rate of energy deposition into 
the workpiece. 

Materials processing experiments 
were conducted at the end of the ETA II 
accelerator in an evacuated cavity with 
v iewing ports to monitor the experi
ments, as illustrated in Fig. 1. The size 
and position of the electron beam were 
determined using a charged coupled de
vice camera to image the optical 
Cerenkov radiation emitted from a thin 
quartz foil placed in the beam path (Ref. 
5). Once the beam was properly posi
tioned and characterized, the quartz foil 
was removed and the workpiece was in
serted into the path of the electron beam. 
A surface contour plot of the electron dis
tribution in a tightly focused beam is 
shown in Fig. 2A, indicating that the 
beam can be focused to a diameter as 
small as 3.5 mm (0.14 in.) FWHM. 

All experiments in this investigation 
were performed using a 6-MeV electron 
beam with a vacuum of 10 torr at the 
workpiece location. The electron beam 
pulse duration was maintained constant 
at 60 ns FWHM for all experiments, and 
a typical current vs. time profile is shown 
in Fig. 2B. The pulse repetition frequency 
(PRF), defined as the frequency at which 
the pulses are delivered in each burst, 
was adjusted between 100 and 2000 Hz, 

and the beam current was adjusted be
tween 0.9 and 1.25 kA/pulse, thus pro
viding approximately 325 to 450 J/pulse. 
Machine operation was l imited to 50 
pulses in a single burst, however, bursts 
could be repeated approximately every 
minute. 

Materials Processing and Characterization 

Materials processing experiments 
were performed by placing 5- and 25-
mm (0.2- and 1 -in.) thick by 100-mm (4-
in.) square plates in the beam line of the 
ETA II accelerator and processing the 
plates with various fluences at an accel
eration voltage of 6 MeV Experiments 
were first conducted on cold finished 
AISI 1018 plain carbon steel (0.16%C, 
0.68%Mn, 0.12%Cr, 0.25%Si) to study 
the basic interaction of the HEEBs with 
the steel plate. The effects of the beam's 
average power, power density, energy 
density, and the total energy deposited 
per unit area were investigated by vary
ing the PRF, beam diameter, travel speed 
and number of pulses per burst. Results 
from these experiments were then used 
to guide localized heat treating experi
ments on 1 2 x 50 x 100-mm (0.5 x 2 x 4-
in.) plates of an oil hardening 0-1 tool 
steel (0.94%C, 1.20%Mn, 0.5%Cr, 
0.5%W, 0.3%Si). 

Stationary electron beams were used 
to produce up to nine surface-treated 
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Fig. 3 — Plain carbon steel plate (100 x 100 x 5 mm) processed using 
a 5-mm-diameter, 6-MeV, 1 -kA/pulse beam operating at 2 kHz PRF. The 
number of pulses per spot are indicated on the 5-mm-thick plate. 

Fig. 4 — A subsurface heat-treated zone in plain carbon steel produced 
at a fluence of 21 J/mm^ produced by 6 pulses from a 1O-mm-diame-
ter beam. 

spots on each steel plate by magnetically 
steering the beam to a new location on 
the plate prior to each experiment. Mov
ing electron beams were used to heat 
treat strips of material by magnetically 
scanning the beam at speeds up to 0.4 
m/s (1.3 ft/s) across the surface of the 
plate. The moving beams produced a se
ries of 50 overlapping pulses per run, 
which heat treated a strip approximately 
10 mm wide by 50 mm long (0.4 x 2 in.). 
The test coupons were held in the beam 
line on a retractable sample holder, 
which al lowed the quartz diagnostic 
probe to periodically be inserted into the 
beam line at the same location as the test 
sample in order to measure the position 
and diameter of the beam. In addition, 
the sample holder could be rotated up to 
180 deg to al low the beam to interact 
with the test coupon at glancing angles. 

Specimens processed by the HEEBs 
were analyzed using optical microscopy, 
transmission electron microscopy (TEM), 
and microhardness measurements. Opti
cal microscopy was performed by cutting 
cross-sectional slices through the center 
of stationary spot processed regions, and 
by cutting cross-sectional slices through 
heat treated strips produced by moving 
beams. Conventional metallographic 
procedures were used to polish these 
samples in preparation for etching in a 
4% HNO3 - ethyl alcohol mixture (nital). 
Transmission electron microscopy was 
performed using a JEOL 200CX micro
scope. Thin foil specimens were prepared 
for TEM analysis by electropolishing in an 
acetic acid-10% perchloric electrolyte at 
20 volts, prior to uniformly thinning the 
polished region using an ion milling tech
nique. Vickers microhardness (DPH) 

measurements were made by traversing 
down the centerl i ne of the heat treated re
gions, using a diamond pyramid indentor 
and a 100-g load. Hardness conversions 
from DPH to Rockwell C (Rc) were made 
using the relationship Rc = -35.1 + 0.304 
DPH - 0.341 x i 0~3 DPH 2 + 0.145x10"6 

DPH 3 , which is a third-order fit to the 
hardness conversion table published by 
ASM International (Ref. 6). 

Results and Discussion 

Phase Transformation Thresholds 
in Plain Carbon Steel 

The interaction of the 6-MeV electron 
beam with plain carbon steel was stud
ied in order to determine the beam flu
ence thresholds for annealing/hardening, 
melting and vaporization. Experiments 
were conducted to investigate the effects 
of beam fluence (energy deposited per 
unit surface area) on the microstructure 
of the steel. Both the diameter of the 
beam and the number of pulses incident 
on a given spot were used to produce 
variations in beam fluence from 10 to 
150 J/mm2. 

Figure 3 shows a photograph of a steel 
plate that was processed with a 6-mm 
(0.24-in.) diameter beam at eight different 
locations. Each location received a differ
ent number of pulses at a 2-kHz pulse 
repetition frequency (PRF). At five pulses 
or less, the plate showed no significant 
signs of surface damage other than dis
coloration and a slight rippling of the sur
face on the edge of the beam interaction 
area. At eight pulses, the plate began to 
swell, creating a small dimple on the sur
face of the plate near the center of the 

beam interaction area. At twelve or more 
pulses, the plate developed a crater, as the 
beam dril led into the steel. Metallo
graphic cross-sections through the 
processed regions of the plain carbon 
steel plate were prepared to examine the 
modifications to the steel. 

Heat treating was performed using a 
an average fluence of 21 J/mm2 on the 
surface of the steel plate. Figure 4 shows 
a metallographic cross-section through 
one of the heat treated samples that was 
processed with 6 pulses from a 10-mm 
diameter, 6-MeV, 0.9-kA/pulse beam op
erating at 2 kHz PRF. No melting was ob
served in this sample, and the heat 
treated region, which etches darker than 
the base material, is elliptical in cross-
section and is centered below the surface 
of the plate. This unique shape of the heat 
treated region indicates that the beam in
ternally heated the steel, and the center 
of the heat treated region is located 1-mm 
below the surface of the plate. The di
ameter of the heat treated region is ap
proximately 9 mm (0.36 in.), which is 

Fig. 5 — A subsurface resolidified nugget and 
small void in plain carbon steel produced at 
a fluence of 95 J/mm^ with 10 pulses from a 
6-mm diameter beam. 
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Electron beam 

Sample 

Fig. 6 — A — A 4-mm deep cavity produced in plain carbon steel at a fluence of 140 J/mm2 with 5 pulses from a 3.5 mm diameter beam; 
B — Schematic drawing of the initial stages of drilling with HEEBs, illustrating liquid expulsion from the first cavity and the formation of a second, 
smaller, subsurface cavity. 

similar to the diameter of the beam, and 
there exists evidence of heat treating to a 
depth of approximately 2 mm (0.08 in.) 
below the surface of the plate. 

Subsurface melting and vaporization 
occurred at fluences on the order of 100 
J/mm2. Figure 5 shows a metallographic 
cross-section through a region of a steel 
plate that was processed with 10 pulses 
from a 6-mm diameter, 6-MeV, 0.9-
kA/pulse beam operating at 2 kHz PRF, at 
an average fluence of 95 J/mm2 . This 
plate showed signs of surface swelling, 
and a metallographic cross-section was 
taken through the center of the dimple 
that appeared on the surface of the plate. 
This cross-section revealed the presence 
of a molten zone and a small subsurface 
void, which formed when the internal 
pressure wi th in the vapor cavity ex
panded the steel and deformed the sur
face of the plate outward. 

Drilling occurred at higher fluences. 
Figure 6A shows a metallographic cross-
section through a crater that was drilled 
with five pulses from a 3.5-mm (0.14 in.) 
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Fig. 7 — Crater depth in plain carbon steel as 
number of pulses at PRFs of 100 and 2000 Hz, 
1-kA/pulse, 5-mm diameter beam. 

diameter, 6-MeV, 0.9-k/Vpulse beam op
erating at 500 Hz PRF. These conditions 
led to a fluence of 140 J/mm2, which was 
sufficiently high to vaporize the steel and 
dril l into the plate to a depth of approxi
mately 4 mm (0.16 in.). The drilling ap
peared to occur in two stages, leaving a 
two-tiered crater. The upper tier of the 
crater has the approximate dimensions as 
one would expect from the location and 
size of the subsurface nugget observed at 
lower fluences, while the lowert ierof the 
crater is smaller in diameter. This inter
action is illustrated in Fig. 6B, which 
schematically shows the creation of two 
successive subsurface voids that erupted 
to form the observed crater. 

Further experiments were conducted 
on plain carbon steel at higher fluences 
in order to determine the drill ing rate of 
HEEBs into steel. Figure 7 plots the results 
of these experiments, showing the crater 
depth as a function of total number of 
pulses for a 5-mm (0.2-in.) diameter, 1.0-
kA, 6-MeV beam, operating at two dif
ferent PRFs of 100 and 2000 Hz. This fig-

ure shows that the 
crater depth in
creases to approxi
mately 8 mm (0.31 
in.) at 50 pulses, and 
that the drilling rate 
is higher at the 
higher PRF. The 
width of the crater is 
approximately the 
same as the beam di
ameter at low num
bers of pulses, how
ever, the width of the 
opening becomes 
larger with increas
ing number of 

a function of the 
for a 6-MeV, 

pulses. At 50 pulses, the width of the 
crater was measured to be approximately 
twice the diameter of the beam at the sur
face of the plate, but narrowed down to 
less than 1 mm near the bottom of the 
crater. 

Results from these high fluence ex
periments indicate that the initial stage of 
dr i l l ing occurred by a discontinuous 
process whereby subsurface heating and 
eruption occur periodically as the beam 
dril led into the steel. However, as the 
crater became deeper, the beam's energy 
became spread out over the increased 
surface area of the crater. This reduction 
in energy per unit area of the crater wall 
reduced the amount of subsurface va
porization and reduced the amount of 
large scale violent eruptions that oc
curred. Eventually, a deep conical crater 
developed that narrowed to a point, as 
shown in Fig. 8. This radiograph shows a 
deep hole that was drilled into a 25-mm 
wide x 75-mm ( 1 x 3 in.) thick plain car
bon steel plate using 10 bursts of 50 
pulses (500 total pulses) with a 4-mm-di
ameter, 6-MeV, 1.2-kAbeam operating at 
2000 Hz PRF. Figure 8A shows a top view 
of the hole down the axis of the beam, in
dicating that the hole has an elliptical 
cross-section with a major axis width of 
1 5 mm and a minor axis width of 10 mm 
at the top surface of the plate. Figure 8B 
shows a side view of this hole, which 
penetrates into the steel to a depth of ap
proximately 60 mm (2.4 in.) and narrows 
down to less than 1 mm in diameter at the 
bottom of the hole. 

Therefore, for stationary spot-
processed regions of steel, the results of 
these experiments showed that localized 
transformation hardening to approxi
mately 2-mm depth can be performed 
with a 6-MeV beam at a fluence of 21 
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Fig. 8 — Radiographic images of a deep hole drilled into a 25-mm 
wide (top radiograph short dimension) x 75 mm deep (bottom 

radiograph long dimension) plain carbon steel plate. A — Top view 
where beam entered the plate; B — side view after ten bursts of 50 

pulses each using a 4-mm diameter, 6-MeV, 1-kA/pulse beam 
operating at 2 kHz. 

J/mm2. For higher fluences, subsurface 
melting was observed at approximately 
50 J/mm2 and subsurface vaporization 
was observed at 95 J/mm2. Severe va
porization followed by subsurface erup
tion and dri l l ing was observed at 140 
J/mm2 and higher. 

Transformation Hardening 

of 0 - 1 Tool Steel 

Stationary Beams 

Oil hardening O-l tool steel is a cold 
worked tool and die steel wi th good 
hardenibility, moderate toughness, and 
good dimensional stability on quenching 
(Ref. 7). Prior to hardening, the annealed 
microstructure consists of micron-sized 
spheroidal carbides in a ferrite matrix; 
after transformation hardening, the mi
crostructure consists of similar carbide 
particles in a martensitic matrix wi th 
some retained austenite. This steel is typ
ically heat treated by solution heating to 
temperatures between 760°C to 870°C 
(1400° to 1 598°F) for 1 0 to 30 min., then 
quenching in oil to a hardness of Rc 63 
to 65. Tempering may then be performed 

at temperatures 
between 175°C 
to 260°C (347° 
to 500°F) to im
prove toughness, 
while still main
taining a high 
hardness of Rc 
57 to 62. This 
heat treating 
schedule is com
monly used to 
through harden 
bulk compo
nents up to 25-
mm thick. 

Localized heat treating of O- l tool 
steel was performed using the 6-MeV 
beam from the ETA II accelerator to 
harden the steel by individual ly heat 
treating discrete regions of the plate. Sta
tionary beams and moving beams were 
used to rapidly heat and austenitize the 
steel at temperatures below its melting 
point, whi le transformation hardening 
occurred by self quenching into the steel 
substrate. 

Figure 9 shows an optical metallo
graphic cross-section of a HEEB 

processed region of the 0-1 tool steel 
plate. This sample was processed using a 
fluence of 59 J/mm2 with a stationary 9-
mm-diameter, 6-MeV, 1.25-kA/pulse 
beam operating at 500 Hz PRF. Figure 9A 
shows a cross-section through the center 
of the processed region, indicating the 
presence of a subsurface void and solid
ification cracking around a subsurface 
molten zone. Figure 9B shows a cross-
section through this same sample that 
was taken at a location approximately 4 
mm off the center of the sample, which is 

Fig. 9 — Transformation hardened O-l tool steel produced at a fluence of 59 J/mm^ with 10 pulses from a stationary 9-mm-diameter, 6-MeV, 
1.25-kA/pulse beam operating at 500 Hz PRF. A — The microstructure through the center of the processed region; B — the microstructure 
through a section taken 4 mm out from the center of the processed region. 
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Fig. 10 — Optical micrographs of O-l tool 
steel etched in nital. A — The as-received mi
crostructure; B — the transformation hardened 
microstructure after 10 pulses from a stationary 
9-mm-diameter, 6-MeV, 1.25-kA/pulse beam 
operating at 500 Hz PRF. 

Fig. 11 — Transmission electron 
micrograph of the transformation 
hardened O-l tool steel showing 
fine twins within a plate-type 
martensitic microstructure. 
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Fig. 12 — 
Microhardness 
comparison of 
transformation 
hardened O-1 
tool steel and 
plain carbon 

steel. 
Measurements 

were taken from 
spot processed regions produced by stationary 9-mm-diameter, 6-MeV, 1.25-kA/pulse beams 

operating at 500 Hz PRF. The distance along the x-axis refers to depth into the steel plate. 
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just outside the molten region. 
At high magnification, the microstruc

ture of the tool steel is shown in Fig. 10A 
before processing and in Fig. 10B after 
processing. Prior to processing, the opti
cal light micrograph shows that the mi
crostructure consists of colonies of spher
oidal carbide particles in a ferrite matrix, 
while after processing, the carbide parti
cles are in a martensitic matrix and ap
pear to have been slightly refined. The 
martensitic transformation hardened steel 
is shown in Fig. 11 at an even higher mag
nification using TEM. The transformed 
microstructure consists of a series of fine 
twins wi th in a plate-type martensitic 
structure, which is characteristic of trans
formation hardened high-carbon steel. 

The microhardness of the HEEB trans
formation hardened 0.94%C O- l tool 
steel is shown in Fig. 12. In this plot, a mi
crohardness traverse was made from the 
surface (distance = 0) and down the cen
terline of the hardened region shown in 
Fig. 9B. A similar plot for HEEB processed 
plain carbon steel is shown in this figure 
for comparison. The hardness of the tool 

steel is relatively uniform throughout the 
processed region to a depth of approxi
mately 1.75 mm, with a slightly higher 
hardness near the surface of the plate and 
also near the base-metal/heat-treated 
zone boundary. The bulk of the 
processed region has a Vickers DPH 
hardness of 700 to 800 kg/mm2 (Rc 60 to 
64), which is a factor of 3 to 4 times 
greater than the hardness of the untreated 
base material (DPH 220). These hardness 
values are similar to the reported peak 
hardened condit ion of O- l tool steel, 
which oil-quenches to a hardness of Rc 
63 to 65 (Refs. 7, 8). The plain carbon 
steel also responded favorably to the lo
calized heat treating process by forming 
a 2-mm-deep heat treated zone with a 
DPH hardness of 400 kg/mm2 (Rc 41) 
throughout the bulk of the processed re
gion. This represents a 2X increase in the 
hardness over that of the untreated base 
material, and is at the maximum hard
ness of 0.16%C steel (Ref. 8). 

One advantage for transformation 
hardening with HEEBs is that heat can be 
deposited deeply into the material with

out melting the surface even though se
vere overheating may occur below the 
surface. For example, Fig. 13 compares 
scanning electron microscope images of 
the surface of the as-received steel and 
the HEEB transformation hardened steel 
directly above a subsurface resolidified 
region and void produced at a fluence of 
59 J/mm2. In both cases, the original ma
chining marks are present on the surface 
of the steel plate, even though subsurface 
melting had occurred. Therefore, HEEB 
processing has little effect on the macro
scopic characteristics of the surface of 
the plate even under extreme processing 
conditions. This allows tool and die com
ponents to be locally heat treated after 
final machining operations have been 
performed. 

Moving Beams 

Heat treating of certain components 
may favor a moving beam rather than a 
stationary beam to produce strips of heat 
treated material rather than spots of heat 
treated material. These conditions were 
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investigated in this study by scanning the 
electron beam across the surface of the 
O-l tool steel plate at a speed of 0.4 m/s 
at 90- and 30-deg angles of incidence to 
the surface of the plate. This processing 
was performed using a 5-mm-diameter, 
6-MeV, 0.9-kA/pulse beam operating for 
50 pulses at a PRF of 500 Hz. These con
ditions led to an average surface fluence 
of 68 J/mm2 along the strip. At this flu
ence no subsurface melting was ob
served, indicating that moving beams 
can tolerate a higher surface fluence than 
stationary beams before melting occurs 
in the substrate. 

Figure 1 4A shows a metallographic 
cross-section through the tool steel that 
was processed at an angle of incidence 
of 90 deg, while Fig. 14B shows a simi
lar view through the tool steel that was 
processed at an angle of incidence of 30 
deg. At a 90-deg angle of incidence, the 
heat treated region measures about 7 mm 
wide and 2 mm deep, with an approxi
mate rectangular cross-sectional shape. 
At a 30-deg angle of incidence the heat 
treated region measures approximately 7 
mm wide and 1 mm deep, with a semi
elliptical cross-sectional shape. The re
duced penetration of the beam at the 
glancing angle corresponds directly to a 
geometric effect, whereby the depth of 
electron penetration normal to the sur
face of the plate is proportional to the 
sine of the angle of incidence. It is im
portant to note that the beam coupled 
very well with the tool steel at the glanc
ing angle, since many components that 
require heat treating have curved or an
gled surfaces, such as gears and turbine 
blades. The ability of HEEBs to couple 
well with materials at glancing angles is 
advantageous, since high-power lasers, 
which are often used for localized heat 
treating of steels, do not couple well with 
materials at these angles. 

Hardness measurements were made 
through the strips of heat treated tool steel 
that had been processed at both 90- and 
30-deg angles of incidence. Figure 15 
plots the results of these measurements, 
showing that the depth of hardening is ap
proximately 1.8 mm for the 90-deg angle 
of incidence and 0.9 mm for the 30-deg 
angle of incidence. At the 90-deg angle of 
incidence, the hardness is relatively uni
form between 750 and 800 kg/mm2 (Rc 
62 to 64) throughout the bulk of the heat 
treated zone. This is consistent with, but 
slightly harder than, the spot processed 
tool steel. The hardness near the surface 
of the plate is even greater than that in the 
bulk and reaches 940 kg/mm2 (Rc 69.8). 
At the 30-deg angle of incidence, the 
hardness is less uniform throughout the 

M M * 

Fig. 13 — SEM micrographs of the surface of O-l tool steel in: A— the as-received condition 
and B — HEEB transformation hardened condition. Results show that the HEEB treatment does 
not significantly alter the surface even though melting and vaporization occurred below the 
surface of the plate. 

Fig. 14 — O-l tool steel processed at a fluence of 68 J/mm- with a beam moving at 0.4 m/s. 
A — 90-deg angle of incidence; B — 30-deg angle of incidence. 

processed region, with a hardness peak 
occurring approximately 0.6 mm below 
the surface of the plate at approximately 
850 kg/mm2 (Rc 66). Therefore, HEEBs 
are able to harden the O-l tool steel to its 
maximum hardness in a localized man
ner at high surface coverage rates and at 
glancing angles. 

Hardening depths up to 2.5 mm (0.1 
in.) below the surface of the plate might 
be achieved with HEEBs in O- l tool steel 
by tailoring the beam to produce steeper 
thermal gradients. Further increase in the 
hardening depth could also be achieved 
by increasing the kinetic energy of the 
high-energy electron beam to 10 MeV, 
where we might expect that steels could 
be fully hardened to depths up to 4 mm. 
Additional advantages for surface hard
ening with high-energy electron beams 
are the rapid processing rates (one to two 
orders of magnitude higher than with 
conventional high-power CO2 lasers), 
the wide area that can be covered while 
still maintaining steep thermal gradients, 
the possibility of out-of-vacuum electron 
beam processing (Ref. 3), the ability to 
heat treat at glancing angles, and the fa
vorable cross-sectional shape of the sub
surface heat treated region (nearly rec
tangular for moving beams at a 90-deg 
angle of incidence) that allows efficient 

coverage with minimal overlapping of 
adjacent heat treated regions. 

Monte Carlo Modeling of Energy Deposition 

iVtodeling of the HEEB energy deposi
tion in materials was performed using the 
CYLTRAN Monte Carlo transport code 
(Ref. 9). This code calculates the devel
opment of the electron/photon cascade 
that occurs as high-energy electrons enter 
and interact with the material. By follow
ing the three-dimensional particle trajec
tory of 2 x 1 0^ electron histories into an 
axisymmetric workpiece, enough statis
tics are gathered to determine the spatial 
deposition of the beam's energy in J/g of 
material. Provisions are made in the code 
to input the composition of the workpiece 
and to simulate the effects of different 
beam radii, locations, and angles of im
pingement. The energy distribution is 
presently assumed to be uniform over the 
diameter of the beam, which models the 
beam/material interaction with sufficient 
accuracy for this investigation. However, 
modeling the beam with Gaussian energy 
distribution would provide a more realis
tic representation of the beam/material 
interaction and can be performed if in
creased accuracy is required. 

Figure 16 shows the results of one 
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Fig. 15 -
Microhardness 
measurements 

down the 
centerline of 

transformation 
hardened O-1 

tool steel 
processed at 

90- deg angle 
and 30-deg 

angles of 
incidence as 
shown in the 

previous figure. 
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M o n t e Car lo ca lcu la t i on that s imulates 
the energy depos i t ion in steel processed 
w i t h a single pulse f rom a 9 - m m - d i a m e 
ter, 6-MeV, 50-ns, 1.25-kA/pulse beam. 
The results show the iso-dose contours in 
J/g p lo t ted as a func t ion of radial d istance 
f r o m the b e a m ax is . The energy dose 
reaches a m a x i m u m va lue of 275 J/g at a 
loca t ion app rox ima te l y 1.3 m m b e l o w 
the surface of the plate, and drops off to 
a va lue o f 25 J/g at approx imate ly 4 m m 
b e l o w the surface o f the p late. The d i 
ameter of the energy-dosed region is ap
p rox imate ly 10 m m at the surface of the 
plate, w h i c h is s imi lar to the d iameter o f 
the beam, and the d iameter of the dosed 
region expands to approx ima te l y 12 m m 
at a depth of 1.5 m m b e l o w the surface 
of the plate. These ca lcu la t ions are a s im
u la t ion of the exper imenta l results shown 
in Fig. 9A , w h i c h is a m e t a l l o g r a p h i c 
cross-sect ion th rough the center of the O -
1 too l steel sample that was processed 
w i t h 10 pulses of the same parameters. 
Q u a l i t a t i v e l y , t he d i a m e t e r o f the 
processed region, cross-sect ional shape, 
and depth of m a x i m u m heat ing al l show 
a close s imi lar i ty to the iso-dose contours 
pred ic ted by the m o d e l . 

Quant i ta t i ve analysis and compar i son 
of the M o n t e Car lo code w i t h the exper
imenta l results f rom the ETA II tests can 
be made by assuming that an ins ign i f i 
c a n t a m o u n t o f heat d i f f u s i o n occu rs 
th roughou t the dura t ion of the 10 pulses 
at 500 H z PRF (200 ms). This assumpt ion 
a l lows the tota l energy dose to be esti
mated by the number of pulses t imes the 
energy dose per pulse, and can be made 
because the heat w i l l on l y di f fuse about 
1 m m dur ing the t ime the first and last 
pulses enter t h e samp le , as es t ima ted 
f rom x 2 = 4 a t , whe re x is the d i f fus ion 
d is tance and t is the d i f fus ion t ime. The 
the rma l d i f fus iv i t y , a , was d e t e r m i n e d 
f r o m the re lat ionship a = k / (pC„) whe re 
Cp is the heat capaci ty, k is the thermal 
conduc t i v i t y , and p is the densi ty o f the 
steel — Table 1 . 

The temperature rise in the steel is re
lated to the energy dose, the heat capac
ity of the steel, and the en tha lpy of any 
phase transi t ions that occur . Phase t ran
s i t i on e n t h a l p i e s , A H a . » , , AH.y_|_,and 
AH|__V, co r respond to the bcc- to- fcc , fcc-
t o - l i q u i d , a n d l i q u i d - t o - v a p o r , phase 
t ransi t ions, respectively, are summar ized 
in Table 1 (Ref. 10), w h i l e the c o e f f i -

0 
0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 
0.4 

-0 
1 1 1 1 1 1 1 1 i 1 1 

6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 

Radius (cm) 

cients, a and b, of the temperature-de
penden t heat capac i t y (Cp(T)) of these 
phases are g iven in Table 2 for the rela
t ionsh ip CP(T) = a + bT (Ref. 11). W i t h i n 
a g iven phase, the temperature-dose re
la t ionship was de te rmined using the f o l 
l o w i n g equa t i on : 

D = \cp(T)dT 

Fig. 16 — CYLTRAN Monte Carlo calculations of the energy deposition in O-l tool steel for 1 
pulse from a stationary 9-mm-diameter, 6-MeV beam operating at 1.25-kA/pulse. Contours are 
marked in J/g. 

where D is the dose g iven to the sample, 
T is the temperature, To is the in i t ia l t e m 
perature, and Tf is the f ina l temperature 
after processing. The en tha lpy of trans
fo rmat ion is fur ther added to the requi red 
dose at each o f the phase t ransformat ion 
temperatures. 

These data were used to ca lcu la te the 
dose requi red to f o rm austenite, l i qu id , or 
vapor, and the results are summar ized in 
Table 3, whe re T A 3 (800°C), T L (1475°C) 
and T v ( 2730°C) c o r r e s p o n d to the 
austenite, me l t i ng , and vapor i za t ion tem
peratures o f the 0 . 9 4 % C steel, respec
t ively. Table 3 indicates that the dose re
qu i red to heat and t ransform the steel to 
austenite is 575 J/g, the dose to mel t the 
steel is 1207 J/g, and the dose to vapor
ize the steel is 8195 J/g. 

The HEEB processed too l steel shown 
in Fig. 9A received ten ind iv idua l pulses, 
w h i c h corresponds to a m a x i m u m ca l cu 
lated dose of 2750 J/g d i rec t ly b e l o w the 
beam as est imated f rom the M o n t e Car lo 
ca lcu la t ion . This energy dose w o u l d be 
su f f i c ien t t o exceed the v a p o r i z a t i o n 
tempera tu re and par t ia l l y vapor i ze the 
processed reg ion . Figure 9A shows the 
results of the exper iment , and indicates 
that subsurface me l t ing and vapor i za t ion 
d i d indeed occu r after ten pulses f rom 
ETA II , and that the most intensely heated 
reg ion o c c u r r e d a p p r o x i m a t e l y 1 m m 
b e l o w the surface of the plate. 

Therefore, the M o n t e Car lo code ap
pears to cor re la te w e l l w i t h the HEEB 
processed steel sample in terms of pre
d i c t i n g the peak dose, the dep th -dose 
pro f i le , and the overa l l d is t r ibu t ion of en 
ergy in the processed sample. This good 
cor re la t ion be tween the exper iments and 
the ca lcu la t ions indicates that the M o n t e 
Car lo code can be used to est imate the 
beam processing parameters, i.e., beam 
d iameter , beam energy, beam f l uence , 
etc., for p roduc ing desired meta l lurg ica l 
mod i f i ca t i ons to steel. In add i t i on , this 
compu ta t i ona l me thod can be used as an 
inexpensive me thod for p red ic t ing the in 
te rac t ion o f HEEBs w i t h mater ia ls that 
have di f ferent thermophys ica l propert ies 
than steel, thus a l l o w i n g processing pa
rameter w i n d o w s to be de f ined pr ior to 
per fo rming the actual HEEB processing 
exper iments . 
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Table 1 — Thermophysical Properties of Iron 

p (g/mm3) 

7.86 X 10 - 3 

(W/mmK) 

0.047 

Cp 
(J/gK) 

0.486 

(mm2/s) 

12.3 

(J/g) 

15 

A H r L 

(J/g) 

247 

AHL-V 

(J/g) 

6085 

Table 2 — Coefficients for the 
Temperature-Dependent Heat Capacity of 
Iron 

Table 3 — Total Dose Required for the Indicated Phase Transitions in 0.94%C Steel (J/g) 

Dose to 
T = TA3 

560 

Conclusions 

Dose to 
austenitize 

575 

Dose to 
T = TL 

960 

Dose to 
melt 

1207 

can be per 

Dose to 
T = TV 

2110 

o rmed in the final 

Dose to 
vaporize 

8195 

surface-f in-

1) The 6 -MeV HEEB exper iments on 
steel showed that the peak energy depo
sit ion occurs approx imate ly 1 m m be low 
the surface of the processed plate. This 
deep energy penetrat ion a l lows HEEBs to 
be used for loca l ized heat ing/anneal ing 
of steel to depths that canno t be a c c o m 
pl ished by other local ized heat sources. 

2) The in terac t ion of a stat ionary 6-
M e V pu lsed e lec t ron b e a m w i t h p l a i n 
carbon steel showed that a beam f luence 
of 21 J/mm w i l l t ransformat ion harden 
the steel w i t h o u t mel t ing . At h igher f l u 
ences, subsurface mel t ing was observed 
at approx ima te l y 50 J / m m 2 , subsurface 
vapor iza t ion was observed at 95 J / m m 2 , 
and d r i l l i ng was observed at f luences o f 
140 J / m m 2 and higher. 

3) The depth of the HEEB t ransformed 
hardened z o n e ex tended near ly 2 m m 
b e l o w the surface o f the steel p late. Pro
cessing was accomp l i shed using ei ther a 
stat ionary spot process ing m o d e or by 
m o v i n g the beam at a scan rate of 0.4 m/s 
to p roduce strips of t ransformat ion hard
ened steel. In O - l too l steel, the 6 -MeV 
beam was used to heat treat strips o f ma
te r ia l to a hardness o f 8 0 0 k g / m m 2 , 
w h i c h is a factor of 3 to 4 increase over 
the hardness of the base mater ia l and is 
representat ive of the peak hardness for 
this mater ia l . 

4) Loca l i zed heat t rea t ing at dep th 
w i t h a 6 -MeV electron beam d id not alter 
the m a c r o s c o p i c character is t ics of the 
surface of the steel plate, therefore, loca l 
ized heat t rea t ing o f steel componen t s 

ished c o n d i t i o n . This avo ids the large 
scale d i s t o r t i on that a c c o m p a n i e s o i l -
q u e n c h i n g o f b u l k c o m p o n e n t s , a n d 
avoids the fo rmat ion of so l id i f icat ion-re
lated defects that a c c o m p a n y loca l ized 
heat treat ing processes that cause surface 
mel t ing . 

5) The 6 -MeV electrons were shown to 
coup le w e l l w i t h the steel at a g lanc ing 
angle of 30 deg. Shal low angle coup l i ng 
of the HEEB w i l l enable nonf lat c o m p o 
nents , such as gear tee th and t u r b i n e 
blades, to be hardened. 

6) M o n t e Car lo calculat ions were used 
to s imulate the HEEB/material in teract ion 
in steel, and the results of these ca lcu la
t ions cor re la ted w e l l w i t h exper iments 
p e r f o r m e d on the ETA II acce lera tor . 
These ca lcu la t ions can be used to predict 
the depth-dose prof i le and the locat ion o f 
the peak energy dose for a w i d e range of 
processing cond i t ions and materials. 
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Parameter Febo Fefo FeL 

a (J/gK) 0.664 0.438 0.749 
b (J/gK2) 0.110 X 10~3 0.151 X 10~3 -
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