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During large-area electron beam irradiation, high energy flux
pulses of electrons melt a thin layer of material. The objective of
this work is to analyze the spatial frequencies of a turned, S7 tool
steel surface before and after electron beam melting. It was
observed that high frequency features are significantly reduced
following melting, but lower frequency features were created and
increased the unfiltered areal average roughness. Previous work
on laser remelting-based polishing derived a critical frequency
that defines the frequency above which higher frequency features
are dampened. As the critical frequency depends on the melt dura-
tion that the surface experiences, a one-dimensional, transient
temperature prediction model was created for this work to esti-
mate the melt time for a single electron beam pulse. This model
allowed for the calculation of a critical frequency that showed
good ability to predict the frequencies that are dampened.
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1 Introduction

In large-area electron beam irradiation, a plasma source creates
a plasma cloud between the cathode and collector. After the cloud
is formed, the cathode has an accelerating voltage applied to it
that causes an electron beam to form. This electron beam delivers
a highly concentrated energy flux that rapidly melts metallic
surfaces [1]. Large-area electron beam melting has previously
been shown to reduce the roughness from approximately 6 lm to
0.7 lm Rz and increase the glossiness on NAK80 mold steel surfa-
ces [2]. Additionally, the irradiated surfaces were found to better
resist corrosion compared to a nonirradiated surface. Improve-
ments in roughness were also observed with incident angles from
0 to 60 deg making it a valuable process for metal mold finishing.
The process has also been demonstrated to work for finishing
intricate AISI 630 steel molds containing various microcircular
and square rods and holes [3]. The roughness of the substrate was
also reduced from 149.8 nm to 26.72 nm Ra. Other work studied
temperature prediction during the process with a three-
dimensional, transient simulation for four different metallic alloys
[4]. That work modeled the electron beam absorption by a volu-
metric generation method that was also utilized in this work. The
predictions from that simulation were shown to give good agree-
ment with the melt depths observed after sectioning irradiated
samples.

Laser melting is a similar process to electron beam irradiation
that has also found use in smoothing surfaces [5]. By assuming
that surface features on a molten surface, following irradiation,
can be modeled as surface capillary waves, a critical frequency
was derived that predicts the frequency above which features are
significantly dampened [6]. That critical frequency was later used
to create a surface prediction model for capillary regime laser pol-
ishing that uses a low-pass Gaussian spatial filter with the break
feature at the critical frequency [7]. In this work, a rough surface
and a smooth-turned surface are studied before and after large-
area electron beam irradiation. In contrast to previous work on
electron beam irradiation, the surface analysis in this work focuses
on microscale metrology measurements and the examination of
the power spectrum of the initial and electron beam melted surfa-
ces. Additionally, this work uses a temperature prediction model
to estimate the melt duration and corresponding critical frequency
for the irradiated surfaces to study if it is applicable to electron
beam irradiated surfaces in addition to laser melted surfaces.

2 Methods

2.1 Material Preparation and Surface Analysis. Fifteen
31.75 mm-diameter, 7 mm-thick samples were turned from AISI S7
round stock at 1000 rpm and constant feed of 0.05 mm/rev on a mill
turn center (Mori Seiki, NT1000, Nagoya, Japan). The two samples
with the highest and lowest roughness were used in this study to
characterize the effect of large-area electron beam irradiation on
surfaces with similar surface frequency components of different
amplitudes. The nominal chemical composition of AISI S7 tool
steel is given in Table 1, and the material properties used in the
temperature prediction model in Sec. 2.2 are given in Table 2.

The samples were cleaned after machining and before imaging
with methanol and delicate task wipes. Measurements of the surfa-
ces were made before and after electron beam irradiation using a
white light interferometer (Zygo NewView 6300, Middlefield, CT)
with a 20� objective, lateral resolution of 0.87 lm, and instrument
vertical resolution of up to 0.1 nm. The measurements were made
at nine evenly spaced locations between 2 mm and 10 mm from the
center of the sample, and the results presented in Sec. 3.2 are an
average of those nine measurements. Unfiltered and waviness-
filtered areal average roughnesses (Sa) are calculated in accordance
with ASME B46.1-2009. The waviness is filtered out using a Gaus-
sian filter with a cutoff wavelength of 80 lm.

2.2 Temperature Prediction Model. A one-dimensional,
transient, finite difference thermal model was developed to
estimate melt duration during each pulse of the electron beam.
The governing equation was solved with a variable-step, variable-
order, implicit technique and it is given in the below equation:
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where T is the temperature, t is the time, k is the thermal conduc-
tivity, z is the positon, _g is the node-specific thermal generation
term, q is th density, and c is the specific heat. The temporal and
spatial boundary conditions used are given in below equations:

Table 1 Nominal S7 tool steel composition [8]

C Mn Si Cr Fe

0.45–0.55 0.2–0.9 0.2–1.0 3.0–3.5 Balance

Mo V P S

1.3–1.8 <0.35 <0.03 <0.03
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where r is the Stefan–Boltzmann constant, e is the emissivity of the
surface, Tsurr is the temperature of the surroundings, and T0 is the
initial temperature. The model simulates the energy absorption from
the electron beam through a volumetric generation term calculated
by the fractional absorption of transmitted electrons [4]. A probabil-
ity density function of the electron absorption is shown in Fig. 1.

The area under the plot represents the total absorption verses
depth and indicates that almost all of the absorption of the electron
beam occurs within the first two micrometers of material. The
enthalpy of fusion and vaporization was considered in the model
through the apparent heat capacity method [14]. To use the appa-
rent heat capacity to simulate boiling, it was assumed that boiling
begins 30 K below the actual boiling temperature. The depth of
the simulated sample was chosen to be five times the thermal pen-
etration depth associated with the simulation time and the duration
of the simulation was chosen to be long enough for the surface to
resolidify. The simulation parameters are given in Table 3.

2.3 Electron Beam Melting (Polishing). Large-area electron
beam irradiation was performed with an electron beam finish machine
(Sodick EBMPF32A, Yokohama, Japan). The process was performed
at a vacuum pressure of 0.05 Pa and with argon as an inert gas in the
irradiation chamber. The samples were stationary during the irradia-
tion process. The irradiation parameters used for the samples of this
study are given in Table 4. They were chosen based on preliminary
experiments on the turned samples with intermediate roughness.

2.4 Critical Frequency Prediction. The critical frequency,
which is the frequency above which surface features are

significantly dampened, has been derived from surface capillary
wave dispersion relations as [6]

fcr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q
p2l tmelt

r
(5)

where fcr;individual is the critical frequency, q is the density, l is the
viscosity, and tmelt is the melt duration. In this work, as the surface
is exposed to ten 2 ls pulses with between 10 s and 15 s between
pulses, it is expected that the surface fully cools back to the initial
temperature between each individual pulse. This necessitates an
expression for the critical frequency of a sequence of independent
melt events. It is assumed that the melt duration of Eq. (5) can be
multiplied by the total number of melt events (Nmelt events, i.e.,
number of pulses) to give the total critical frequency. This is
shown in below equation:

fcr; total �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q
p2l tmelt�Nmelt eventsð Þ

r
¼ fcrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nmelt events
p (6)

The melt duration is determined with the temperature prediction
model presented in Sec. 2.2. However, due to the mushy zone,
two different melt durations are defined: tmelt;max, which is the
time period between the surfaces initially crossing the solidus
temperature and later falling back below the solidus temperature
and tmelt;min, which is similar but instead uses the liquidus
temperature.

3 Results

3.1 Temperature Prediction. Results at various depths from
the temperature prediction model are shown in Fig. 2.

It can be seen that the surface of the material reaches the boil-
ing temperature within the 2 ls electron beam pulse but does not
go over due to the enthalpy of vaporization. However, as the sim-
ulation uses a finite node size, localized ablation on the surface
may occur. Additionally, due to the volumetric absorption of the
electron beam, the highest temperature occurs at a distance
0.357 lm into the material. The melt duration for the surface and
the corresponding critical frequency are given in Table 5.

3.2 Electron Beam Polishing. The measured surface before
and after large-area electron beam irradiation is shown in Fig. 3.
The machining marks are visible in the as-machined surface caus-
ing a highly anisotropic surface with strong surface texture direc-
tionality. After irradiation, the machining marks are no longer
visible but instead larger wavelength surface features are

Table 2 Material properties

Density, q [9] kg/m3 7800
Thermal conductivity, k [9] W/m K 28.9
Specific heat capacity, c [9] J/kg K 460
Thermal diffusivity, a mm2/s 8.055
Viscosity (iron) l [10] mPa�s 5.5
Initial temperature, T0 K 293
Surroundings temperature, Tsurr K 293
Solidus temperature [11] K 1618
Liquidus temperature [11] K 1733
Enthalpy of fusion [11] kJ/kg 245.3
Boiling temperature (iron) [12] K 3273
Enthalpy of vaporization (iron) [12] kJ/kg 6339
Emissivity, e [13] — 0.69

Fig. 1 Probability distribution function of electron beam
absorption

Table 3 Temperature prediction model properties

Number of time steps — 29,981
Total simulation duration ls 15
Number of position nodes — 3001
Nodal spacing nm 32.5
Total simulation length lm 97.4

Table 4 Electron beam irradiation parameters

Pulse duration ls 2
Number of pulses — 10
Time between pulses s 10–15
Cathode voltage kV 25
Solenoid voltage kV 1.5
Chamber pressure Pa 0.05
Beam radius mm 30
Energy density J/cm2 7
Power density kW/mm2 35
Sample processing time min 11
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observed. The surface also appears to be more isotropic than
before. The areal average roughness of the original and waviness-
filtered surfaces is given in Table 6.

The roughness of the unfiltered surface increased following
electron beam irradiation. However, as the filtered values show,
the roughness is primarily due to the large wavelength features
that have been created by the surface melting process and are visi-
ble in Fig. 3. The unfiltered roughness of the rougher sample after
electron beam melting is higher than that of the smoother sample,
but the filtered roughnesses of both of them are approximately the

same. Power spectrum plots for the Y-direction and X-direction
are given in Figs. 4 and 5, respectively.

The power spectrum plots agree with the unfiltered and filtered
areal average roughness results. The electron beam remelted sam-
ples show higher amplitudes at the lower frequency values, but
lower amplitudes at higher frequency values. The power spectrum
plots also indicate that the frequencies of both the rougher and
smoother samples are very similar to each other between
0.01 lm�1 and 0.05 lm�1 in both the X- and Y-directions. The

Fig. 2 Temperature of the sample at various depths

Table 5 Predicted melt durations and corresponding critical
frequencies

Tmelt¼Tsolidus Tmelt¼Tliquidus

tmelt ls 12.05 6.75
fcritical mm�1 12.21 16.31

Fig. 3 Measured surface topography (a) before and (b) after
electron beam polishing

Table 6 Roughness of the unpolished and polished surfaces
(values after 6 are standard deviation)

Sample Sa (lm) Filtered Sa (lm)

Rougher surface
As-machined 0.53 6 0.10 0.46 6 0.09
After EBM 0.81 6 0.16 0.25 6 0.04

Smoother surface
As-machined 0.23 6 0.02 0.21 6 0.02
After EBM 0.66 6 0.16 0.21 6 0.03

Fig. 4 Power spectrum of frequencies in the Y-direction

Fig. 5 Power spectrum of frequencies in the X-direction
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X-and Y-direction frequencies are also very similar to each other
following polishing, which supports the previous observation in
Fig. 3 about a more isotropic irradiated surface. The critical fre-
quency predicted by the temperature prediction model appears to
give a good approximation of the frequencies that will get reduced
during electron beam polishing.

The reason for the increase in low frequency features is not
clear. It may be due to the temperature at the surface reaching the
boiling temperature, causing localized areas of ablation that may
have induced the new surface features. Alternatively, since the
electron beam is absorbed volumetrically and the hottest region
was found to be 0.357 lm within the material, material below the
surface may have begun to vaporize causing upwards bulging. An
additional potential reason is that the carbides within the S7 tool
steel may have caused localized temperature variations and the
creation of additional low frequency features.

4 Conclusions

In this work, the surfaces of two S7 tool steel samples that have
been turned are studied before and after large-area electron beam
melting. This work demonstrates that electron beam melting
strongly reduces higher spatial frequency features but may induce
lower frequency features that increase the overall roughness in
certain ferrous alloys. The power spectrum presented for these
surfaces before and after electron beam melting also gives insight
on the frequencies of a surface after the process. This information
informs on tribological properties such as on how these surfaces
perform in wear, adhesion, and frictional tests. Additionally, this
work shows that the critical frequency previously used in the pre-
diction of dampened frequencies for laser polishing can be applied
to electron beam melting if the melt duration is known. This abil-
ity to predict the frequencies that are dampened allows users of
the large-area electron beam melting process better assessment of
whether the process can effectively smooth the surfaces they are
interested in.
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