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Surface deformation by machining is demonstrated as a way to engineer microstructures of pure tungsten for extreme irradiation
environments. Thermomechanical conditions are established for microstructure refinement in the chips and the workpiece subsur-
face. Ultrafine grains are observed both in the chip and the subsurface, at depths relevant to the typical thickness of the irradiation-
induced damage. Guidelines for producing a uniform, ultrafine-grained structure via machining and other surface deformation
processes are discussed along with the implications of such microstructures for damage resistance.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Materials under irradiation fluxes are known to
suffer from microstructural damage. One particular
and recent example is the surface degradation of plas-
ma-facing tungsten components in experimental fusion
reactors. Low-energy helium and hydrogen (<200 eV)
ions escaping the plasma can form a surface layer a
few micrometers deep consisting of blisters, pores, bub-
bles and fuzz, which can be detrimental to the operation
of the reactor [1]. One approach to mitigate this kind of
damage is to refine the microstructure to ultrafine or
nanocyrstalline grain sizes. Irradiation-induced defects
can be annihilated at the grain boundaries due to the in-
creased area fraction [2]. Crystallographic texture, sec-
ond-phase precipitates and dislocation density are
other potential tools for controlling defects [3,4].

While powder metallurgy [4,5] and severe plastic
deformation techniques [6–8] are successful in modifying
the microstructure of the whole bulk material, surface
deformation techniques such as machining [9,10], ultra-
sonic shot peening [11], sliding [12,13] and friction stir
processing [14] can be efficient alternatives. The typical
thickness (P50 lm) of the deformed layers possible with

these processes correlates well with the length scale of
surface damage due to helium irradiation (up to several
microns) under fusion-relevant conditions [1].

In this study, we demonstrate machining as a way to
engineer the surface microstructure of pure tungsten by
controlling the thermomechanical conditions during the
deformation. Commercial-purity tungsten (99.95%) in
disk form (American Elements, Los Angeles, CA) was
subjected to plane strain, extrusion machining [15] as
shown in Figure 1. A sharp, wedge-shaped cutting tool
with a rake angle of a removes a preset thickness (to, also
called the undeformed chip thickness) and width (tw) of
material in the form of a chip, by imposing large shear
strains in a narrow and confined deformation zone.
The final chip thickness, tc, is set a priori before the
machining by the constraining tool, which allows a fixed
chip thickness ratio of k = tc/t0. Tungsten carbide cut-
ting and constraining tools with 0.8 mm edge radius
(SPG 422 type) were used for machining without appli-
cation of any coolant.

The strain and strain rate in the deformation zone
and the subsurface is measured using particle image
velocimetry (PIV), a correlation-based image analysis
technique [9]. PIV was applied to 70/30 brass alloy,
which models the deformation field in tungsten.
Previous PIV work in other materials such as titanium,
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copper and lead showed that the strain accumulated in
the chip is mostly independent of the material system
and depends solely on k and a [9,15,16]. Moreover, both
materials yield a similar value of k � 3.5 at a = 0 when
machined without the constraining tool. This being an
indication of similar deformation fields, tungsten is ma-
chined at a = 0 and k = 3 in order to match the experi-
mental conditions in the PIV analysis of brass.

Figure 2a shows the effective strain rate ðd�e=dtÞ field
during the machining. The region of intense strain rate
represents the narrow deformation zone having an aver-
age thickness (D) of �100 lm. The chip and the very sur-
face it has just separated from (i.e. the machined
surface) experience a similar deformation history. The
machined surface (d � 0 lm) also enters the deforma-
tion zone and accumulates the same amount of strain
(Fig. 2a). This effective strain is obtained by integrating
the effective strain rate along the pathline of the material
flow. Figure 2b shows the accumulation of strain in the
chip and the subsurface (d = 10 lm) along paths 1 and
2, respectively. The final strain in the chip and the

machined surface ð�e ¼ 2:1Þ drops sharply (to �e ¼ 1:2)
at 10 lm depth.

The effective strain imposed in the chip and the ma-
chined surface, �es, can also be calculated relatively accu-
rately by idealizing the deformation zone as a single
shear plane [9]. The effective strain, in this case, is:

�es ¼
1ffiffiffi
3
p k

cos a
þ 1

k cos a
� 2 tan a

� �
: ð1Þ

The experimental parameters used in this study, a = 0
and k = 3, resulted in �es ¼ 1:9, which is close to the PIV
measurements. Previous work on various material sys-
tems also confirmed the correlation between the shear
plane model and the PIV for k > 1 [9,15,16], justifying
the use of Eq. (1) to estimate �es.

An exponential decay of strain with depth into the
workpiece can be predicted based on the PIV
measurements:

�ed ¼ �es exp
�kad

t0

� �
; ð2Þ

where d is the distance from the machined surface and ka

is a parameter that only depends on a [9]. Eq. (2) is plot-
ted for various rake angles at t0 = 0.125 mm (Fig. 2c).
The constant, ka, is assumed to be 8 for a = 0 and 6.5
for a = �20, based on the experimental results [9]. While
�es is increasing with more negative a values, the depth of
the deformed layer is controlled by both a and t0. There-
fore, a combination of negative a and large t0 is ideal for
thick deformed layers with the highest possible strain.
Burnishing, sliding and surface grinding treatment are
examples of processes that can satisfy these conditions
[12,13,17,18].

The strain rate and the temperature of the deforma-
tion zone (T) can be controlled as well as the strain,
and these are primarily determined by the deformation
speed (i.e. the surface speed of the disk), V [15]. The rela-
tion of the strain rate to the deformation speed is given
by: _�e � �eV =D, resulting in a large range of strain rate
10 < _�e < 105 via V (�1 mm/s to 6 m/s). The process also
becomes adiabatic as V increases. The heat generated
during the plastic deformation stays in the deformation
zone with increasing adiabadicity. Thus, the temperature
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Figure 2. PIV analysis of machining showing (a) strain-rate field and (b) accumulation of effective strain along the chip and the subsurface. Work
material is 70/30 brass, with machining conditions of a = 0, t0 = 0.150 mm, k = 3.4, and V = 1 mm s�1. (c) Variation of the subsurface strain with d

(Eq. (2)).
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Figure 1. Schematic drawing of plane strain, extrusion machining.
Location of the FIB images (Fig. 4) are shown on the inset, where d

represents the distance from the machined surface.
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