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Abstract: Thin strips of electrochemically deposited nano-
crystalline nickel-iron with thicknesses of 320 or 330 pm are
modified by defined grinding. Small changes in the cutting
depth and the variation of the grinding process, up cut or
down cut, result in different surface states. X-ray diffraction
provides the analyses of the microstructures and residual
stresses on the surfaces. In the initial state, the grain sizes
have an average value of 9.3 nm, the micro strains 0.74%
and the residual stresses predominantly values in the
low-pressure range. Up grinding with the smallest depth of
cut 1 pm causes the lowest compressive residual stresses
at workpiece surface due to cold plastic deformation.
Larger cutting depths and surface temperatures reduce the
mechanical effects. Then prevailing thermal effects cause
tensile residual stresses through thermoplastic deforma-
tion and through changes in the microstructure, which can
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be observed by grain enlargements and decreases in micro
strains. However, the recovery and recrystallization pro-
cesses are only partial. Down grinding with a cutting depth
of 3 pm thus leads to a maximum grain size increase to
23.4 nm and a maximum decrease in micro strain to 0.41%
as well as to maximum residual stresses of 880 MPa.

Keywords: electrodeposition; microstructure;
crystalline nickel-iron; roughness; X-ray diffraction.
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1 Introduction

Material surface and/or edge layer states of conventional
microcrystalline (mc, grain size D > 1 um) metals are
defined by mechanical [1, 2] as well as by thermochemical
or thermal [3, 4] edge layer treatment methods for different
properties. Local changes in the residual stresses, the
strain hardening (e.g. dislocations and twin density), the
structure state, the component topography state, changes
in component geometry (distortion), as well as cracks as a
result of unfavorable process parameters occur. On
microcrystalline metals, such conditions have been sys-
tematically investigated and optimized for some time to
improve the strength and other properties of components
[3-7]. Residual stresses can significantly influence the
mechanical properties of a component.

Residual stresses are defined as mechanical stresses in
components without external loads and moments and
without temperature gradients [8, 9]. The associated in-
ternal forces and moments are in mechanical equilibrium.
According to their homogenous extension (constant ab-
solute value and constant direction) they can be differed in
residual stresses type I, II, and III. Residual stresses type I
are almost homogenous over larger material areas (several
grains), residual stresses type Il in rather small areas (grain
or grain ranges), whereas residual stresses type III are
inhomogeneous over some atomic distances. The locally
effective residual stress state results from the superposition
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of the residual stresses type I, Il and III. This classification
is also very suitable for X-ray analysis. Subsequently, the
stresses measured from the displacement of the X-ray
interference lines are referred to as residual stresses. These
are residual stresses type I, type I and II, or only type II. The
micro strains or residual stresses type III can be derived
from the widening of the X-ray interference lines.

Specifically carried out mechanical edge layer treat-
ments, such as shot peening, deep rolling, or grinding, causes
a considerable increase of the fatigue strength due to
compressive residual stresses of sufficient penetration depth
[3-7]. Preconditions are material states with higher hardness
or strength as well as inhomogeneous stresses, e.g. bending
or notch effects. High compressive residual stresses and high
edge hardness result in high local fatigue strengths in the
highly stressed edge area. The local fatigue strength must
exceed the local stress at each coordinate of the component.
The associated significant increase in component fatigue
strength can completely cancel out the notch effect. Tensile
residual stresses after grinding of high or higher-strength
materials with unfavorable grinding parameters, on the other
hand, lead to a sharp decrease in fatigue strength. The situ-
ation is different for materials of lower strength. These show
a reduction of the manufacturing-related residual stresses
under cyclic component stress with sufficiently high plastic
deformations. Residual stresses are thus virtually without
influence on the fatigue behavior. In addition, rough surface
topographies can reduce the fatigue strength of components
[5, 10]. Surface qualities with low roughness values must
therefore be generated, especially for materials with higher
strength.

2 Theoretical approach

Grinding is one of the chip removing mechanical edge layer
treatment methods. The focus is on the design and the
production of high surface qualities with small surface
roughness. Tensile residual stress on the workpiece surface
has to be avoided. The formation of residual stresses during
grinding is essentially determined by the cutting power
introduced into the material surface/edge zone, which
depends on various grinding parameters [6, 11, 12]. Basi-
cally, elastic-plastic deformations occur in the near-surface
areas due to the contact between the tool and workpiece
during grinding, as with other residual stress-generating
cutting processes. Larger temperature changes and struc-
tural transformations may develop. Mechanical and ther-
mal processes therefore occur simultaneously during the
grinding process. These are assessed in a scheme [13-15].
Low cutting power or depth of cut cause compressive
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residual stresses due to cold plastic squeezing processes.
With an increase in cutting power, heat generation pre-
dominates. Higher temperatures then lead to thermal
expansion of the surface layer at the material surface and
thermal plastic compression due to the underlying cold
material area when reaching the warm yield strength. After
the grinding wheel has been moved on and the surface
layer has cooled down, there are tensile residual stresses
that can even produce surface cracks if the amounts are too
high. Structural changes such as e.g. martensite formation
in hardenable steels and compressive residual stresses
are also possible. Key influencing factors and the devel-
opment processes of residual stresses in the grinding of
metallic materials are more closely considered in a recent
overview [16].

The cutting power, the depth of cut and other grinding
parameters such as the use of cooling lubricant (type,
quantity, supply, pressure), the cutting speed and work-
piece speed, up or down grinding, the type of grinding
wheel, the wear and the dressing conditions of the
grinding wheel, as well as the workpiece material, the
shape of the workpiece and the machining direction result
in more or less strong differences in the near-surface re-
sidual stresses. For example, when grinding steel with
CBN, much less heat is introduced into the workpiece than
with Corundum or SiC discs [11, 12, 17]. Therefore, and
because of the better wear resistance, CBN grinding wheels
usually generate compressive residual stresses in the near-
surface area. Ceramic abrasives lead to absolutely higher
residual stresses than CBN at the same grinding parame-
ters. Surface tensile residual stresses may already be pre-
sent after grinding with lower depths of cut. Grinding with
CBN also leads to lower surface roughness and higher
surface hardness.

Down or up grinding of steel with a depth of cut of
20 pm with the use of a cooling lubricant show practically
no differences in surface residual stresses. But for dry
grinding, there are higher compressive residual stresses in
down grinding than in up grinding [18]. However, creep
feed grinding tests with low material removal rate lead to
higher temperatures in the contact zone and the newly
generated surface when down grinding compared to up
grinding [19]. For larger material removal rates, it is reversed
on the generated surface. In this case, higher temperatures
are measured for up grinding than for down grinding. In the
further contact zone, however, higher temperatures are
present in down grinding than in up grinding.

The grinding direction and the feed direction, respec-
tively, must also be taken into account with regard to
the formation of residual stresses. On smooth workpiece
surfaces there are usually absolutely higher values of the
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near-surface residual stresses in the machining direction
than across it [5, 14, 20]. Notched workpiece surfaces show
similar dependencies on the above mentioned grinding
parameters [15, 21, 22]. However, smaller amounts of sur-
face tensile and compressive residual stresses are usually
measured in the notch direction as well as the machining
direction than transversely.

The hardening and the by X-ray determined half-width
value in the surface layer respectively increases when
grinding steel in normalized and tempered condition [5, 14,
15, 21]. In hardened condition, on the other hand, the
hardening can increase or decrease during grinding. The
causes are changes in dislocation density and microstruc-
ture. The impact depth of the affected surface layer is rather
small for grinding. It is in the hundredth to the tenth of a
millimeter range.

The influences of the grinding parameters on the
material surface states produced are confirmed for nickel-
based alloys with a microcrystalline microstructure. Pro-
cesses of plastic deformation and heat development are
decisive. For example, pendulum grinding of the alloy
GH4169 is carried out with a ceramic grinding wheel by
varying the depth of cut from 5 to 40 pm. Increasing in
depth of cut leads to an increase in grinding temperatures
and thus in surface tensile residual stresses, namely in the
grinding direction from 700 to around 1100 MPa and in
the transverse direction from around 540 to 930 MPa [23].
The surface roughness increases significantly. In addition,
the micro-hardness decreases with increasing depth of cut.
The impact depth of the decrease in hardness near the sur-
face increases. This is caused by high grinding temperatures
and associated structural changes. y’ or y” — precipitations
dissolve, larger grains are formed and the material near the
surface is softened. The depth of the plastically deformed
layer near the surface and the orientation of the grains in the
grinding direction increase. With a depth of cut of 40 um, the
high tensile residual stresses exceed the material strength
and cracks appear perpendicular to the grinding direction.
Low grinding temperatures are assumed for very low depth
of cut, sharp abrasive grains, and good cooling lubrication.
Plastic deformation dominates, the material is hardened,
and surface compressive residual stresses arise. In the case
of the nickel-based superalloy K417, with increasing depth
of cut, increasing absolute residual stresses or decreasing
compressive residual stress amounts are measured due to
higher temperatures [24].

Creep feed grinding of nickel-based superalloy IN738LC
results in medium to high tensile residual stresses for
differently dressed ceramic grinding wheels [25]. Very un-
favorable conditions, such as grinding without coolant,
can result in local initial melts and white layers with
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nanocrystalline microstructures, very high tensile residual
stresses of up to 1850 MPa and cracks on the workpiece
surface. However, CBN grinding wheels with coolant pro-
duce surface residual stresses close to zero. Reasons are the
good thermal conductivity of CBN and thus the relatively
lower workpiece surface temperatures. Ceramic and CBN
grinding wheels provide compressive residual stresses
beneath the surface, with the exception of grinding with
ceramic wheels without cooling.

Due to their mechanical, soft magnetic and chemical
properties, nickel as well as nickel alloys are among the
materials chosen for the production of layers as well as
for smallest structures for micro electrical mechanical systems
(MEMS), such as micro gears [26—28]. The manufacturing
of high-precision micro-components is made by electro-
chemical deposition using LIGA technology or the direct-LIGA
process [29]. Due to their nanocrystalline (nc) microstructure
with grain sizes D < 100 nm, electrochemically deposited
micro-components or layers have excellent mechanical
properties [30—33]. The hardness and strength values are 2-10
times higher than for conventional microcrystalline (mc)
materials with grain sizes in the pum range (grain size D > 1 um).

Electrochemical metal deposition offers many process
parameters to influence the microstructure (chemical
composition, grain size, grain structure, twin density,
textures), the residual stresses and micro strains, as well as
the material properties of layers or micro-components in a
defined manner. These influencing parameters include the
bath composition, the bath process parameters, the set
current parameters, the substrate and the structural ge-
ometry [27, 28, 30, 33-35]. LIGA micro-components show
local irregularities in the current density, the electrolyte
composition, the microstructure and the local properties.
The edges or side edges of the micro-components usually
grow the fastest because this is where the highest current
densities prevail. In addition, alloys can have different
compositions over the height of growth [28, 36]. In com-
parison, electrochemically deposited layers have a more
uniform microstructure.

The grain size of electrodeposited Ni layers decreases
as the current density increases, at first considerably,
from the ultra-fine crystalline range (ufg, grain sizes
100 nm <D <1000 nm) of around 200 nm at 1 A x dm ™ to the
nanocrystalline (nc, D < 100 nm) range to 50 to 20 nm at 5
A x dm™. For higher current densities, from around 8
A xdm™to 30 A x dm™, the grain size remains constant at
25 to 20 nm [34]. Nickel-iron alloys behave in reverse. Here,
the grain size increases slightly from 13 to 17 nm or 6 to
17 nm with the current density from 6 to 15 A x dm™ or 0.2
to 10 A x dm™ [27, 32, 33]. With the same current density,
NiFe layers have smaller grains than Ni layers. Iron also



906 —

being deposited has a grain-refining effect [37, 38]. The
reason is a higher nucleation rate for NiFe than for Ni. With
increasing current density, however, the iron content in
front of the deposition layer in the electrolyte and thus the
number of nucleations decreases and the grain size in-
creases. Compared to direct current deposition, pulsed
current deposition offers many more process parameters
that can influence the microstructure over a wide range.
For example, short pulse durations in the millisecond
range allow higher current densities than direct current
deposition. Smaller grains below 20 nm are possible with
short pulse durations and high current densities [30]. The
additives used also reduce the grain size and increase the
micro strain [30, 39, 40].

Sulfur-containing bath additives, such as saccharin,
serve in small quantities as grain refiners and as bright-
eners in the deposition of nickel as well as nickel-iron
layers [32, 35, 41-44]. In addition, they reduce or avoid the
formation of tensile residual stresses and cracks. Fiber
textures are formed within the layers. The addition of
saccharin changes a distinct <200> fiber texture into a
double fiber texture <111> and <200> [32, 33, 35, 39, 40, 43].

The residual stress development of nickel as well as
nickel-iron or iron-nickel layers deposited electrochemi-
cally on the substrate depends on the many process pa-
rameters [41, 45-50]. For example, the deposition of nickel
without saccharin provides tensile residual stresses, usu-
ally below 200 MPa [47]. For very small layer thicknesses of
0.5-1 pm, tensile residual stresses of around 140-350 MPa
are obtained [44, 51, 52]. With increasing layer thickness
of 10-20 um, the tensile residual stresses decrease to
around 100 MPa and then remain approximately constant.
Depending on the substrate and the starting layer, nickel-
iron layers form higher tensile residual stresses after the
deposition of small layer thicknesses [41]. For Ni-21 wt% Fe
with a deposited layer thickness of 0.5 um, e.g., residual
stresses up to 450 MPa are obtained. From a layer thickness
of 2and 5 pm, the tensile residual stresses drop down to 150
and 100 MPa, respectively. Iron-nickel layers, also depos-
ited without saccharin, have very high tensile residual
stresses of more than 1000 MPa for very thin layers < 2 um
[46]. As the layer thickness growths to 10 pm, the tensile
residual stresses decrease to below 200 MPa and show only
small changes for a further increase of the layer thickness.

The current density is one of the most important pro-
cess parameters for the arising of residual stresses and the
microstructure formation within the layers. In nickel layers
for additive-free deposits, low current densities produce
low tensile residual stresses and higher current densities
generate higher tensile residual stresses [43, 44, 47, 49, 53].
This means, in nickel layers, the absolute values of the
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residual stresses increase and the grain sizes decrease with
the current density. Saccharin, on the other hand, forms
smaller residual stresses in very fine grains in terms of
absolute values. Nickel layers deposited with or without
saccharin show considerable differences in the absolute
residual stress values of —842 or —143 MPa and the grain
sizes of 10 or 5000 nm [48]. This is different with the
alloying of iron in nickel. Compared to pure nickel de-
posits, the nickel-iron alloy Ni-16 wt% Fe has smaller grain
sizes of 12 vs. 23 nm, but absolutely higher residual stresses
of -2 vs. =70 MPa [50]. Smaller nc grains or higher iron
contents also show higher micro strains [32, 33, 43].
Increasing iron contents in the NiFe layers, adjusted by
means of the current density and/or the bath composition,
even when using the additive saccharin, result for up to
about 15 wt% Fe in decreasing compressive residual
stresses and for up to 50 wt% Fe even high tensile residual
stresses of up to 700 MPa [41]. In addition, various other
process parameters, such as further bath additives, the pH
value, the pulse current and its parameters, different stir-
ring, the temperature and pressure of the electrolyte or the
type of substrate, have more or less effects on the micro-
structure formed, the texture, the residual stresses, the
micro strains, the surface roughness and thus the me-
chanical properties [35, 41-43, 47, 48, 52, 53].

For the formation of residual stresses in deposited
layers on substrates, in addition to thermal residual stresses,
various causes, theories and models are mentioned in the
literature [50, 52]. Most theories deal with changes of the
deposition volume such as the coalescence of crystallites,
the inclusion of hydrogen or other foreign substances, the
generation of lattice defects or lattice misfits between layer
and substrate. Furthermore, the effects of excess energies
compared to the equilibrium state are considered [54]. The
coalescence theory, for example, explains the formation of
tensile residual stresses or increasing residual stresses in
nickel or NiFe or FeNi layers for grains smaller than 100 nm
with the fact that the contraction caused by the attractive
forces of the deposited very small crystals is hindered due to
the bond to the substrate [41, 45, 50, 52]. Smaller grains and
thinner layers have higher tensile residual stresses [45, 50].
For thicker layers, from 0.5 pum, a decreasing proportion of
coalescence and hence other causes for the formation of
residual stresses are assumed [45]. Further arguments sug-
gest that coalescence cannot be viewed as the origin of re-
sidual stresses in polycrystalline layers, but only as an
additional factor that can change the free surface energy of
the crystallites [54].

According to a model called general thermodynamic
theory, the residual stresses are calculated according to
the deviation of the nc grains from thermodynamic
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equilibrium or the excess of free surface and grain
boundary energy [54]. The considerations deal with the
initial stages of the electrochemical deposition before the
coalescence of the individual crystals, as well as with
influences of the coalescence, the additives, the bath
composition, the thickness of the deposition layer, the
current density and the bath temperature. Depending on
the deviation from the equilibrium shape and size of the
crystals, tensile or compressive residual stresses can be
determined. The grain refinement with saccharin is due to
its almost complete closure of the {111} planes on the
cathode surface caused by the formation of complex
compounds [35, 43]. On the remaining free surface parts,
the current density at the cathode and hence the rate of
nucleation increases and the surface diffusion of the
nickel ions decreases [35, 52]. Altogether this results in
finer grains as the lateral crystal growth decreases. The
{111} planes can develop perpendicular to the free sur-
faces at the expense of the {200} planes. The corre-
sponding change in texture, the deviation of the crystal
shape and size from the equilibrium case, and the coa-
lescence lead to the formation of compressive residual
stresses [43, 54].

The increase or decrease in volume due to the inclu-
sion of foreign atoms provides an additional explanation
for the formation of compressive or tensile residual
stresses in nickel layers [52]. Saccharin and its deposition
of complex compounds at the grain boundaries cause an
increasing volume and compressive residual stresses. As
a further example, according to a hydrogen theory, metal
hydrides or metal hydroxides are formed during the
deposition process, which require larger volumes in the
lattice, but are not stable and decompose [43, 54]. The
hydrogen diffuses out of the layer. The remaining metal
ions require less volume. A contraction of the lattice with
tensile residual stresses occur. In addition, the adsorption
of hydrogen in the nickel layer can act as a grain refiner
similar to saccharin.

Thermal residual stresses are rather small, but can also
be larger depending on the respective process parameters
[35, 41, 47, 49, 51, 52, 54]. They result from the difference in
the thermal expansion coefficients of the layer and sub-
strate material as well as from the temperature difference
between the bath temperature during the electrochemical
deposition and the ambient temperature.

Micro strains or lattice expansions as local inhomo-
geneous strains are the result of generated local errors,
such as dislocations, vacancies, twins, foreign atoms or
grain boundaries. They are also influenced by the process
parameters of the electrochemical deposition. Increasing
current density in pure nickel layers leads to decreasing
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grain sizes and increasing micro strains [40]. In the case of
nickel-iron alloys, higher current densities or appropriate
bath compositions produce decreasing iron contents,
increasing grain sizes and thus decreasing micro strains
[32, 33, 38].

The determination of residual stresses on the electro-
chemically deposited layers usually takes place in the
compound of substrate and layer [41-44, 46-53]. For this
purpose, mainly mechanical methods are used [41, 43, 44,
46, 47, 49-53, 55]. From the measured deformations of
bending strips coated on one side (bend strip method) or
the torsion of spiral contractometers or the deflections
of discs or AFM cantilevers as well as the axial elongation
or shortening of thin strips coated on both sides (strip
stretching method, change of length) the averaged residual
stresses of the respective layer are determined [41, 43, 44,
46,51, 52, 55, 56]. The bending strip method is considered to
be best suited for industrial practice because it allows
sufficient accuracy and quick results at low cost. Another
advantage of the mechanical methods is that the residual
stresses can be determined continuously during the layer
growth.

By means of the X-ray diffraction method (XRD) the
internal stresses can be determined locally and directly on
the layer or on the micro-component with an adequately
high lateral resolution [41, 42, 48]. The stress distribution
and the crystalline structure from the layer surface to layers
close to the substrate can be determined. In simplified
terms, the X-ray stress analysis is carried out by measuring
the displacement of the X-ray interference lines or the lat-
tice strains of a certain type of lattice plane at different tilt
angles . For linear line position distributions versus sin’p,
residual stresses are obtained from a straight line slope
using the sin’y) method [57]. Also for nc nickel or nc nickel
alloys linear line position distributions are evaluated [41,
42, 48]. However, for very thin nickel layers, below 4 um,
the classical sin’y method for the determination of residual
stresses could not be applied [58]. Too low intensities of the
interference lines after subtraction of the background and a
relatively high, inconsistent impact depth of the X-rays are
the reason for difficulties during measurement. This can be
remedied by X-ray diffractometry with low angles of inci-
dence (low-incident-beam-angle diffraction technique).
Difficulties in the evaluation can also arise due to the
texture [59]. Thicker layers of around 4 pm show linear line
position distributions over sin’ [58].

Electrochemical deposition of nc nickel alloys as layers
or as high-precision direct-LIGA micro-components and
their post-processing to exact thickness dimensions should
show high surface quality, low distortion and thus mostly
low residual stresses as well as good mechanical, chemical
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or physical properties. High fatigue strength values can
be achieved in particular due to the nc microstructure
[60]. Work hardening as in the cold rolling of C-2000
(Hastelloy) can also contribute to a high fatigue strength
[61]. In numerical simulations, however, compressive re-
sidual stresses show little effect on fatigue strength [61].
Nevertheless, results on nickel layers, deposited electro-
chemically on steel, show a clear influence of residual stress
on the fatigue strength [47]. It can probably be assumed that
for nanocrystalline as well as for microcrystalline metals,
compressive residual stresses have a positive effect and
tensile residual stresses have a negative influence on the
fatigue strength. However, precise evaluations of the in-
fluence of residual stresses on the fatigue strength of
nanocrystalline metals can only be carried out under diffi-
cult conditions [60]. This is justified with the simultaneous
change of several layer states (e.g. the structure as grain
size, alloy content, and texture or the residual stresses) in
the case of electrochemical deposition, even if only one
process parameter (e.g. the current density) is varied. Clear
statements would require the separate consideration of the
structural parameters, the micro-hardness, the residual
stresses and the surface topography.

In the present work, the electrochemical deposition of nc
nickel-iron layers on copper rounds is carried out, for material
states as constant as possible with constant process param-
eters. Subsequent cutting and careful grinding might provide
thin layer strips of high surface quality and high accuracy
with a small thickness of only 320 or 330 pm. Different con-
ditions close to the surface can be set with varied grinding
parameters. The microstructure, residual stresses, micro
strains, surface topographies and layer thicknesses obtained
are recorded by X-ray and other analysis methods. The aim is
to gain knowledge about the grinding of varied material and
manufacturing/residual stress states on the surface of thin
layer strips made of nc nickel-iron. The reason for thin layer
strips is that they can be used to produce small samples or
microsamples for subsequent fatigue tests.

3 Experimental procedure

The electrochemical deposition of nickel-iron layers occurs
in two batches at a manufacturer of microdrives on copper
rounds with a diameter of 99 mm and a thickness of 0.5 mm
(Figure 1). An industrial electrolyte (pH = 3) with saccharin
specially developed for microsystem technology is used
[33]. The deposition takes place at a direct current (DC)
density of 3 A x dm 2, resulting in a yield strength of at least
1700 MPa. Nickel-iron layers with a diameter of 89 mm
and different thicknesses from 1.4 to 1.7 mm (Batch 1) or
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1.8 to 3 mm (Batch 2) are produced. Differences in the
thickness of the individual layers can be attributed to
the electrochemical deposition, which is also different in
the edge area compared to the middle of the layers. Eight
coated rounds from the two batches are available: Batch 1:
RO32, R034, R036 and Batch 2: R038, R039, R042, R043,
RO44 (round numbers). Twelve layer strips with the di-
mensions 30 mm x 10 mm can be cut out of each of the
rounds (Figure 1). To be able to clearly assign the position
of the nickel-iron layer strips, a layout plan is needed
(Figure 1). The designation of the layer strips consists of
three parts. “ROxy” indicates the round number, the sec-
ond digit “1 to 4” the quadrant number and third digit the
position within a quadrant, ascending from “1 to 3” from
inside to outside. In order to differentiate between the
nickel-iron alloy side and the copper side during process-
ing, a chamfer is applied to each layer strip in addition to
the numeration. For grinding, the slightly bend layer strips
require three M3 threaded holes to screw them flat on a
specimen carrier. Desired essential geometric dimensions
will be a uniform strip thickness h of 320 pm (Batch 1) or
330 pm (Batch 2), each with a tolerance of + 10 pm (Figure 2a).

Cutting the rounds with a cutting machine (company:
Buehler, type: PowerMet 3000) in four quadrants is the first
step following the electrochemical deposition process.
Subsequently, three layer strips are cut out of each
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Figure 1: Positions of layer strips for nickel-iron coatings on a
99 mm diameter copper round.
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quadrant with a precision cutting machine (company:
Struers, type: Accutom-50). Not all layer strips can be used
for grinding because in some cases the nickel-iron layers
have separated from the copper or because cracks have
been developed during drilling or thread cutting.

Grinding is performed after further preparatory work
and after positioning a specimen carrier with the fixed
layer strip on the magnetic table of a surface grinding
machine (company: Jung, type: Jutec 635). By using this
setup, the varied depths of cut can be set in the pm range.
The grinding tool for the further preparation is a silicon
carbide ceramic grinding wheel with very fine grit (com-
pany: Lapport, type: SCG 220 G 9 V7500EF, Table 1).

Five grinding operations work off the layer strips on
both sides down to a thickness of 320 (Batch 1) or 330
(Batch 2) pm. At the beginning, the grinding wheel is
dressed and the specimen carrier with the layer strip
screwed on the copper side is magnetically fixed on the
grinding table. Pre-grinding means the first grinding
process by pendulum movement of the grinding table
(Table 1). The side of the strip with the nickel-iron layer is
ground flat with a removal of 400 to 500 pm (Batch 1) or
about 1200 pm (Batch 2). Secondly, the layer strip on the
specimen carrier must be turned over to the other side. The

grinding wheel is dressed again and 550 to 600 um are
ground off until all the copper is removed. In the third step,
after dressing the grinding wheel again, the finish grinding
follows on the former copper side removing 20 pm of
nickel-iron by N identical passes with a depth of cut “a” in
down grinding or up grinding (Table 1 and Figure 3). The
fourth grinding process starts, after measuring the thick-
ness of the strip, redressing the grinding wheel and turning
the strip to the first NiFe side, as a further pre-grinding to a
remaining thickness of 340 (Batch 1) or 350 (Batch 2) pm.
Before finish grinding to strip thicknesses of 320 or 330 pum,
the grinding wheel is dressed again (Table 1). In the fifth
grinding process, again N equal passes with a depth of
cut “a” are carried out in down grinding or up grinding fora
removal of 20 pm.

Dressing before grinding, in particular before finish
grinding, is important to reach defined surface states. This
consistently works under the same conditions (except for
strips of round R032), with sufficient material removal and
sufficiently often (Table 1).

Grinding is performed transversely to the longitudinal
axis of the strips (Table 1 and Figure 3). Only in the initial
phase of the tests longitudinal grinding takes place on
12 strips of Batch 1 from round RO32. Considering the
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Table 1: Grinding process parameters and grinding wheel details.

Grinding wheel details

Company Lapport

Wheel model, material SCG 220 G 9 V7500EF
Wheel width 40 mm

Wheel diameter 300 mm

Defined dressing of grinding wheel for all strips, except those of round
R032

Before each pre-grinding 3 x 20 pm
Before each finish 3 %20 um
grinding

Grinding process parameters

Specimen carrier Fixing the strips for each grinding process

Cutting speed v, 25mxst
Workpiece speed vy, 14 m x min!
Coolant Emulsion

Grinding direction Transverse, strips of Batch 1 and 2
Longitudinal, strips of round R032, Batch
1

Deactivated, strips of Batch 1 and 2

Activated, strips of round R032, Batch 1

Cross-feed

Pre-grinding

Type of grinding method
Depth of cut a

Pendulum grinding
Automatic

Finish grinding

Type of grinding method
N x depth of cut a

Down or up grinding
Very careful: 20 x 1 ym (smallest)
Increased: 7 x 3 ym or 5 X 4 ym

geometry of the strips, 30 mm length, 10 mm width, and the
thin strip thicknesses of 320 (Batch 1) or 330 um (Batch 2),
the low strip thicknesses in particular pose a challenge for
finish grinding. Undesirable machining deformations of
the thin strips should be less in transverse direction with
the three times shorter width (10 mm) than in the longitu-
dinal direction (30 mm). It therefore seems to be easier to
reach more uniform surface states by grinding along the
width of the strips, i.e. in the transverse direction.

Defined finish grinding with N passes x depth of cut a
20 x1or7 x 3 or 5 x 4 um is carried out without cross-feed.
Grinding with cross-feed would not be unambiguous, since
the previously created surface would be ground again
without adjusted depth of cut. Therefore, no further
grinding contacts than those of the set depths of cut N x a
may arise in finish grinding. Exceptions are the strips of
round RO32, as this grinding uses cross-feed. Other pa-
rameters such as the cutting speed v. or the workpiece
speed v,, remain constant (Table 1).

DE GRUYTER

To characterize the specimen fabrication, the mea-
surement of the strip thickness h (Figure 2a) represents a
first step. This must be done after each processing step. A
micrometer screw gauge serves to measure the thickness at
12 points. Each point will be measured three times. The
specified final thickness corresponds to the respective
mean values of the strips.

Surface roughness measurements — as well as all other
surface analyses — take place on the strips ground in the
transverse direction. To get this realized, measurements
are done along three lines of the finished strips (Figure 2b).
These three measuring lines are placed in the middle (line
MC) and near to the beginning or near to the end (line C,
line NC) of the grinding path. Measuring direction is always
perpendicular to grinding grooves or to grinding direction.
To determine the measuring line length and to evaluate
values for roughness depth R, and arithmetic mean
roughness R,, measurements by using a confocal wide field
microscope (company: Zeiss, type: Smart proof 5) with high
resolution and high measuring speed are carried out ac-
cording to standard DIN EN ISO 4287. For comparison and
to ensure the accuracy of the roughness measurements, a
stylus instrument, the Talysurf INTRA (company: Ametek,
Taylor Hobson) is applied, confirming the results obtained
with the confocal microscope.

The characterization of the nc microstructures as
well as the residual stresses and micro strains on the sur-
faces of electrochemically deposited layer strips and on
the surfaces of ground strips takes place by means of
X-ray diffraction (XRD). A i -diffractometer (company: GE
Sensing & Inspection Technologies GmbH, type: XRD 3003
PTS pB) can be used for this task. The Cu-Ka primary beam
of a microfocus X-ray tube is gated for a lateral resolution of
200 um in the center of the diffractometer with an X-ray light
guide, an elliptical glass capillary (eFOX, Fiber Optic for
X-rays). On the secondary side there is a semiconductor line
detector (company: GE Sensing & Inspection Technologies
GmbH, type: Meteor 1D) behind a nickel filter. It detects the
Cu-Ka beam with a resolution of 50 pm, which previously
diffracts at the lattice planes of the strips. Measurements are
taken at points C, NC and MC (Figure 2c) transverse to the
strip and therefore in the grinding direction as well as lon-
gitudinal to the strip and therefore transverse to the
grinding direction (Figures 2c and 3a and 3b).

Grain sizes as well as micro strains are determined using
the modified Williamson-Hall plot [62]. For this purpose, the
respective interference line widths of the {311}, {222} and
{400} 1attice planes are to be measured. To verify the grain
sizes determined by XRD, investigations on identical speci-
mens with a transmission electron microscope (TEM) show
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Figure 3: Schematic depiction as well as residual stress (RS) measurement direction longitudinal and transverse to transverse grinding of
a) down and up grinding, b) transverse to strip, c) longitudinal to strip (v, cutting speed; v,,, workpiece speed; a, depth of cut).

the same results [32, 33]. The grain sizes determined by both
methods were electrochemically deposited under the same
conditions as for the microstructures considered here with
direct current at 3 A x dm™.

XRD texture analyses of the lattice planes {111}, {200}
and {220} can be performed for rotationally symmetrical
pole figures using the relatively simple Harris texture
index [63]

mes
I(hkl}
el

hkl)
Ty = ! 1
{hid} mes [mes mes ( )
1 {111} {200} {220}
3| el + el + el
{11 {200} {220}

evaluated respectively for constant azimuth angle
¢ = const. = 0° and for varied tilt angles ) from ¢ = 0° up to
70°. Ijes and Iy, are the measured and relative intensities
of interferences from the NiFe specimens [64]. If an
anisotropic microstructure is present, Ty, assumes a
value greater than 1, and even up to a maximum of 3 if the
texture is strongly pronounced. In the case of isotropic
microstructures, T = 1, Tao0p = 1 and Tiapp = 1.
Residual stress measurements are carried out on the
{311} lattice planes with the Bragg angle 26, = 92.933° for
nickel [65]. For further verification, the results of mea-
surements on the {420} lattice planes at 26, = 155.675° are
compared with those of the {311} lattice planes at
260, = 92.933° on the same strips and the same measurement

points. Line position distributions with large tilt angle ¢
range between —60° and +60° and equidistant sin%p di-
visions of the 27 1 -tilts provided good results. The residual
stresses are obtained by the analysis of linear line position
distributions according to the sin’y method [57]. In the case
of the {311} lattice planes the evaluation is based on a
Young’s modulus EP™ = 203,000 MPa and a Poisson’s ratio
vP = 032 In the comparison measurements, the
diffraction-elastic constants of the {420} lattice planes
coincide with those of the {311} lattice planes.

4 Results

The measured thickness values of the strips for nominal
dimension 320 pm + 10 pm tolerance (Batch 1) in Figure 4
reveal that only a defined, very careful grinding process
can lead to the desired results (Table 1). However, almost
all of the initial 12 longitudinally ground strips of round
RO32 with less suitable parameters are out of tolerance,
sometimes with considerable deviations from the nominal
value (Figure 4, left). Very carefully ground transversely to
the longitudinal axis, with defined dressing of the grinding
wheel, without cross-feed and with a very small depth of
cut of 20 x 1 pm (Table 1), on the other hand, the thickness
of each of the 10 strips is within the tolerance range
(Figure 4, right). All these measured values have low
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Figure 4: Strip thickness by grinding longitudinal (left) and by very
careful grinding transverse (right) to the strips of Batch 1.

scatter. Down and up grinding differ only slightly in the
results.

In addition to Batch 1 (nominal value of thickness of
320 pm + 10 pm tolerance), the nominal value of strip
thickness of 330 um for Batch 2 is slightly larger, likewise
with + 10 pm tolerance. Both batches show the lowest
standard deviations of the strip thicknesses when grinding
with the smallest depth of cut 20 x 1 pm (Figures 4 and 5). In
comparison, larger depths of cut of 7 x 3 or 5 x 4 ym, as
performed on Batch 2 strips, lead to larger standard de-
viations of the strip thicknesses. The mean values of the
strip thicknesses of Batch 2 still fall within the tolerance,
but the standard deviations exceed the upper tolerance
limit 340 pm (Figure 5, right).

Roughness measurements, comparing the results of
the two test devices, the confocal microscope and the sty-
lus instrument, show practically no differences, deter-
mined on the same strips from Batch 2. On average, the
value of R, is 2.3 pm for Zeiss and 1.9 pm for Ametek. And
for R,, average values for Zeiss and Ametek of 0.25 and
0.27 pum respectively hardly differ. Apart from the nearly
equal average values, the value of each strip is essentially
the same. So all further roughness values are determined
with the Zeiss Smart proof 5 confocal microscope.

Figure 6 shows results of roughness after finish
grinding for the same strips as for thickness measurements
(Figure 5). Roughness depth R, is approximately the same
for both down grinding (open symbols) and up grinding
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Figure 5: Strip thickness by transverse grinding with different
depths of cut in down and up grinding of Batch 1 and 2.

(closed symbols) as well as for Batch 1 and Batch 2 at about
2.1 pm (Figure 6a). It is observed that approximately equal
roughness values R, for lines C and NC at the beginning and
the end of the grinding path remain slightly lower than
those for line MC in the middle of the strips.

The arithmetic mean roughness value is on average for
all measured strips of Batch 1 R, = 0.41 pm and on average
for all strips of Batch 2 R, = 0.25 um (Figure 6b). This means
that the values for Batch 2 (with higher depths of cut) are
one third smaller than those of Batch 1. As with R,, the R,
between down and up grinding do not differ significantly
when taking the measured values’ scatter into account.
Furthermore, R, values on measurement lines MC in strip
middle of Batch 1 are slightly larger than on measurement
lines C and NC. This does not apply to Batch 2. Considered
together, the R, and R, values do not fully correspond to
results of a fine grinding process [10].

In electrochemically deposited state, surface residual
stresses are measured at points C and NC along and
transverse to the strip length (Figure 2c). The residual
stresses of the coated strips of Batches 1 and 2 range in the
low-pressure region or close to zero, with the exception of
the strips from round R0O39 of Batch 2 (Figure 7). In most
cases, there are no significant differences between points
C and NC and between longitudinal and transverse di-
rections. Nevertheless, the medium-sized compressive
stresses of —314 to —110 MPa for R039-4-2 and R039-4-3 layer
strips indicate differences in electrochemical deposition for
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Figure 6: a) Roughness depths R, and b) arithmetic mean roughness values R, transverse to grinding grooves, i.e. longitudinal to the strips by
grinding with different depths of cut in down and up grinding on measuring lines C, NC and MC of Batch 1 and 2.

Batch 2. The less uniform electrochemical deposition of the
rounds from Batch 2 can also be seen in the layer thick-
nesses, which vary from 1.8 to 3 mm, in contrast to 1.4 to
1.7 mm for Batch 1. Thus, for R039-4-2 and R039-4-3
(Figure 1) of Batch 2 the values of compressive residual
stresses transverse to strips (Figure 2c), at points C with —236
MPa (R039-4-2) and —-110 MPa (R039-4-3) as well as at points
NC with —230 MPa (R039-4-2) and —190 MPa (R039-4-3), are
lower (Figure 7, solid lines) than those in longitudinal di-
rection (Figure 7, dashed lines), at points C with -310 MPa
(R039-4-2) and —190 MPa (R039-4-3) as well as at points NC
with —314 MPa (R039-4-2) and -265 MPa (R039-4-3). Exactly
the opposite occurs with R043-2-1 and R043-3-1 from quad-
rants 2 and 3 of Batch 2, which exhibit higher compressive
residual stress values transverse (Figure 7, solid line) to the
strip than longitudinal (Figure 7, dashed line) to it. The po-
sition of the strip in the quadrant apparently also can be of
great significance, since the specimen R039-4-3 (position 3,
in the fourth quadrant, Figure 1) taken closer to the edge has
lower compressive residual stress values than the specimen
R039-4-2 (position 2, in the fourth quadrant) taken closer to
the middle of the round (Figure 7). In contrast to Batch 2,
more uniform residual stresses are measured on the elec-
trochemically deposited layers of Batch 1 (Figure 7, left).
For both finish down and up grinding with a small
depth of cut 20 x 1 pm and likewise for electrochemical
deposition, Figure 8 shows the surface residual stresses at
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Figure 7: Surface residual stresses due to electrodeposition at
measuring points C and NC longitudinal and transverse to strips of
Batch 1and 2.

points C, NC and MC of Batch 1. Transverse to the grinding
direction, there is an increase in the compressive residual
stress values compared to electrochemical deposition
(Figure 8a, points C and NC). The residual stress states
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differ significantly between down grinding (open symbols
and solid lines) and up grinding (closed symbols and solid
lines). When up grinding, the residual stress values clearly
lie more in the compression range up to —500 MPa than
after down grinding with up to —200 MPa. Furthermore,
grinding provides approximately equal residual stresses at
points C (open and closed circles) and NC (open and closed
squares). This means that for the transverse ground strips
there has to be a certain symmetry of the residual stress
states with respect to the longitudinal axis of strips.

The surface residual stresses on the centerline of the
strips at points MC for measurements longitudinal (open
and closed triangles) and transverse (open and closed
circles) to the grinding direction of the strips from Batch 1
depicts Figure 8b. In grinding or longitudinal direction
(open and closed triangles), higher absolute residual
stresses occur than in the transverse direction (open and
closed circles). Small tensile residual stresses of up to
100 MPa are measured for down grinding (open triangles)
and compressive residual stresses of —180 MPa (closed
triangles) for up grinding. Transverse to the grinding di-
rection, the measured residual stresses for down grinding
(open circles) show values from about zero to —120 MPa,
similar to those after electrochemical deposition (plus
and stars). Up grinding (closed triangles and closed cir-
cles) again features absolutely lower residual stresses
than down grinding (open triangles and open circles).
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About —350 MPa are achieved with up grinding. With re-
gard to the position of the measuring points, there are
certain differences in the residual stress values on the
centerline at points MC versus the beginning and end of
the respective grinding path at points C and NC (Figure 8).

The grain sizes measured in electrodeposited and in
ground state, specifically on the surface at points C trans-
verse to the grinding direction for the same strips of Batch 1
as in the residual stress analyses are shown in Figure 9a.
After electrochemical deposition, the grain size at 9 nm is
rather constant for all measured values (plus symbols),
which corresponds well with previous results for the same
current density of 3 A x dm™ [33]. Grinding increases the
measured grain sizes to about 13 nm. Here, the grain size
values after down grinding are a little larger than after up
grinding.

Micro strain change due to grinding compared to
electrochemical deposition occurs in opposite manner
than change in grain size (Figure 9b). The average micro
strain at points C of the electrodeposited strips drops from
0.71 to 0.57% after down grinding and to 0.61% after up
grinding.

The lattice constant of pure nickel of 0.3524 nm [64]
increases to an average lattice spacing of 0.35326 nm for
NiFe of Batch 1, electrodeposited (Figure 9c). When
grinding the strips, the lattice spacing increases further to
0.354 nm for down grinding and to 0.35415 nm for up
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Figure 8: Surface residual stresses a) transverse to the grinding grooves at points C and NC and b) longitudinal and transverse to the grinding
grooves at points MC by down and by up grinding with a depth of cut of 20 x 1 pm of strips of Batch 1.
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grinding. Considered any state, the values are quite con- index can be used for evaluation. Texture formation is
stant, with some exception of the up grinding. evident by values greater than one for Harris texture index
The texture analyses are shown in Figure 10 at points C  (Figure 10). All down and up ground strips with 20 x 1 pm
of the strips after electrochemical deposition and after depth of cut have {111} and {200} textures, as do the elec-
grinding with 20 x 1 pm depth of cut. For these examples, trochemically deposited states.
the rotationally symmetrical pole figures of the {111}, {200} Variations in depths of cut for Batch 2 strips result in
and the {220} lattice planes have a parallel position to the the determined surface residual stresses in Figure 11. As the
analyzed strip surfaces. Accordingly, the Harris texture depth of cut increases slightly from 20 x 1 ym to 7 x 3 pm or
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Figure 9: a) Grain size, b) micro strain, and c) lattice spacing, by down and up grinding with a depth of cut of 20 x 1 pm on the surface at points
C of strips of Batch 1.
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Figure 10: Harris texture index Ty, as a function of tilt angle ¢ by a) electrodeposition of strip R034-4-1and by b) up grinding with a depth of

cut of 20 x 1 pm of strip R034-1-3 at points C of Batch 1.

5 X 4 pm, the residual stresses tend to increase. This is not
the case with strip R039-1-2 for 5 x 4 um depth of cut. Here
the residual stresses decrease. Transverse to the grinding
direction (Figure 11a), the residual stresses are absolutely
smaller than longitudinal (Figure 11b) to it. On the grinding
path, the residual stresses differ at points C and NC
(Figure 2c) in particular for strip R038-1-3 (Figure 11a and
b). The differences in the surface residual stresses after
down grinding (open symbols) and after up grinding
(closed symbols) do not show any unambiguous trends
between the two grinding methods for the depths of cut
7 x30r5x4pum.

5 Discussion

The NiFe layer thicknesses of electrochemical deposition
show a relatively narrow scatter range of 1.4 to 1.7 mm for
Batch 1. Significantly larger scatter between 1.8 and 3.0 mm
occurs in Batch 2. For grinding, each strip must be fixed to a
specimen carrier with three screws (Figure 2) in a torque-
optimized manner. As a result, the strips lie relatively flat
and plane on the specimen carrier. With this preparation,
rather uniform strip thicknesses are possible in grinding. In
any case, careful defined grinding with a small depth of cut
of 20 x 1 um is required to achieve the best results.

Transverse grinding (Figures 3a and b) yield strip
thicknesses with average values within the tolerance range
of the desired nominal dimensions 320 + 10 um (Batch 1)
and 330 + 10 pm (Batch 2) of the respective strips. The
smallest depth of cut of 20 x 1 pm resulted in mean values
and standard deviations of 323 + 2.1 pm after down grinding
and 320 + 0.9 pm after up grinding for Batch 1 strips
(Figure 4, right and Figure 5, left), fitting very well within
the target range of 320 pm. Also, the mean values for slightly
increasing depths of cut from 20 x 1to 7 x 3orto 5 x 4 pm for
Batch 2 strips of 332 pm for down grinding and 337.5 pm for
up grinding (Figure 5, right) remain within the tolerance of
330 + 10 um. However, the standard deviations of most of
these strips exceed the upper tolerance limit of 340 pm.

At the beginning of the investigations with parameters
not always clearly defined, with longitudinally grinding
(Figure 3c) of strips from the R032 round, Batch 1 (Table 1),
the desired thickness could not be achieved (Figure 4, left).
The mean value 340 pm with a rather large standard de-
viation + 11.4 pm of the 12 strips lies clearly outside the
target value 320 pm and the tolerance +10 pm. The too large
standard deviation may be related to the very thin strip
thickness and the grinding path, which for R032 is three
times as long (30 mm) as it would be possible in the width
direction (10 mm), which means that the strips may be less
rigidly fixed in the longitudinal than in the transverse



DE GRUYTER J. E. Hoffmann et al.: Surface states by grinding of nanocrystalline nickel-iron —— 917

a) b)

= RS dir. transverse to grinding . RS dir. longitudinal to grinding

o 1000 & 1000

=3 Down gr. =

@ ——C ®

3 —=—NC g

o 500 ® 500

7 Up gr. S

= ——C °

S —&—-NC S

T S

n 0 B 0

o o

1.

e )

ks S

5 -500 £ 500

e N |y @9 5| q |0 N | 9 T |9
5 ¥ Y Y by ¥ 5 i iy Y Y ¥
) o) o) o) o) o) ) o) o) o) o o)
< (a2] ™ (a2] (a2 ™ < (a2] [a2] ™ ™ ™
o =) =) =) =) S o o o =) =) =)
o e o o o e e nd o nd e e

20x1 7x3 5x4 20x%1 7x3 5x4

Strip no. of Batch 2, depth of cut (um)

Strip no. of Batch 2, depth of cut (um)

Figure 11: Surface residual stresses a) transverse and b) longitudinal to grinding for varied depths of cut by down and up grinding at points C

and NC of strips of Batch 2.

direction. Weaker fixation of the strips in longitudinal than
in transverse direction could be due to the different “free
lengths” of the screw joints. It is a screw center distance of
12.5 mm in longitudinal and only 5 mm distance from the
screw center to the strip edge in transverse direction
(Figure 2b and c). Consequently, when grinding in the
longitudinal direction, larger deformations of the strips
and thus larger inaccuracies in the strip thicknesses could
occur than in the transverse direction (Figure 4). Higher
depths of cut of 7 x 3 or 5 x 4 um (Figure 4, left and Figure 5,
right) than 20 x 1 pm (Figure 4, right and Figure 5, left) also
have a considerable influence. They cause higher scatter,
especially in longitudinal but also in transverse grinding
(Figures 4 and 5). In the case of the longitudinally ground
samples, round R032 from Batch 1, another unfavorable
influence on the greater scatter of the strip thicknesses
could be the less defined dressing of the grinding wheel.
Briefly, a defined grinding in the transverse direction with a
small depth of cut of 20 x 1 pm produces the most accurate
strip thicknesses.

Roughness values R, of about 2.1 pm for the specimens
of both Batches 1 and 2 hardly differ after finish grinding
(Figure 6a). They are within the scatter range for varied
depths of cut. Only the arithmetic mean value of the
roughness R, differs, as R, has lower values for Batch 2
than for Batch 1 (Figure 6b). Here, the strips of Batch 2 are

ground with largely identical parameters as Batch 1, with
the exception of the slightly greater depth of cut in Batch 2.
Compared to investigations on steel SAE 1045 or the su-
peralloy GH4169, an increase and not a decrease in
roughness would be expected with increasing depths of cut
[17, 23]. But a comparison with these literature results is
difficult because the literature takes into account both
greater depths of cut during grinding and microcrystalline
alloys.

The residual stress analyses by X-ray diffraction on
the strip surfaces of nanocrystalline NiFe specimens must
be performed under appropriate conditions. To find the
most suitable measurement parameters, the results for
different Bragg angles and increase the measurement
time parameters were compared. For the Bragg angle, DIN
EN 15305 recommends a reflection of more than 28 = 120°,
Comparative measurements are performed for the Bragg
angles 201 = 155.675° > 120° of the {420} and for
2051 = 92,933° < 120° of the {311} lattice planes [65]. How-
ever, for large Bragg angles, as for 20"?% = 155.675°, less
smooth interference lines with low intensity result even
after very long measurement times. The most suitable
interference lines arise for 20°' = 92.933°, Sufficiently high
intensities and relatively smooth interference lines exist at
this Bragg angle for all tilt angles up to ) = + 60°. Line
position distributions over sin’ have good linearity for
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both Bragg angles over the entire measurement range. This
allows the well-known sin’) method to be used for residual
stress evaluation [57].

Figure 12 shows the measured surface residual
stresses for the larger 20" = 155.675° and the smaller
2681 = 92.933° Bragg angle at the same measuring points
C for each case. It can be seen that the residual stress
values for both Bragg angles mostly agree well. This is
relevant for measurements transverse (Figure 12a) and
longitudinal (Figure 12b) to the grinding direction. It is
valid for all measured residual stress values from —500 to
900 MPa, according to the differently selected depths of
cut for down grinding and for up grinding. An accuracy of
this kind at the small Bragg angle 265" = 92.933° can be
attributed in particular to the high setting accuracy of the
goniometer. Here, the high manufacturing tolerances
required and achieved in producing the diffractometer
come in favor. All important setting positions of the
goniometer have accuracies of < 20 pm. Due to the more
adequate interference lines, the residual stress mea-
surements are carried out at 20%' = 92.933°. Owing to the
linear lattice strain distributions over sin2¢, no difficult
evaluation of the lattice residual stress states of textured
material is required.

X-ray diffraction is a widely used method for residual
stress analysis and exhibits high resolution and usually
high accuracy at microcrystalline metals [9, 11, 16, 22].
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Moreover, residual stresses are very sensitive indicators of
changes in the near-surface zones of the workpiece caused
by variations in the grinding process [2, 5-7, 11, 12, 14-25].
In the case of the investigated nc NiFe alloy, this statement
is confirmed for down and up grinding for different depths
of cut, as shown by the X-ray measured surface residual
stresses in Figures 8, 11, 12, 13, and 14.

Very careful finish grinding transverse to the strips
with the smallest depth of cut of 20 x 1 um results in low
values of compressive residual stresses transverse to the
grinding direction after down grinding and higher values
of compressive residual stresses after up grinding for Batch
1 strips (Figures 8 and 13, left, and 14, left). According to an
evaluation scheme, small depths of cut cause squeezing on
the workpiece surface and are capable of generating
compressive residual stresses. Thermal processes have no
significant influence [2, 13-15]. The difference in residual
stress formation between up and down grinding might be
explained with the chip formation process similar to pro-
cesses with defined cutting edges like milling. Applied to
non-defined cutting edges in grinding, the following con-
siderations arise. In up grinding, the wheel speed or cutting
speed v, and the table speed or workpiece speed v,, have
opposite directions (Figure 3b). Material is removed from
the thinnest to the slightly larger chip thickness (comma-
shaped chips). So when the tool starts to engage on the
newly formed surface, as in up grinding, squeezing
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and up grinding at points C of strips of Batch 2.
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processes and compressive residual stresses occur. In
down grinding, the cutting speed v. and the workpiece
speed v,, have the same direction (Figure 3a) and the ma-
terial is removed from the slightly thicker to the thinnest
chip thickness, resulting in tensile residual stresses. The
reason for this may be the longer contact time of tool and
chip to the newly created workpiece surface during down
grinding than during up grinding. Hence, the heat on the
workpiece surface may be slightly higher. A further
explanation is, that squeezing at the surface might be less
in down grinding than in up grinding. Appropriate to the
considerations, measurement results in creep feed
grinding with low metal removal rates on 16MnCr5 indicate
a higher temperature of the newly created surface for down
grinding than for up grinding [19]. Heat on the newly
created surface generates tensile residual stresses.
Depending on the grinding parameters, e.g. low depths of
cut dominate squeezing and thus compressive residual
stresses and higher depths of cut dominate the heat gen-
eration and tensile residual stresses on the produced
surface.

Increasing depths of cut can cause absolutely increasing
surface residual stresses, as can be seen in Figures 11, 12, 13,
and 14 for Batches 1 and 2. In down grinding, even a small
increase in the depth of cut from 20 x 1 to 7 x 3 pm changes the
sign of residual stresses from negative to positive values
(Figures 11, 12, 13, and 14, open symbols). Highest tensile
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residual stresses result from down grinding for a depth of cut
of 7 x 3 um, in fact 880 MPa longitudinally and 680 MPa
transversely to grinding direction for strip R038-1-3 from
Batch 2 at measuring point C (open triangle and open circle in
Figures 11, 12, 13, and 14). Up grinding with increasing depths
of cut from 20 x 1to 7 x 3 or to 5 x 4 pm also increases the
surface residual stresses from negative to positive values
(closed symbols, Figures 11, 12, 13, and 14). In turn, in the
longitudinal grinding direction the highest values arise, for a
depth of cut of 7 x 3 um 265 MPa at point C and 516 MPa at
point NC for strip R039-1-1 (Figure 11b, closed triangle and
closed diamond). The maximum for up grinding with a depth
of cut of 5 x 4 pm results in 598 MPa at point C and 554 MPa at
point NC for strip R038-4-2 (Figure 11b, see closed triangle and
closed diamond). In the measured transverse direction for a
depth of cut of 7 x 3 pm, the lower values reach —58 MPa,
point C and 178 MPa, point NC, strip R039-1-1 (Figure 11a,
closed circle and closed square). The maximum in the
transverse direction for up grinding with a depth of cut of
5x 4 pm results in 245 MPa at point C and 403 MPa at point NC
for strip R038-4-2 (Figure 11a, see closed circle and closed
square).

Large scatter especially after down grinding with the
higher depths of cut of 7 x 3 or 5 x 4 pm (see open symbols
in Figures 11, 13, and 14), Batch 2, must be taken into ac-
count when assessing the residual stresses. Identical depth
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of cut of 7 x 3 pm thus results in transverse residual stresses
of —8 and 147 MPa for strip R038-4-1 at points C and NC
(open circle and open square) and 680 MPa at point C (open
circle) and 130 MPa at point NC (open square) for strip
R038-1-3 as shown in Figures 11a and 13. Likewise, the
longitudinal residual stresses of 880 and 204 MPa of strip
RO38-1-3 at point C (open triangle) and point NC (open
diamond) differ significantly with the same grinding pa-
rameters to strip R038-4-1 with 192 MPa at point C (open
triangle) and 169 MPa at point NC (open diamond), as can
be seen in Figure 11b. In addition, the residual stresses at
the slightly higher depths of cut from 7 x 3 to 5 x 4 pm for
strips R038-1-3 to R039-1-2 even drop significantly instead
of increasing (see open symbols, Figures 11, 12, 13, and 14).
Thus, in the transverse measuring direction the values
change from 680 MPa to —114 MPa, points C, and from 162
to 130 MPa, points NC (see open circles and squares,
Figure 11a), and in the longitudinal direction from 880 to
240 MPa, points C, and increase slightly from 204 to
245 MPa, points NC (see open triangles and diamonds
Figure 11b). As an explanation, it is known from micro-
crystalline metals that the original residual stresses before
grinding have a significant influence on the resulting re-
sidual stresses after grinding [16]. Then, in the case of nc
NiFe, the residual stresses after electrochemical deposi-
tion, i.e. before grinding, may affect the very different re-
sidual stresses after grinding. Especially round R039 shows
the largest deviations in the compressive residual stresses
after deposition (Figures 7 and 14, plus and star signs).
During electrochemical deposition, several factors can in-
fluence residual stress formation [41-50]. This includes
differences in the composition of the industrial baths,
which cannot be ruled out for the rounds examined, as they
were deposited at different times. Accordingly, the layer
thicknesses after deposition show large differences of 1.8—
3 mm, especially for the layer strips from Batch 2.

Less uniform grinding at higher depths of cut may be
another reason for the very different residual stresses be-
tween strips R038-4-1, R038-1-3 and R039-1-2, especially in
down grinding. Already the strip thicknesses after finish
grinding show less uniform results with higher standard
deviations at higher depths of cut of 7 x 3 or 5 x 4 pm than at
20 x 1 um (Figures 4 and 5). Larger scattering of the locally
measured strip thicknesses indicates that the adjusted
depths of cut and the actual locally acting depths of cut
may not match. Locally different depths of cut probably
result from larger deformations during finish grinding of
the very thin strips with larger depths of cut. Even small
deformation differences in the pm range and thus small
differences in the actual local depth of cut are probably
sufficient to produce correspondingly large differences in
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the local residual stresses. Maximum differences can be
seen in strip R038-1-3 between points C and NC for both
transverse and longitudinal residual stresses (Figure 11a
and b and Figure 13, open symbols, circles and squares,
and triangle and diamond). All this is possible, because the
very thin strips can be deformed more easily during finish
grinding due to the higher depths of cut with higher
grinding forces.

The measured effect of increasing surface residual
stresses with increasing depths of cut for nc NiFe is similar
to that for conventional microcrystalline metals [2, 5-7,
14-17, 20-24]. Depending on whether the influence of cold
plastic deformation or that of rapid heating-cooling cycle
with thermal plastic deformation predominates, residual
stress states close to the surface occur with a negative
(compressive residual stresses) or positive (tensile residual
stresses) sign. Basically, both influences overlap, with the
heat influence increasing as the depth of cut increases.
Further increasing depths of cut can cause higher tem-
peratures and microstructural transformations that addi-
tionally influence the residual stress state. Sometimes, in
extreme cases, cracks can also occur. However, such
problems do not exist in the investigations carried out,
since the distance between the measured maximum tensile
residual stress 880 MPa and the yield strength 1700 MPa of
the electrodeposited material appears large [32, 33]. The
transition from surface compressive stress to surface ten-
sile stress with increasing depths of cut cannot be deter-
mined exactly due to the scattering. Even with the very
narrow variation of the depth of cut from 20 x 1to 7 x 3 or to
5 x 4 ym, stronger scattering of the residual stresses occurs
(Figure 11). This is comparable to microcrystalline metals,
where the transition from surface compressive stresses to
surface tensile stresses with increasing depths of cut also
does not exhibit absolutely exact values. Furthermore,
such behavior depends on the workpiece material itself
and on the overall grinding parameters chosen. When
grinding SAE 1045 (C45E) steel, for example, with ceramic
wheels and emulsion as coolant, the sign changes from
negative to positive residual stress values in the quenched
and tempered state for depths of cut between 4 and 11 pm
and in the hardened condition between 4 and 15 pm [2, 5-7,
14, 15]. Another study reports on the grinding of hardened
SAE 1045 steel [17]. SiC grinding wheels produce
compressive residual stresses with depths of cut of 10 pm
and tensile residual stresses with 40 pm. If CBN grinding
wheels are used, the surface residual stresses remain in the
compressive range even after 70 pm. Grinding of hardened
steels of higher carbon content with a ceramic grinding
wheel and coolant results in the transition between nega-
tive and positive surface residual stresses for depths of cut
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from 3 to 11 um [20]. Using a CBN grinding wheel shifts the
generation of tensile residual stresses to much higher depths
of cut. A nickel superalloy GH4169 shows surface tensile re-
sidual stresses when using a ceramic grinding wheel with
emulsion, which increase in the range of the selected depths
of cut from 5 to 40 um [23]. Results on another nickel super-
alloy K417 reveal the same direction of change in residual
stresses, but without detailed information on the depths of
cut [24]. It is worth pointing out also that the literature often
additionally varies other parameters such as cutting speed or
workpiece speed. Grinding power has a similar influence as
the depth of cut. Increasing the specific grinding power leads
to increasing residual stresses in conventional mc metals,
likewise with a scatter range [11, 12]. No such studies are
known for nanocrystalline metals.

Up grinding produces absolutely smaller residual
stresses than down grinding, which is known from milling
of mc metals [2, 5, 9, 14, 15]. In the results presented, this is
the case for grinding nc NiFe with small depths of cut of
20 x 1 pm (Figure 8). A larger depth of cut of 7 x 3 pm also
produces absolutely smaller residual stresses of —58 MPa,
strip R039-1-1 (closed circle) transverse to the grinding
(Figure 11a) at points C during up grinding than during
down grinding with -8 and 680 MPa, strip R038-4-1 and
R038-1-3 (open circles). Looking at the corresponding
measurement results in the NC points, the residual stress
values are approximately the same for both grinding
methods, for up grinding 178 MPa, R039-1-1 (closed square)
and for down grinding 147 and 162 MPa, R038-4-1 and
R038-1-3 (open squares). Comparing the measuring points
C and NC in Figure 11a, for down grinding only -8 MPa of
strip R038-4-1 (point C, open circle) is significantly smaller
than for up grinding 178 MPa of strip R039-1-1 (point NC,
closed square). In the longitudinal direction in Figure 11b,
however, up grinding with a depth of cut of 7 x 3 um at the
NC measuring points results in a significantly higher re-
sidual stress value of 516 MPa (closed diamond) for strip
R039-1-1 than down grinding with 169 and 204 MPa (open
diamonds) for strips R038-4-1 and R038-1-3. At measuring
points C, the residual stress values for both grinding
methods are about the same in up grinding with 265 MPa
(R0O39-1-1, closed triangle) and in down grinding with
192 MPa (R038-4-1, open triangle), or even significantly
higher in down grinding with 880 MPa (R038-1-3, open
triangle). In addition, the residual stress values for depths
of cut of 5 x 4 pm for up grinding are larger at 598 and
554 MPa (C, closed triangle and NC, closed diamond) for
strip R038-4-2 than for down grinding at 240 and
245 MPa (C, open triangle and NC, open diamond) for strip
R039-1-2 (Figure 11b). The absolute smaller values of strip
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R039-1-2 after down grinding in both longitudinal and
transverse direction (Figure 11), are related to the relatively
large compressive residual stresses of round RO39 after
electrochemical deposition (Figure 7). But the relatively
high residual stress value of 516 MPa of strip R039-1-1,
which is also present in round R039, does not really match
this consideration (Figure 11b, closed diamond). Never-
theless, down grinding with a depth of cut of 7 x 3 um even
leads to the highest measured tensile residual stresses with
680 MPa (open circle) in the transverse direction and
880 MPa (open triangle) in the longitudinal direction at
point C of strip R038-1-3 (Figure 11).

Corresponding microstructure investigations in the
near-surface area were examined for measuring points C.
Based on rotationally symmetrical pole figures before and
after grinding, it is assumed that the microstructures in the
measuring plane do not depend on the direction. So, the
grain sizes of the electrochemically deposited strips from
Batch 2 in both directions, transverse and longitudinal,
agree well in single and also with the respective mean
values 9.4 and 9.6 nm (Figure 15a, plus and star signs). The
measured {111} and {200} textures have their lattice planes
parallel to the strip planes. This applies to electrochemical
deposition as well as to the down/up grinding. Figure 10
confirms similar texture characteristics for electrochemical
deposition as for grinding with depths of cut of 20 x 1 pm,
using the Harris texture index.

Slightly increasing grain sizes are observed both after
grinding with small 20 x 1 pm (Figure 9a, Batch 1) and with
larger depths of cut of 7 x 3 or 5 x 4 pm (Figure 15a, Batch 1
and 2). Looking at the grain size for a small depth of cut of
20 x 1 um (Figure 9a, Batch 1), there tends to be few larger
single values after down grinding (open circles) than after
up grinding (closed circles). Accordingly, average values at
13.3 nm in down grinding and 12.7 nm in up grinding ob-
tained, starting from 9.0 nm (plus sign) after electro-
chemical deposition.

Down grinding with a small depth of cut of 20 x 1 um of
the strip R043-1-2, Batch 2, results in a grain size of 15.9 nm
(Figure 15a, right, open circle). This value ranges slightly
higher than the comparable three single values of the strips
from Batch 1 or their mean value 13.3 nm (Figures 9a and
15a, left, open circles). Enhanced depth of cut of 7 x 3 pm
causes grain sizes to increase to 19.2 (R038-4-1, open circle)
and 23.4 nm (R038-1-3, open circle). However, for the depth
of cut of 5 x 4 pm, there is a significant drop in grain size to
13.1 nm for strip R039-1-2 (Figure 15a, right, open circle).
Analogously to the development of the residual stresses
(Figure 14, open circles and also open triangles) of ground
strips, it can also be observed for the grain sizes (Figure 15a,
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right, open circles), that first an increase and then a
decrease of the measured values occurs with an increase of
the depth of cut.

Up grinding with depths of cut of 7 x 3and 5 x 4 pm also
causes an increase in the measured grain sizes to 17.0 and
19.4 nm, strips R039-1-1 and R038-4-2, Batch 2 (Figure 15a,
right, closed circles). As depicted in Figure 15a, these are
above those of electrochemical deposition (plus and star

signs) and are more or less larger than after up grinding
(closed circles) and down grinding (open circles) of Batch 1
as well as in down grinding of Batch 2 (open circle, R043-1-
2) with small depth of cut of 20 x 1 pm. Moreover, up
grinding leads to a small increase in grain sizes with
increasing depths of cut when looking at both batches.
The comparison of micro strains for the electro-
deposited layer strips shows slightly lower values for Batch
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1 (plus sign) than for Batch 2 (plus and star signs), on
average 0.71%, Batch 1 and 0.74%, Batch 2 (Figure 15b).
Batch 2, measured transversely and also longitudinally,
once again has a greater scatter. However, the measured
values in these two directions can hardly be distinguished,
as they mostly appear within the scatter range. The
grinding process (open and closed circles) reduces micro
strains compared to the initial state of electrodeposition, as
depicted in Figures 9 and 15b. Down grinding (open circles)
usually results in somewhat larger decreases in micro
strains than up grinding (closed circles). At a small depth of
cut of 20 x 1 um, Batch 1, the average values are 0.57% for
down grinding and 0.61% for up grinding. Applying the
same low depth of cut of 20 x 1 pm in down grinding for
strip R043-1-2 from Batch 2 results in an even smaller value
0.52% (Figure 15b, right, open circle). Increased depths of
cut of 7 x 3 and 5 x 4 pm cause approximately the same or
more decreasing micro strains than 20 x 1 pm. Strip R038-1-
3 with the highest tensile residual stresses features the
smallest micro strain of 0.42%.

Based on the lattice constant of pure nickel, the lattice
spacing increases with electrochemically deposited NiFe
(Figure 15c). Fairly constant lattice spacings again illus-
trate the much more uniform states for Batch 1 (plus signs)
than for Batch 2 (plus and star signs). In addition, the
values for Batch 2 are higher than for Batch 1. It is known
from the literature that the lattice spacing of NiFe increases
linearly up to about 50 wt% of iron [32, 38, 41]. Therefore,
Batch 2 must be assumed to have a higher and more
irregular iron content than Batch 1. Grinding (open and
closed circles) further increases the lattice spacing of the
strips from Batch 1 and apparently also from Batch 2. Here,
however, it should be noted that a comparison only pro-
vides unambiguous results for the same specimens in each
case. The analyses at Batch 1 are carried out on the same
specimens, first after electrochemical deposition and then
after grinding. This was not the case with the specimens of
Batch 2. However, the specimens from rounds R039 and
RO43 also yield larger lattice spacings after grinding than
after electrochemical deposition (Figure 15c). Furthermore,
the measured values after up grinding are larger or about
the same as after down grinding. In this context, the re-
sidual stresses must also be taken into account, often
having absolutely smaller values after up grinding than
after down grinding. An explanation for this is that
compressive residual stresses might increase and tensile
residual stresses might decrease the determined lattice
spacing (compare Figures 14 and 15c). With respect to the
measured texture, the considered lattice spacing <100> is
orientated perpendicular to the specimen surface and is
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stretched for surface-parallel compressive residual stresses
and compressed for tensile residual stresses.

Various comparisons of surface states can be consid-
ered in Figure 16. In this way, Figure 16a compares the
surface residual stresses with the associated grain sizes.
The reference state is provided by the electrochemical
deposition data with the smallest grains and with low re-
sidual stress values as a circled cluster of plus and star
signs on the left of the figure (Batches 1 and 2). However,
some data from layer strips of Batch 2 (brighter plus and
star signs) localize somewhat outside the circled area at
larger compressive residual stress values or grain sizes.

The grinding residual stresses versus the grain sizes as
a rising scatter band can be seen in Figure 16a. Due to the
scattering, it is difficult to make a comparative statement
between down grinding (open symbols) and up grinding
(closed symbols). Therefore, corresponding regression
lines are plotted in Figure 16a. In the case of down grinding,
measured in the longitudinal direction, it is the upper
dashed regression line. For up grinding, also measured
along the grinding direction, the solid connecting line of
two measuring points (closed triangles) even runs at the
very top. Residual stresses measured longitudinally to the
grinding direction thus arrange themselves above the other
results (open and closed triangles). Measured in the
transverse direction, the lower dashed regression line and
the lower solid regression line agree well for down and up
grinding. In any case, the residual stresses clearly rise with
the grain sizes. A reason for this behavior could be attrib-
uted to increasing heat generation during the grinding
process. As it is known from the literature, grinding with
larger cutting depths generates more heat than with
smaller cutting depths [2, 14-17, 20, 23, 24]. But Figure 16
intentionally does not give any information about the
depth of cut. This is because for small strip thicknesses as
320 or 330 pm, there may be differences between the depths
of cut set on the machine and the locally acting cutting
depths due to strip deformation during grinding. This same
explanation might also be used to understand the strong
scattering of the residual stresses in Figures 11, 12, 13, and
14 in down grinding for the set depths of cut of 7 x 3 or
5 x 4 pm. Since the residual stress and microstructure an-
alyses are each carried out at the same point on the strips,
the surface states in Figure 16 should fit each other
regardless of the set depths of cut. The decisive factor
should therefore be the locally effective depths of cut for
these thin strips. They remain unknown, but should
generate more heat at higher values.

The grain size increase during grinding, even at a small
depth of cut of 20 x 1 um, is most likely due to the extremely
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Figure 16: a) Surface residual stresses, b) micro strains and c) lattice spacings versus grain sizes as well as d) lattice spacings versus surface
residual stresses for electrochemically deposited and for differently ground strips at points C of Batch 1 (surrounded with a circle as well as
with ellipse) and Batch 2.

small grain sizes with the high grain boundary volume and
the resulting significantly lower thermal stability of nano-
crystalline than of conventional microcrystalline metals
[26, 66-68]. For example, for pure nc nickel without addi-
tives with a grain size of 10 to 20 nm, nucleation and
abnormal grain growth have been determined by differ-
ential thermal analysis (DTA) and correspondingly by

transmission electron microscopy (TEM) at 80 °C and
120 °C, respectively [66]. Abnormal/bimodal grain growth
represents the incipient primary recrystallization and sig-
nifies the growth of a few grains in the surrounding
nanocrystalline microstructure. Nickel-iron alloys exhibit
improved thermal stability and higher grain growth tem-
peratures than pure nickel [26, 68]. With increasing iron
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content from about 6 wt% to 18 wt%, the temperatures for
that grain growth begin to shift slightly to higher values
from 220 to 260 °C. A final primary recrystallization takes
place with an annealing at 300 °C. Grain growth also de-
pends on the duration of the annealing process, which in
the literature turns out to be significantly longer than the
relatively fast heating-cooling cycles of grinding. Never-
theless, the high grain boundary energy of the extremely
small grains and the high grain boundary volume, which
accounts for about 50 to 25% at grain sizes of 5 to 10 nm [66,
69], must cause grain growth already at fairly low tem-
peratures and, before that, a reduction of micro strains at
even slightly lower temperatures.

Micro strains will be relieved in annealing treatments
of electrodeposited nickel or nickel-iron alloys at very low
temperatures [67, 68, 70-72]. At these temperatures, re-
covery processes begin and no grain growth or change in
grain structure takes place yet. Heating of nc nickel spec-
imens of grain size 10 nm by differential scanning calo-
rimetry (DSC) analyses at a rate of 10 °C x min leads to
stress relaxation already at approx. 60 °C [72]. Nickel
deposited with additives (saccharin) reduces its micro
strains annealed at 100 °C/1 h from 0.313 to 0.211% [70].
Alloying or impurity atoms such as sulfur from additives,
or second phases can improve the thermal stability during
the heat treatment by deposition processes at the grain
boundaries. So, for Ni-21 wt% Fe, a small decrease in micro
strains from 0.29 to 0.27% is observed after annealing at
100 °C/1 h [67]. Own investigations on similar electro-
deposited nickel-iron alloys as in the present in-
vestigations with 6 to 18 wt% Fe show the onset of recovery
at 200 to 240 °C/2 h shortly before the onset of recrystalli-
zation at 220 to 260 °C/2 h [32, 68]. Depending on the iron
content, the micro strains in this case range from 0.35 to
0.7% before annealing. The recovery process is finished
at temperatures of 280 to 300 °C/2 h with micro strains of
0.02 to 0.1% and the process of primary recrystallization at
300 °C/2 h.

With the selected grinding parameters and the asso-
ciated short heating and cooling cycles, it seems to be
possible to decrease the micro strains and at the same time
slightly increase the values of the grain size, starting from
electrochemical deposition (Figure 16b). To achieve this, it
assumes that grinding generates sufficient heat. As
Figure 16b reveals, greater depths of cut of 7 x 3 or 5 x 4 um
in strips of Batch 2 (brighter pluses and stars to brighter
open and closed circles) cause a stronger decrease in micro
strains than a smaller depth of cut of 20 x 1 pm in Batch 1
(darker pluses to darker open and closed circles).
Maximum reduction of a micro strain to 0.41% (bright
open circle, bottom right of Figure 16b) and the more
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pronounced increase in grain size to 23.4 nm occur for strip
R038-1-3 with the highest tensile residual stresses 680 MPa
(transverse) and 880 MPa (longitudinal) measured after
down grinding with a depth of cut of 7 x 3 pm (Figure 14).
Furthermore, a greater decrease in micro strain tends to be
observed when down grinding (open circles) than when up
grinding (closed circles). Cause for a stronger decrease in
micro strain can be a higher heat development on the
workpiece surface when grinding with greater depths of cut
and when down grinding.

Lattice spacings, shown in Figures 15c¢ and 16c, in-
crease during grinding (open and closed circles), starting
from electrochemical deposition (plus and star signs). Re-
sults of Batch 1 specimens, surrounded by a circle, show a
smaller scatter than Batch 2 specimens (Figure 16c). The
values of Batch 2 specimens after electrochemical deposi-
tion as well as mostly after grinding are higher than those
of Batch 1 (brighter to darker plus and stars as well as
brighter to darker open and closed circles). Up grinding
(closed circles) usually yields slightly larger values for the
lattice spacing than down grinding (open circles).

Lattice spacings and surface residual stresses plotted
against each other can be seen in Figure 16d. There is a
tendency toward decreasing lattice spacing with increasing
grinding residual stresses for Batch 1 (closed and open dark
circles, surrounded by an ellipse) and also for Batch 2
(bright, closed and open circles). I.e. compressive residual
stresses increase and tensile residual stresses decrease the
lattice spacing. However, the increase in lattice spacing due
to grinding cannot be explained by the measured surface
residual stresses alone, as the lattice spacing does not
change very much with the residual stresses. Similarly, for
electrochemical deposition, a decreasing trend of lattice
spacing with increasing residual stresses (plus and star
signs) is evident.

An increase in the lattice spacing with a simultaneous
decrease in micro strain during grinding cannot be easily
understood (Figures 16b and c), because an increasing
lattice spacing would have to be associated with increasing
lattice defects in the nanocrystals and thus increasing mi-
cro strain. Annealed nc NiFe alloys in turn show decreasing
micro strain due to decreasing dislocation densities and
dislocation sources at the grain boundaries as well as a
redistribution of finest atomic impurities from the grain
interior to the grain boundaries (e.g. sulfur from saccharin)
[67, 68, 70, 71]. Low annealing temperatures, about 200 °C
to 250 °C depending on the iron content, thus lead to a
reduction of the micro strain due to modifications of the
grain boundaries, with incipient grain growth, without
dislocations within the grains and with few at the grain
boundaries. Very short heating-cooling cycles during
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grinding, though, can make it difficult for alloy or impurity
atoms to diffuse. Nevertheless, local grain growth occurs in
nc crystals due to the high grain boundary energy and the
high grain boundary mobility. The resulting anomalous
microstructure grows with individual larger grains into the
surrounding nc matrix. In the process, the original grain
boundaries with their high volume fractions of 50 to 25% at
the growth front dissolve into the new larger crystals with
negligible grain boundary volumes. Vacancies, alloying
and impurity atoms from the original nc microstructure
and from its grain boundaries must be incorporated into
the recrystallizing grains without significant diffusion.
Higher alloy or impurity atom concentrations inside the
recrystallized crystals and lower dislocation densities at
the grain boundaries could thus explain the increase in the
measured lattice spacing together with the decreasing
micro strain.

When considering the X-ray surface analyses, it must
be taken into account that the primary beam diameter
200 pm irradiates many grains of the anomalous/bimodal
microstructure. Recrystallized grains and the surrounding
nc matrix are detected together. l.e. decreasing grain
boundary volumes and with it decreases in volume in the
area of the recrystallized larger grains can have an effect on
the X-ray residual stress analyses. Hence, the local volume
reductions of the recrystallized grains would cause a ma-
terial shrinkage in the near-surface zone. In doing so, the
surface residual stresses of type I shift to absolutely higher
values. Type Il tensile residual stresses additionally form in
the area of the recrystallized grains. The measured residual
stresses thus represent superpositions of the residual
stresses of type I and type II. Furthermore, the determined
grain sizes must be considered as mean values from the
grown recrystallized grains and the surrounding nc matrix.
In order to detect the nanocrystalline and recrystallized
grain size distributions separately, TEM investigations
would be necessary [71].

6 Conclusions

Thin strips of electrochemically deposited nanocrystalline
nickel-iron are produced with a surface grinding machine.
Grinding of defined surface states, especially with the
desired thin strip thicknesses of 320 or 330 um, really is a
demanding challenge in this case. A necessary require-
ment for grinding involves carefully mounting the thin
strips on a specimen carrier. By varying the depths of cut
and the type of grinding method, down or up grinding,
different surface states can be achieved. An X-ray diffrac-
tometer with a primary beam diameter of 200 pm serves to
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measure the residual stresses and near-surface micro-
structural states. It means that the results derive from the
total irradiated surface in each case. Hence, the determined
grain sizes after grinding represent mean values from a few
recrystallized new larger grains and from the surrounding
original, finer nanocrystalline matrix.

In the electrochemically deposited initial state before
grinding, the specimens from Batch 1 have a much more
uniform quality than those from Batch 2. It applies both
to the thicknesses of the deposition layers and to the
measured surface residual stresses, which for Batch 1
mostly have low values in the compression range. Only one
specimen exhibits low tensile residual stresses after elec-
trochemical deposition. Batch 2 scatters significantly more
in these and also in the microstructure values. Irrespective
of this, the mean values of the near-surface microstructural
states after electrochemical deposition differ only slightly
between Batches 1 and 2. Averaged over several specimens,
grain sizes of 9 nm (Batch 1) as well as 9.5 nm (Batch 2) and
micro strains of 0.71% (transverse, Batch 1) as well as 0.74
and 0.78% (transverse and longitudinal, Batch 2) are
obtained.

When grinding in the transverse direction, the smallest
depths of cut of 20 x 1 um give the best results (Batch 1). All
measured values of the strip thicknesses come within
the tolerance range. Likewise, rather uniform values are
achieved for the measured microstructural states. In
contrast, there exist considerable differences in the surface
residual stresses. After up grinding, the absolutely lowest
compressive residual stresses occur transverse to grinding
direction, up to -500 MPa. For down grinding, the absolute
lowest values occur at —200 MPa for Batch 1 strips and —300
MPa for Batch 2 strips. Longitudinally to the grinding di-
rection, the values obtained tend to be about 100 to
300 MPa higher than transversely to it. Surface roughness
of the two grinding methods in turn shows no significant
differences. Both types of grinding methods and all
selected depths of cut 20 x 1 or 7 x 3 or 5 x 4 um (Batches 1
and 2) result in similar roughness values R, of about 2.1 um.
Only the R, values remain slightly lower at the higher
depths of cut.

A larger depth of cut of 7 x 3 pm in down grinding
produces the highest surface residual stresses of 880 MPa
in the grinding direction and 680 MPa in the transverse
direction (Batch 2). Up grinding can also produce quite
high tensile residual stresses of 598 MPa with a depth of cut
of 5 x 4 pm along the grinding direction. However, the
scatter of the residual stress values is very large at higher
depths of cut. An explanation for the large scatter might
presumably be stronger strip deformations during grinding
due to the low strip thicknesses in combination with the
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higher depths of cut. More non-uniform electrochemically
deposited initial states may contribute to the larger scatter
of Batch 2 as well. In any case, the absolute values of the
residual stresses along the grinding direction will always
be greater than transverse to it.

Analyzes of microstructure show after grinding for all
depths of cut in down and in up grinding a certain grain
enlargement and micro strain reduction. So, during
grinding, recovery and recrystallization processes must
take place, which do not come to an end owing to the
moderate microstructure changes. This requires corre-
sponding temperature developments, which can be low for
nc NiFe. Sufficiently high grinding temperatures develop
most likely with larger depths of cut. As a result, down
grinding with a depth of cut of 7 x 3 pm leads to maximum
determined grain sizes of 23.4 nm and maximum decreases
in micro strains to 0.41% as well as maximum residual
stresses of 880 MPa. Furthermore, an increase in the lattice
spacing during grinding is observed due to the onset of
recrystallization and recovery processes.

Residual stress formation processes during grinding of
nc metals must be largely comparable to those of micro-
crystalline metals. Like microcrystalline metals, nc nickel-
iron should form compressive residual stresses on the
workpiece surface primarily through cold plastic defor-
mation. It can be assumed that increasing temperatures
with increasing depth of cut reduce the mechanical effects
and cause tensile residual stresses due to increasing
dominance of the thermal effects with thermal-plastic
deformation. Because of the high grain boundary energy of
the nc microstructure, however, even small increases in
temperature suffice for the onset of recovery and recrys-
tallization processes. Recrystallization reduces the large
grain boundary volumes of the original nc microstructure
and thus the microstructure volume in the near-surface
zone, which can shift the residual stresses toward abso-
lutely more positive values.

In summary, it can be said that for very thin strip
thicknesses, very careful grinding with a very small depth of
cut of 20 x 1 pm enables reproducible good surface states
and thickness dimensions with low scatter. Larger strip
thicknesses can reduce the scatter and improve the repro-
ducibility, as shown within initial investigations for thick-
nesses of 530 pm, even with slightly larger depths of cut.
Depending on the grinding direction, surface structures
with grooves parallel or perpendicular to the strips are
possible. Different surface residual stresses with approxi-
mately the same surface roughness and the same micro-
structure can be realized by down or up grinding or, within
limits, by varying the depth of cut. This makes it possible to
perform fatigue tests on nc microsamples by considering
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the influence of machining residual stresses or the influence
of surface grooves separately from the other surface states.
The depth distributions of the residual stresses should also
be taken into account for this task.
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