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Abstract: Effects of different broaching machining techniques on fatigue damages are studied. Low cycle fatigue tests
at high temperature 650 “C in air environment are carried out for specimens with four processing techniques. The
roughness characterization method, electron backscatter diffraction (EBSD) and nanoindentation test are used to
obtain the surface roughness, residual stress and work hardening, respectively. The wire cut electrical discharge
machining (WEDM) specimens exhibit the highest fatigue life of average 80 360 cycle with the lowest surface
roughness of 0.226 and residual stress, while specimens machined by blunt tool suffer the lowest fatigue life of
average 43 978 cycle, decreasing 45% compared to WEDM ones. SEM results show that fatigue cracks are mainly
initiated from the coarse non-recrystallized grains and machining defects. The broaching machining methods and
parameters have significant influences on the level of fatigue damages and fatigue lives.
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0 Introduction which will undermine the surface integrity of

parts'"*' . Aggressive machining conditions will pro-

Nickelbased powder metallurgy superalloy is a duce a “white layer” composed of nanoscale grain
kind of metal material suitable for acroengines, but ] ) )
o ) o structure to induce local changes in the microstruc-
it 1s also vulnerable to the influence of machining -

, , ) ture'™ . Under high temperature and high stress con-
process on fatigue life. The damage generated in the
. . ) ditions, such changes will seriously reduce the fa-
machining process will cause the fatigue damage to

: fal1,9-10] e « -
the high load components, thus damaging the integ- tigue life . In addition, local stress concentra

rity of components' 2. tion during machining will also lead to early crack

. . . . L. sove e [11412] [13] _

The failure of surface integrity is the main in- initiation . Quan et al.""" used the stress concen

ducement of fatigue failure®*'. Machining damage tration factor to measure the fatigue life, and the re-

will lead to surface tearing, inclusion cracking, cavi- sults showed that the emergency concentration fac-
ty formation, carbide cracking or grain pulling, tor and the fatigue life fitted well.
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The fatigue life of turbine components is very
important to the integrity of aeroengines when they
work under high temperature and high load. The tur-
bine components are usually manufactured by
broaching. Since turbines are usually made of high
strength super-alloy materials, the increased cutting
rates and feed rates will lead to an increase in the de-
gree of work hardening of the “white layer”".

Meanwhile, broaching tools will have rapid

wear "', which is affected by broaching speed,

broaching force, lubrication and other factors *'".
Tool wear can lead to changes in coating and sur-

[1,18]

face roughness , and the inevitable vibration in

the machining process will also lead to the increase

of surface roughness'"”’

, and ultimately affect the fa-
tigue life. Rengen et al."”’ studied the surface integri-
ty characteristics of Udimet 720L1 under slight dam-
age and damage machining conditions. The correla-
tion between machining conditions and plastic defor-
mation is established. The mechanical effect of tradi-
tional machining can lead to serious plastic deforma-
tion and work hardening of metal workpiece™ .
Therefore, the hardness characterization of speci-
mens in fatigue test is indispensable. The residual
stress produced by machining will also affect the fa-

[21-23]

tigue life , and the dominant factor is to consider

the equivalent stress of shear stress and normal
stress at the same time'™™",

There is little research on the effect of machin-
ing conditions on the fatigue life of nickel base super-
alloys. Quan et al."*' conducted a comparative study
on the surface integrity and fatigue performance of
GH4169 superalloy components manufactured by
the combined process of milling, grinding and pol-
ishing. The results show that polishing has the great-
est influence on fatigue performance, and a typical
“hook” residual stress distribution is produced on
the surface by milling. Chen et al."”” studied broach-
ing operations (similar to the machining of cold
wood grooves on turbine disks) and the subsequent
heat treatments at 550 ‘C and 650 “C on fatigue prop-
erties and corresponding crack initiation behavior.
The combined effect of heat treatment on the fatigue
properties and corresponding crack initiation behav-
ior of forged Inconel 718. The research shows that

the broaching specimen has a longer fatigue life than

the polished one, but the 650 ‘C-heat treatment re-
duces the fatigue life of the broaching specimen and
increases the fatigue life of the polished specimen.
Telesman et al."”® studied the influence of tool wear
and broaching speed on fatigue life. The research
shows that the average fatigue life of “blunt” cutter
is longer, but the fatigue life is more dispersed at dif-
ferent broaching speeds. Connolley et al."”' studied
the influence of different broaching processes on fa-
tigue life at 600 ‘C. The research shows that fatigue
life is related to surface roughness, and notch polish-
ing has a favorable effect on fatigue life.

In this paper, the influence of different machin-
ing conditions on the fatigue life of the third-genera-
tion nickel base powder superalloy is studied. The
surface roughness, hardness and electron backscat-
ter diffraction (EBSD) characterization of speci-
mens with different machining conditions are carried
out, and the influence of different machining condi-
tions on the fatigue life and fracture characteristics

are analyzed.
1 Materials and Methods

1.1 Material and specimen machining

The third-generation nickel-based powder met-
allurgy superalloys is used in this study. The speci-
men is designed according to the standard GB/T
3075—2008 as shown in Fig. 1. Specimens are
95 mm in length. Middle segment of specimen is
11 mm in width and 3 mm in thickness. M4X23
threads are machined in both ends of specimen to
suit the fixture. Connections between the threaded
specimen and the middle specimen are chamfered to
reduce the stress concentration. A finite element
model with a notch » of 4 mm, depth of 1.3 mm,
the elastic modulus of 169 GPa at 650 °C and Pois-
son’s ratio of 0.3 is established. The fixed constraint
is applied to the right end face with the triangular
waveform with stress ratio of 0.05, the maximum
stress of 700 MPa and frequency of 10 Hz. The re-
sults show that the maximum stress and maximum
strain are both at root of the notch, with the value of
1 413 MPa and 0.823%, respectively. The location
and depth of the notch can be therefore determined.
The notch with radius » of 4 mm and depth of

1.3 mm is processed in the middle of specimens.
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diagram

Fig.1 Specimen shape and dimension drawing and some processed test pieces (Unit: mm)

Through repeated trial production and explora-
tion of different machining techniques (wire-elec-
trode cutting, conventional tool and blunt tool)
and machining parameters (milling spindle speed
and feed rate) , the roughness and other indicators
caused by machining are investigated, and the fol-
lowing four machining conditions are finally deter-

mined. (1) Wire cut electrical discharge machining

(WEDM ) , slow-feeding EDM wire-cut + remov-
al of surface corrosion layer; (2) conventional
tool, feed rate F260, spindle speed S2800; (3)
conventional tool, feed rate F260, spindle speed
S2000; (4) blunt tool, feed rate F600, spindle
speed S3500. Five sets of experiments are per-

formed for each process condition as shown in
Table 1.

Table 1 Experimental scheme for research on effect of machining damage on fatigue properties of powder superalloys

Machining technology

Machining parameter

WEDM

Slow-feeding EDM wire-cut + Removal of surface corrosion layer

Feed rate F260
Feed rate F260

Conventional tool

Spindle speed S2800
Spindle speed S2000

Blunt tool

Feed rate F600

Spindle speed S3500

Under the condition of 650 ‘C, triangular wave
stress with a stress ratio of 0.05 and a frequency of
10 Hz is applied to the test piece for fatigue test.
The maximum load applied shall ensure that the
maximum strain at the bottom of the notch is
0.823%.

1.2 Fatigue test and fracture analysis method

The test is carried out by a 100 kN MTS Land-
mark hydraulic-servo fatigue testing machine com-
bined with a high temperature furnace. The test sys-
tem consists of heating, loading, cooling, tempera-
ture monitoring and other parts. The fatigue testing
machine is used for loading, and the high tempera-
ture furnace is used for heating with one thermocou-
ple, connected to temperature monitoring. The fa-
tigue test equipment is shown in Fig.2. Fatigue life
is obtained by repeated stretching until specimen fail-

ure. The fatigue test is stress-controlled, with the

Fig.2 Low cycle fatigue test equipment

maximum stress of 700 MPa, stress ratio of 0.05
and frequency of 10 Hz, at temperature of 650 C.

In order to reveal the damage mechanism of the
material under uniaxial thermomechanical fatigue
load, after the fatigue failure, the fracture is cut off
and cleaned with an ultrasonic cleaner. When frac-

ture occurs, the acceleration voltage is set to 15 kV.
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1.3 Specimen characterization method

The notch roughness under different machining
technologies is tested by Taylor Hobson Form Taly-
surf 1~Series 5 shape and surface roughness tester.
The thimble is in contact with the surface of the
notch root, and the trajectory is reciprocated three
times to obtain the average value of the measured
roughness. Nano Test Vantage is used to measure
the microhardness in the notch root area of speci-
mens with different machining techniques. In order
to exclude the influence of acquisition parameters on
the related data of different specimens, the uniform
load for microhardness measurement is 20 mN, the
holding time is 30 s, the microhardness indentation
spacing is 4 pm, and the area size is 32 pm X
48 pm. In the process of hardness and characteriza-
tion EBSD analysis of FGH4099 notched speci-
mens under different machining conditions, a
400 pm X400 pm area at the root of the notched
specimen is selected for observation. It is selected
mainly because the load on this area during the spec-
imen machining is relatively high. It can be used to
evaluate the residual stress field introduced by differ-
ent machining processes and the variation law of re-
sidual stress on fatigue life during subsequent low-
cycle fatigue tests. In order to avoid excessive defor-
mation, the processed notch specimen is cut by
EDM machining method, and then 400%, 800%#,
1000%, 2000%, 3000# and 5000% sandpapers are
used for grinding and polishing in turn by cold insert-
ing treatment. Then, the specimens are mechanical-
ly polished with oxide polishing suspension for
20 min, and finally electropolished with 10 ml per-
chloric acid and 90 ml ethanol solution for 10 s. EB-

SD measurements are performed on a Zeiss Gemini
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WEDM F260S2800 F260S2000 Blunt tool
(a) Fatigue lives and average roughness in five groups of experiments

500 field emission SEM equipped with an Oxford
EBSD detector. In order to exclude the influence of
EBSD acquisition parameters on the disorientation
data of different specimens, a series of unified pa-
rameters, 15 kV accelerating voltage, 60 pm aper-
ture and 0.5 pm step size, are adopted. Finally, the
EBSD data are processed using Aztec Crystal soft-
ware and the open-source toolbox MTEX, and the
derived geometrically necessary dislocation (GND)

density maps are calculated with a 3X 3 core size.
2 Experiment Results

2.1 Influence of machining conditions on fa-

tigue life and fracture analysis

To avoid the influence of randomness on the
four machining technologies, five groups of experi-
ments are conducted under each machining technolo-
gy. The results of fatigue life are given by low cycle
fatigue test equipment, represented by the number
of cycle when specimen breaks. The average low cy-
cle fatigue life and average notch roughness under
four processes are compared as shown in Fig.3. The
average fatigue life of specimens machined by
WEDM is the highest with 80 360 cycle, and that
of specimens machined by blunt tool is the lowest
with 43 978 cycle. The average fatigue life of speci-
mens machined by conventional tool decreases from
72 035 to 48 603 when spindle speed decreases from
2 800 r/min to 2 000 r/min. It is observed that the
average low cycle fatigue life is negatively correlat-
ed with the average notch roughness. That is, the
higher the roughness, the shorter the life, but not
linearly correlated. It is observed that the average
roughness of notch is less than or equal to 0.8 pm
and the average low cycle fatigue life decreases grad-

ually with the increase of roughness in the range of
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WEDM F260S2800 F260S2000 Blunt tool
(b) Average fatigue life and average roughness

Fig.3 Relationship between average low cycle fatigue life and average notch roughness in different machining processes
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0.6 X10—1.0X 10°. While the average notch rough-
ness is greater than 0.8 pm, the average low cycle
fatigue life is about 0.6 X 10*.

For each machining technology, a typical fa-
tigue fracture is selected for SEM characterization.
The microstructures of the fatigue fracture surfaces
of the specimen machined by WEDM and surface
corrosion layer removal machining technology are
shown in Fig.4. Under this machining technology,
the cracks of specimen are initiated from the coarse

non-recrystallized grains on the sub surface at the

center of the notch root, and these cracks exhibit

#0321 Fatigue bands and

transgranular propagation
secondary cracks exhibiting transgranular propaga-
tion can be observed in the crack growth area, and
there are a lot of step slip surfaces similar to cleav-
age in the transient fault zone. It shows that due to
the minimum notch work hardening and the mini-
mum plastic deformation under this machining tech-
nology, the cracks are initiated from the material de-
fects inside the specimen, and this case has the lon-

gest average low-cycle fatigue life.
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Fig.4 Low cycle fatigue micro fracture diagram of WEDM specimen

The microstructure of the fatigue fracture sur-
face of the specimen machined by conventional tool
with F260S2800 is similar to that of WEDM, as
shown in Fig.5. Under this machining technology,
the cracks of specimen are also initiated from the
non-recrystallized grains on the sub surface at the

right of the notch root, and the cracks exhibit trans-

Transicnt'break zone

Fig.5

The microstructure of the fatigue fracture sur-
face of the specimen machined by conventional tool
with F260S2000 is similar to that of WEDM, as
shown in Fig. 6. Under this machining technology,
the cracks of specimen are initiated at the left edge of

the notch root at the machining defect location. Due

granular propagation. The fatigue bands and second-
ary cracks exhibiting transgranular propagation can
be observed in the crack propagation area, and sec-
ondary cracks can be observed in the transient frac-
ture area. The cracks are initiated from the material
defects on the sub-surface of the specimen under

this machining condition.

o

Crack initiation

Low cycle fatigue micro fracture diagram of F260S2800 specimen

to the machining defects, the stress concentration be-
tween the notch root surface and the side interface
has led to the initiation of cracks at the left edge of the
notch root section. The crack exhibites transgranular
propagation, and a secondary crack can be observed

in the crack transient zone. Compared with the con-
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e

Crack initiation

Fatigue strip

Fig.6 Low cycle fatigue micro fracture diagram of F260S2000 specimen

ventional tool with F260S2800, this kind of machin-
ing condition brings higher work hardening and plas-
tic deformation due to greater roughness. Therefore,
the crack is initiated from the machining defects at
the corner of the notch root, resulting in a significant
reduction in the average low cycle fatigue life.

The microstructure of fatigue fracture surface of
the specimen machined by blunt tool with F600S3500
machining technology is similar to that of WEDM, as
shown in Fig. 7. Under this machining technology,
the crack source of specimen is at the left edge of the
notch root where there is a machining defect. Be-

cause of the machining defect, the stress at the inter-

face between the notch root surface and the side sur-
face is concentrated, which leads to the crack initia-
tion at the upper left corner of the notch root cross sec-
tion. The crack propagates transgranularly. Fatigue
striations are observed in the crack growth zone, and
there is a step like sliding surface similar to cleavage
in the transient fracture zone. Blunt tools produce
large plastic deformation, so cracks are initiated from
the machining defects where the surface of the notch
root meets the flank. The average low cycle fatigue
life under this machining condition is the smallest but
not much different from the average low cycle fatigue
life of the conventional tool with F260S2000.

Crack ihitiation\r
I

 Expansion area !

%

TransienfBreak zone

N

S

A Fatigue striation
Crack initiation

Fig.7 Low cycle fatigue micro fracture diagram of blunt tool specimen

2.2 Roughness characterization results

Roughness test is carried out on the notches

processed by four different processes, whose results

are shown in Table 2.

Table 2 Test results of notch roughness of different machining processes

Machining processes

— — Roughness  Benchmarking roughness
Machining technology Machining parameters
Slow-feeding EDM wire-cut +
WEDM . 0.226 0.2
Removal of surface corrosion layer

. Feed rate F260 Spindle speed S2800 0.406 0.4
Conventional tool )

Feed rate F260 Spindle speed S2000 0.566 0.6

Blunt tool Feed rate F600 Spindle speed S3500 0.776 0.8
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Among the four machining conditions, slow-
feeding EDM wire-cut has the lowest surface rough-
ness, and blunt tool milling with a feed rate of F600
and a spindle speed of S3500 has the highest surface
roughness. Higher spindle speeds for conventional

tool milling correspond to lower surface roughness.

2.3 EBSD microstructure characterization re-

sults and hardness characterization

EBSD characterization results of four machin-
ing notches (WEDM, conventional tool cutting
with F260S2800, conventional tool cutting with
F260S2000, blunt tool cutting with F600S3500)
are shown in Fig.8. There are about six grains in the
transverse range, and the presence of strengthening
phase can be clearly seen in the EBSD image. It can
be seen from the GND image that the specimen ma-
chined by blunt tool has the highest geometrically
necessary dislocations on the whole. The work hard-
ening layer of WEDM is the thinnest, and the work
hardening layer of blunt tool is thicker. With the de-
crease of rotational speed, the work hardening layer
of specimen machined by conventional tool thickens.
The effect of machining technology to the working
hardening of specimens is obvious. The work hard-
ening of specimens machined by WEDM is the
smallest and that of specimens machined by blunt
tool is the biggest. With the increase of spindle
speed, the work hardening of specimens machined

by conventional tool decreases.

(b) F260S2800

(c) F260S2000 (d) F65083500
Fig.8 EBSD of four machining notches

100

In order to qualitatively analyze the plastic de-
formation caused by work hardening at the notch,
the GND value of the notch with smaller roughness
in each machining technology is selected for compar-
ison. The GND value of most areas in the visual
field is small, and the GND value at the notch is
large, so the part with GND=0.5 is selected for
comparison. The GND distribution of the notch of
the four machining processes is shown in Fig.9. It is
found that the depth of work hardening under the
slow-feeding EDM wire-cut process is the mini-
mum, and the depth of work hardening under the
F350S3500 process is the maximum. The peak of
GND close to notch root of specimens machined by
blunt tool is the biggest at 1.464X10"/m?, and that
of specimens machined by WEDM is the smallest at
0.985x10"/m’. With the spindle speed decreasing
from 2 800 r/min to 2 000 r/min, the peak of GND
close to notch root of specimens machined by con-

ventional tool increases from 1.065 to 1.330.

1.6

—=—WEDM
—e—F260S2800
—4—F260S2000
—v—Blunt tool

00502 4 6 §1012 1416182022 24
Distance / pm

Fig.9 GND distribution diagram of notch in different ma-

chining processes

The hardness of 32 pym X48 pm area at the
notch root of four machining technologies is charac-
terized. The results are shown in Figs.10—12. With
the increase of the distance from the notch, the
depth of indentation becomes deeper and deeper, in-
dicating that the work hardening decreases with the
increase of the distance from the notch, and finally
tends to be stable. WEDM and F260S2800 have the
lower hardness at the notch root, F260S2000 and
Blunt tool has the higher hardness. Blunt tool has
the thickest work hardening layer and the work hard-
ening layer of WEDM and F260S2800 is thinner.

The hardness of notch root of specimens machined
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Hardness
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Fig.10 Hardness nephogram of notch root with different

machining technologies

by blunt tool is the biggest at 7.507 GPa, and that

Hardness / GPa
o NN
W (=) W

o
=)
T

-+~ WEDM
--F260S2800
—--F260S2000
~v-Blunt tool

o
n
T

50 5 10 15 20 25 30 35
Distance / pm

Fig.11 Variation of hardness with notch distance

of specimens machined by conventional tool
F260S2800 is the smallest at 7.001 GPa. The work
hardening of specimens machined by conventional

tool is higher with spindle speed slower.

20r —O0mm 0 —Omm
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% ——32mm g ——32 mm
; 10+ S 10F
= =
S 5k
or oF
0 100 200 300 400 0 100 200 300 400
Depth / mm Depth / mm
(a) WEDM (b) F260S2800
20 20F ——O0mm
—8 mm
L | ——16mm
z 15 z [ —24mm
< E —32mm
§ 10 B § 10 -
= £
5r 5k
or of
0 100 200 300 400 0 100 200 300 400
Depth / mm Depth / mm
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Fig.12 Force-depth curves of nanoindentation tests for different machining technologies

3 Discussion

Specimens machined by blunt tool has the low-
est fatigue life, with the highest residual stress and
work hardening. Specimens machined by WEDM
has the highest fatigue life, with the lowest residual
stress and lower work hardening. Effect of spindle
speed to specimens machined by conventional tool is
obvious, in which the spindle speed increases 800 r/
min, the fatigue life increases 48% , and the residu-
al stress and the work hardening decrease. The fa-
tigue damage of WEDM 1s the smallest, and the

blunt tool has the worst fatigue damage on speci-
mens.

Through SEM characterization of fractures, it
is found that under the two machining parameters of
low surface roughness and work hardening, the ma-
chining defects are not enough to produce cracks,
and the cracks are caused by the internal defects of
the material. Under these two machining parame-
ters, the fatigue life of the specimen is higher. How-
ever, when the surface roughness and work harden-

ing are higher, the crack initiation occurs at the
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stress concentration of the machining defect, so the
specimen is more prone to fatigue fracture. The fa-
tigue life is higher when the cracks are initiated from
the defects at the subsurface, while the crack initia-
tion at the specimen surface leads to lower fatigue
life.

Secondary cracks are caused by weak struc-
tures in the plastic zone around the main cracks in
the process of material failure, which may be relat-
ed to metal preparation processes such as inclusion,
grain orientation such as large angle grain boundar-
ies and other structures. The fatigue life of the mate-
rial 1s mainly affected by the crack initiation mode.
In the low cycle fatigue life, the crack initiation life
occupies the main part and the crack propagation life
is secondary.

The influence of different machining technolo-
gies on fatigue life is investigated. As shown in Fig.3,
the surface roughness is inversely proportional to the
fatigue life. There is no significant difference in the
work hardening between F260S2800 and WEDM
through EBSD and hardness characterization, indi-
cating that the fatigue failure of these two machining
processes i1s mainly affected by surface roughness.
The work hardening degree of F260S2000 and blunt
tool is significantly higher than that of WEDM and
F260S2800, and the fatigue life of specimens under
these two machining techniques is lower. There is
little  difference in between
F260S2000 and blunt tool, but there is a big differ-
ence in surface roughness. Result shows that there

is little difference in fatigue life between F260S2000

work-hardening

and blunt tool, and the influence of roughness on fa-
tigue life is small when the roughness is greater than
or equal to 0.563 pm. The cracks of specimens ma-
chined by blunt tool and conventional tool with
F26052000 are initiated at stress concentration
caused by the combination of high surface roughness
and work hardening, which gives a shorter fatigue
crack initiation time.

According to the analysis of the fracture, the
work hardening of WEDM and F260S2800 notch is
small, the work hardening of F260S2000 and blunt
tool is significantly higher, and the crack initiation is

concentrated in the machining defect of notch root.

4 Conclusions

For the third-generation nickel-based superal-
loy FGH4099, the influence of different machining
techniques to the damage of specimens on low-cycle
fatigue properties are studied. The conclusions are
as follows.

(1) The order of machining techniques with the
notch surface roughness increasing from 0.226 to
0.776 is as follows: WEDM, conventional tool with
F260S2800, conventional tool with F260S2000,
and blunt tool with F600S3500.

(2) WEDM and removal of the surface corro-
sion layer have the least residual work hardening
and minimum plastic deformation. Compared with
conventional tool, blunt tool has more work harden-
ing and greater plastic deformation.

(3) The average low cycle fatigue life is nega-
tively correlated with the average notch roughness.
That is, the higher the roughness, the shorter the
life, but it is not linear. The fatigue life decreases
45% when the surface roughness increases 243%.

(4) The average roughness sum is less than or
equal to 0.405 pm, and the defect size produced by
machining is too small to produce cracks. When the
average roughness is greater than or equal to 0.563
um, the low cycle fatigue life is mainly affected by
the notch machining defects. The notch roughness is
large, and the crack starts from the stress concentra-
tion of machining defect at the notch root.

(5) The level of fatigue damage of specimens
machined by WEDM is the lowest with the highest
fatigue life of 80 360 cycle, and specimens machined
by blunt tool suffer the most significant fatigue dam-

age with the lowest fatigue life of 43 978 cycle.
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