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Abstract

In this study, the influence of friction drilling tool pre-heating on mechanical properties of chipless manufactured internal threads
in thin-walled AZ91 magnesium casting alloy profiles is investigated. In this context, the influence of manufacturing processes
on microstructure and the resulting fracture behavior during mechanical loading are in focus for the determination of failure
mechanisms. Two batches were investigated, whereas specimens were manufactured without and with pre-heating the friction
drilling tool before manufacturing. The mechanical properties were determined in tensile and fatigue tests in tensile loading
range. The mechanical results were correlated with the profile qualities in form of computed tomography analyses and hardness
mappings. Light and electron microscopic investigations of fractured surfaces were performed to analyze the fracture behavior in
cyclic tests. Process-related and stress-related work hardening effects were determined at the edge area of the threads. Differences
in fracture behavior under quasi-static and cyclic loads were determined. Turns of internal threads connected to the threaded rod
were sheared off in tensile tests without visible cracks on the exterior surface of the flat profile specimens, whereas cyclically
tested specimens provided fractured surfaces for fractographic failure analyses. Crack initiation at thread root and two stages of
crack propagation until complete failure due to overload fracture were investigated. Pre-heating of the friction drilling tool during
manufacturing of the threads had no influence on quasi-static and fatigue properties, respectively.

Keywords Magnesium casting alloy AZ91 - Friction drilling - Thread forming - Internal thread - Quasi-static properties - Fatigue
properties

1 Introduction

Magnesium alloys provide various application possibilities
due to their low density and good casting and machining be-
havior. They have been established for saving material, ener-
gy, and costs as well as for weight reduction of components
and are used in many fields of technical engineering, especial-
ly in automotive industry, as mentioned by Kulekci [1] or
Muttana [2, 3]. Advantages are, e.g., carriages of relative high
cargo loads with low vehicle weights and high maximum
velocities with reduced fuel consumption. By reducing the
weight of frame-structure elements, the functionality must be
obtained. Therefore, magnesium alloys are often used, that
ensure high stiffness at minimal weight.
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Friction drilling processes are used to generate high
strength threads in lightweight profiles, as investigated in
Miller et al. [4, 5]. For the conventional application, a fast
rotating tool penetrates perpendicular into the profile wall,
whereby bushings are formed chipless in feed direction with-
out additional material input, as described by Engbert et al.
[6]. Subsequently, heavy duty threads with increased usable
thread depths can be generated chipless by means of thread
forming so that more flanks of the internal thread are usable
[6]. Nutless bolted joints can be realized for applications with
one-sided accessibility. Plastic deformation and heat develop-
ment followed by rapid cooling during the thread manufactur-
ing process lead to microstructural changes in the edge area of
the internal threads that affect the mechanical properties, e.g.,
work hardening. Therefore, the process parameters, e.g., feed,
have a significant influence on the properties and microstruc-
ture. The parameters should be chosen to maximize the load
capacity of the internal threads. During mechanical loads, a
multi-axial stress state leads to maximum loads in the thread
root.
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The most common investigated materials for conventional fric-
tion drilling process are aluminum alloys [4-25] and steels [4,
11-13, 26-33]. Besides the influence of spindle speed and feed
rate on torque and thrust force [7-9, 15], investigations concerning
different materials [11—13, 16] and variations in wall thicknesses
were performed [11, 12, 17]. Gopichand et al. carried out numer-
ical investigations on process-related stress and strain distributions
and deformation behavior [18]. Eliseev et al. performed micro-
structural investigations and hardness tests without process param-
eter variations [22—24]. For machining of steels, tool coating [26,
29] and tool geometry [28, 30, 31, 33] were varied to investigate
the influence on tool life and tool wear, respectively [26-29].
Krasauskas et al. carried out numerical investigations to compare
experimental and simulated process-related workpiece tempera-
ture, torque, and thrust force [32]. Brass [13], titanium alloys [4,
34, 35], and nickel-based superalloys [36] are also machinable.
Regarding friction drilling of magnesium alloys [5, 20, 37, 38]
and the combination of friction drilling and thread forming for
aluminum [6, 10, 14, 19, 20] and magnesium alloys [20, 37], only
a few publications are available. Miller et al. investigated the effect
of workpiece pre-heating, spindle speed and feet rate in conven-
tional friction drilling process of AlSi8Cu3Fe aluminum and
AZ91 magnesium casting alloys on torque, thrust force, and bush-
ing shape [5]. All experimental and numerical investigations
concerning conventional friction drilling processes deal with pro-
cess variations (e.g., feed rate, spindle speed) and characterization
of the core holes (e.g., roundness deviations, roughness) and tool
wear, respectively. No literature is available about investigations
on the influence of friction drilling on the mechanical properties,
especially fatigue properties, of formed internal threads in friction
drilled core holes for magnesium alloys. Concerning mechanical
investigations only tensile tests were performed for aluminum al-
loys [6, 10, 14].

An innovative friction drilling application was investigated
by Biermann et al. for AlISi10Mg aluminum casting [21, 25],
AZ31 magnesium wrought [37] and AZ91 magnesium casting
alloys [38], where the cross-sectional area of thin-walled pro-
files were machined. The authors of this study already inves-
tigated the quasi-static and cyclic deformation behavior of
innovative friction drilled and formed internal threads in
AIMgSi0.5 [19] and AlSi10Mg aluminum and AZ31 magne-
sium alloys [20]. In this study, internal threads are also
manufactured by means of the innovative front face friction
drilling process. The aim is the characterization of the quasi-
static and cyclic deformation behavior of formed internal
threads from AZ91 casting alloy at room and elevated tem-
perature and the behavior correlation with the profile qualities
and changes in microstructure. Newly developed evaluation
and testing methods are presented to investigate the influence
of friction drilling tool pre-heating on the mechanical proper-
ties. Furthermore, knowledge about fracture behavior under
quasi-static and cyclic loads is generated that leads to under-
standing of process-structure-property-relationship.
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2 Material and specimen preparation

The chemical composition of magnesium alloy AZ91 used for
specimen preparation is given in Table 1. The values were
determined by an optical emission spectrometer. The limiting
values for alloying elements and impurities, respectively, are
also given as reference according to DIN EN 1753. All ele-
ments are in the range according to the standard.

Figure 1 illustrates the microstructure of AZ91 in as cast
condition (before manufacturing) as cross-sectional scanning
electron micrograph (a). The EDX-analysis (b—f) gives some
indication of the constituents. The chosen material in cast
condition has primary alpha-Mg matrix, eutectic precipitates
of alpha-Mg and beta-Mg;,Al,, phase, as reported by Zhang
et al. for non-equilibrium cast structure of Mg-Al-Zn alloys
[39]. Small amounts of AlgMns and Al;;Mny were observed.

Internal threads were manufactured by the Institute of
Machining Technology (ISF), TU Dortmund University. The
core holes and M6 internal threads were drilled on a machin-
ing center (Grob, BZ 40 CS) with three synchronic axes, a
CNC path control system (Siemens, Sinumerik 840D) and a
horizontally arranged main spindle with a maximum rotation-
al speed of n=24,000 min~" including a tool holder system
(HSK 63). A peripheral speed of v, =40 m/min and a feed
speed of ve=15 mm/min were used for the friction drilling
process in flat profile specimens. Two batches were investi-
gated, whereas specimens from batch “a” were manufactured
without pre-heating the friction drilling tool. In the case of
batch “b”, the tool was pre-heated (initial tool temperature
T'=200 °C) before manufacturing using a portable induction
system, as reported by Biermann et al. [21, 25, 38]. Pre-
heating of the friction drilling tool was varied between 150
and 300 °C. Best results regarding the bore quality occurred at
200 °C [38]. The nominal diameter of the subsequent
manufactured threads was d =6 mm and the wall thickness
of the specimens was = 6 mm. Thread forming was conduct-
ed with a peripheral speed of v, = 40 m/min, whereby the feed
was determined by the control. The used geometry for flat
profile specimens including the position of the M6 internal
thread is schematically shown in Fig. 2. The bottom of the
hole represents the cone angle of the conical region of friction
drilling tool (Brp=34°). The wall thickness of flat profile
specimens is representative for fatigue-loaded automotive ap-
plications, e.g., for crankcases, engine blocks, or space
frames.

3 Testing strategy and experimental setup

The mechanical properties of internal threads in flat profile
specimens were investigated to characterize the influence of
different process parameters for the manufacturing technique
thread forming on the quasi-static and cyclic deformation
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Table 1 Chemical composition - ]
of magnesium alloy AZ91 (wt.- Mg Al Zn Mn Si Fe Cu Ni Others

%)

DINEN 1753 Bal. 83-97 035-1.0 =01 <0.10 <0.005 <0.030 <0.002 <001
AZ91 Bal. 8.91 0.57 0.2 0.021 0.0048 <0.001 <0.002 <0.01

behavior. Tensile tests and fatigue tests in form of constant  parameter-related influences on the mechanical properties of
amplitude tests (CAT) in tensile loading range were performed  the manufactured specimens.

and microstructurally evaluated. The maximum loads deter- After the mechanical investigations, the results were corre-
mined in quasi-static investigations and the lifetimes deter- lated with the profile qualities at initial (after manufacturing
mined in fatigue tests were compared to quantify the process ~ and before mechanical testing) and tested conditions.

Fig. 1 EDX-mapping, AZ91 as cast
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Fig. 2 Geometry of flat profile specimen

Longitudinal and cross sections from computed tomography
(CT) and microstructural analyses, respectively, and micro-
hardness mappings were analyzed. The different section views
are illustrated in Fig. 3 in top view. The fractured surfaces of
flat profile specimens tested in constant amplitude tests were
investigated in a scanning electron microscope.

The mechanical investigations were carried out at room
temperature on a servohydraulic fatigue testing system
(Schenck PC63M, with Instron 8800 control unit) with a max-
imum load of 63 kN. Tensile tests were also performed at 7=
110 °C with standard specimen geometries according to DIN
50125 (dy=6 mm) and flat profile specimens. Mechanical
extensometers were applied to the specimen’s surface for
strain measurement (lo gt =10 mm, lp yr =25 mm). A
threaded steel rod M6 in strength class 12.9 was used as coun-
ter thread. The magnesium specimens were connected with a
steel counter holder to the threaded rod. The threaded rod was
screwed four turns into the test specimen, whereby a defined
screw-in depth of H=4 mm was realized.

The experimental setup for the mechanical investigations is
illustrated in Fig. 4. The tensile tests were carried out strain-
controlled with a deformation rate of ¢ =2.5-10"* 1/s until the
abort criteria F,. =10% F.x (90% loss of maximum force
Fiax) and €0 = 3%, respectively, were reached. In constant
amplitude tests, the specimens were loaded with sinusoidal
load-time functions at a load ratio of R=0.1 and a frequency

LC*—! L
. @ .
C—

Fig. 3 Definition of section views in top view (L longitudinal section; C
cross section)
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Fig. 4 Experimental setup with integrated flat profile specimen for
mechanical investigations

of f= 10 Hzuntil 1E7 cycles. Deformation-induced changes in
strain and temperature were determined load- and cycle-
dependently as material responses, based on investigations
from Ebel-Wolf et al. [40] and Walther [41]. The specimens
were assembled analogous to the tensile test, whereby the
extensometer was used to measure fatigue-related strain pa-
rameters. To measure the change in temperature K-type min-
iature-thermocouples were utilized, whereby the junctions
were installed through drilled holes and milled notches in
the threaded rod to get access to the stressed areas of the thread
flanks, as introduced by Wittke et al. [20]. Moreover, the
miniature-thermocouples were used for temperature control
in tensile tests for flat profile specimens at elevated
temperature.

Fig. 5 Longitudinal section of flat profile specimen, AZ91(a) initial state
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Fig. 6 Cross section of flat profile specimen, AZ91(a) initial state

4 Results and discussion
4.1 Microstructure and thread quality

Light microscopic images from longitudinal and cross sec-
tions of etched AZ91(a) flat profile specimens in initial state
are shown as overview and detail in Figs. 5 and 6,
respectively.

All turns are formed well, whereby characteristic claw
shapes due to thread forming process and resulting thread
flanks are pronounced differently between individual turns
(Fig. 5). Small geometrical differences are supposed to
have little impact on mechanical properties in contrast to
incompletely formed turns. Rugged surfaces can be ob-
served in the outer area of the cross section and cavities,

a)

—

which extend along the brittle beta-phase (Fig. 6). This
behavior can be observed for both batches. The influence
of the near-surface damaged areas on the mechanical prop-
erties of the threads is not clarified. Those surfaces can be
unfavorable for specific technical applications, e.g., auto-
motive parts. In addition to poor-quality suggesting ap-
pearance (esthetical reasons), the surfaces are prone to cor-
rosive attack and hard to clean. Corrosive attack can de-
crease mechanical properties due to decreasing structural
integrity based on material loss. Furthermore, the cross
section shows incompletely manufactured turns due to oval
forms of the core holes, as reported for AlSilOMg flat
profile specimens by Wittke et al. [20]. Since the diameter
of the core hole is larger in cross direction after friction
drilling process, there is less material available for thread
forming process than in longitudinal direction. In incom-
pletely formed turns, the threaded rod is not or only partly
engaged in cross direction. The microstructure along the
thread flank is deformed due to the thread forming process.

Figures 7 and 8 show longitudinal and cross sections
from non-destructive computed tomography analyses of
AZ91(a) and AZ91(b) flat profile specimens in initial state
as overview (a) and detail (b). The analyses were performed
on an X-ray and CT testing system (Nikon XT H 160).
Since in mechanical investigations, a screw-in depth of
H =4 mm was used, the focus lies on the first four formed
turns of the internal threads. The light blue colored area
represents the sectional view of the analyzed volume of
the hollow space for the first four turns (b). For AZ91(a),
a volume of Vi~ 4mm = 110.0 mm’ and for AZ91(b) a 7.3%
lower volume of Vi _ 4mm = 102.0 mm® was determined.
The volume of AZ91(a) is higher due to incompletely
manufactured turns, as can be seen in longitudinal and cross
section (Fig. 7). The turns from AZ91(b) specimen are
formed well in longitudinal and cross section (Fig. 8).
Incompletely formed turns affect the mechanical properties
negatively, since the threaded rod is not or only partly en-
gaged. The qualities of specimens in both batches vary pro-
cess-related. The results from one scanned specimen and
the calculated volume are unrepresentative for all speci-
mens of the entire batch. For mechanical investigations,

_1mm

Fig. 7 Longitudinal and cross section from CT analysis of flat profile specimen, AZ91(a) initial state. a Overview. b Detail
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Fig. 8 Longitudinal and cross section from CT analysis of flat profile specimen, AZ91(b) initial state. a Overview. b Detail
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Fig. 9 Characteristic stress-strain curves for quasi-static tensile tests for
specimens with standard tensile specimen geometry

only specimens with completely formed turns were used,
except the AZ91(a) specimen from Fig. 7 to show the in-
fluence of incompletely manufactured turns on quasi-static
properties (Fig. 10a).

4.2 Quasi-static properties

The ultimate tensile strength of as-cast AZ91 magnesium al-
loy was determined by means of tensile tests with standard
tensile specimen geometry (DIN 50125—A 6 x 30). Four
specimens were tested at each testing temperature. At room
temperature, specimens exhibit higher values (UTSgr =179 +

21 MPa) than at elevated temperature (UTS;jgoc=165=*
22 MPa). On the other hand total elongation at fracture in-
creases with increased testing temperature.

Representative stress-strain curves for both testing tempera-
tures are illustrated in Fig. 9. Results from literature are repeatable
with the used test setup and there is no influence on results for
comparable tests with flat profile specimens (Fig. 10). At elevat-
ed temperature, a serrated flow curve can be recognized until a
total strain of ¢, =2%, which corresponds with the threshold for
raising the testing speed from Le=2510*1/st0 € o=
6.7-107 1/s (strain rates according to standard DIN EN ISO
6892-1). The pronounced behavior indicates a Portevin-Le-
Chatelier (PLC) effect. Since the PLC-effect depends on strain
rate and testing temperature, as reported for AZ91 by Corby et al.
[42] and Trojanova et al. [43], respectively, it did not occur at
room temperature.

Figure 10 shows force-total strain diagrams from tensile
tests for flat profile specimens at 7=RT (a) and 7=110 °C
(b). After the linear-elastic range, all specimens exhibit
maximum forces followed by a decrease with several force
drops. The serrated flow curves after reaching maximum
forces suggest a PLC-effect analogous to tensile tests for
specimens with standard tensile specimen geometry.
The decrease in all curves indicates that the flat profile
specimens do not fail brittle in contrast to standard tensile
specimens. A geometrical effect superimposed by the PLC-
effect is assumed, where areas from the threads fail one

Fig. 10 Force-total strain a) b)
diagrams for flat profile 10 10
specimens. a T=RT. b T'= t=6mm,H=4 mm t=6mm,H=4mm
110 °C kN_é=2.5-10'4 1/s KN £=2.510%1/s
T=RT TT=110°C
AZ91(b)
L 81 w61
@ @
2 2
S 49 S 44
21 21 AZ91(a)
AZ91(a)
0 . : . . T 0 . . . : T
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Total strain g [104 Total strain g, [10]
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Fig. 11 a Cyclic deformation curves for AZ91(b) flat profile specimens. b Relationship between minimum plastic strain amplitude and maximum force

in constant amplitude tests

6
KN ¢ AZ91(a),t=6 mm,H =4 mm
5 ¢ AZ91(b),t=6 mm,H=4 mm
g 45R=01:f=10Hz ~ runout (ro)
[T
° ; > —i test after ro
(&
5 .
£ 21 RS
g O | o
£ N
@©
= ] Frec2558N0% L
10* 10° 10° 107 108

Number of cycles to failure N;

Fig. 12 Woehler curve (S-N curve) for flat profile specimens

after another so that the residual profile decreases with in-
creasing total strain. At 7= 110 °C, the force drops are less
pronounced due to a higher characteristic of the geometrical
effect at elevated temperature. The maximum force for
AZ91(a) is Fpax =3.12 kN at a total strain of ¢,=0.61% at
room temperature. AZ91(b) exhibits a more than twice as
high maximum force F,,,, = 6.68 kN at a similar total strain
(e,=0.66%). The low value of AZ91(a) at room

temperature is due to incompletely formed turns as shown
for the CT-analyzed specimen in Fig. 7, which was used for
this test. For tests at elevated temperature, the maximum
forces for both batches are nearly the same whereas the total
strains at maximum forces are higher compared to results
at room temperature (F.x =6.21 kN at €,=0.97%; Fpax =
6.54 kN at ¢,=1.29%). In case of AZ91(b), the testing tem-
perature has no influence on maximum bearable loads of
the flat profile specimens. On the other hand, the increase in
testing temperature leads to an increase of total strain at
maximum force and flatter decrease of the slope after
reaching maximum forces.

4.3 Fatigue properties

The cyclic deformation behavior of AZ91(b) flat profile
specimens is shown in Fig. 11a. Selected deformation
curves are plotted for clear presentation. The plastic strain
amplitude ¢, , determined from stress-strain hysteresis
loops is plotted as function of the load cycles N. The plastic
strain amplitude is nearly constant in all tests, whereby

257az5i(@), t=6mm| Hardness 257781(a), t=6 mm 06
Initial state [HV 0.01] CAT 2.5 kN |AZ91(a), t =6 mm
£ mm- 200 5 mm- \ _ 05
3 180  Q
9] o ( S
5 154 48 u‘a 160 S 1.5 o g 0.4+ Initial state
T T o
z "\‘* g S~ =03 g
z \.\ 140 g «C %y o \ CAT25kN
c 1.0 » c 1.0 = 3 > N
Ke) SN 120 o) J 202 5‘
= 0 = o & Y. N
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Fig. 13 Micro-hardness mappings and histograms for flat profile specimens, AZ91(a) initial state and after constant amplitude test with 2.5 kN

maximum force (CAT 2.5 kN)
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Fig. 14 Micro-hardness mappings and histograms for flat profile specimens, AZ91(b) initial state and after constant amplitude test with 2.5 kN
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higher load amplitudes lead to higher ¢, , values and lower
lifetimes N as reported for AIMgSi0.5 aluminum wrought
alloy by Wittke et al. [19]. In curves with F,,, > 1.0 kN, the
relative constant strain hardening plateau is followed by an
exponential course until failure due to crack initiation and
propagation. For the runout (specimen without fracture un-
til fatigue limit 1E7, as described in [44]), the plastic strain
amplitude follows a nearly steady progression. Even for
relative small differences in number of cycles to failure, a
difference for the values in strain hardening plateau is rec-
ognizable. In Fig. 11b, the relationship between the mini-
mum plastic strain amplitude €, min, as representative val-
ue for the strain hardening plateau, and maximum forces in
constant amplitude tests is described. An exponential cor-
relation was found as described in Eq. (1).

Ea,p,min - 01 1_0.15'0,49Fmax (1)

The maximum forces Fy,, used in constant amplitude tests
are plotted against the number of cycles to failure Ny in a
Woehler diagram (S-N diagram) in Fig. 12 to understand the
relationship of load level and fatigue life in high cycle fatigue
(HCF) range. The lifetimes from cyclic deformation curves
(Fig. 11a) are included. Between the two tested charges, no

Table 2
maximum force (CAT 2.5 kN)

significant difference can be observed. It can be concluded
that pre-heating of the friction drilling tool during manufactur-
ing of the threads has no influence on the fatigue properties,
analogues to the quasi-static properties. One specimen was
tested for each maximum force and batch. For AZ91(b), two
specimens were tested at Fi,.,=1.75 kN. A relatively low
scatter can be observed, though a small number of specimens
was tested, which indicates that the manufacturing process
leads to reproducible thread qualities. A combined Basquin
equation for both batches is given in Eq. (2). Runouts were
not included in the regression analysis.

Finax = 25.58N 2% (2)

4.4 Work hardening behavior

In Figs. 13 and 14, micro-hardness mappings from longitudi-
nal sections and corresponding histograms for AZ91(a) and
AZ91(b) flat profile specimens are shown in initial state and
after constant amplitude tests at F,,,, = 2.5 kN. Additionally,
histograms for the as cast condition are illustrated. Vickers
hardness tests were performed on a hardness testing system
(Shimadzu HMV-G21) according to standard DIN EN ISO

Parameters for micro-hardness distributions from Gaussian function, as cast, initial state and after constant amplitude test with 2.5 kN

Batch Condition Expected value Standard deviation Geometric factors Coefficient of
w[HV 0.01] o [HV 0.01] Yo A [HV 0.01] determination R
AZ91 As cast 74.82 23.24 0.019 15.53 0.97
AZ91(a) Initial state 107.44 49.76 0.004 18.93 0.98
CAT 2.5 kN 124.44 48.20 0.008 18.12 0.97
AZ91(b) Initial state 107.27 46.17 0.007 18.69 0.97
CAT 2.5 kN 112.42 29.41 0.013 17.03 0.98

@ Springer
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b)

Fig. 15 Outer bore walls of flat profile specimens. a AZ91(a) initial state. b AZ91(a) after constant amplitude test with 2.5 kN maximum force (CAT

2.5 kN). ¢ AZ91(b) initial state. d AZ91(b) CAT 2.5 kN

6507-1 with a force of F=0.098 N (HV 0.01) and an inden-
tation time of 10 s. Grids of indentations were arranged in the
area of first load-bearing thread flanks. The distance between
the centers of the indentations was 50 pum.

Fig. 16 Fractured surface of flat
profile specimen, AZ91(a) after
constant amplitude test with

2.5 kN maximum force

Overload
fracture

The micro-hardness distributions shown in the histograms
were classified with Gaussian function as given in Eq. (3),
with geometric factors y, and A, expected value p, and stan-
dard deviation ©.
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Fig. 17 Longitudinal section of
counterpart from fractured surface
of flat profile specimen, AZ91(a)
after constant amplitude test with
2.5 kN maximum force

Crack propagation
—_—

+ A 72%
y = E— o
& o\/7/2

The parameters for micro-hardness distributions are shown
in Table 2. As can be seen from coefficient of determination
(R*>0.97), the measured hardness values are normally dis-
tributed. The expected value is nearly the same for the initial
state for both batches (107 HV 0.01). In comparison to the
basic hardness of the AZ91 as cast condition (75 HV 0.01), the
initial states of both batches exhibit a 44% higher value. In
addition to a process-related work hardening, a stress-related
work hardening effect can be determined at the edge area of
the threads. The specimen after constant amplitude test ex-
hibits a 16% higher value for batch “a” (124 HV 0.01) and a
5% higher value for batch “b” (112 HV 0.01), respectively, in
relation to the initial state. The standard deviation only differs
slightly for the two conditions of batch “a” (3%). The standard
deviation for the specimen after constant amplitude test for
batch “b” is 36% smaller compared to the initial state. For
each micro-hardness mapping, different specimens were used,
since the measurements were performed on polished longitu-
dinal sections (destructive method). The investigated initial
state could not be tested in constant amplitude tests after-
wards, which leads to the difference in standard deviations.

3)

4.5 Fracture behavior

Investigations concerning the fracture behavior of flat pro-
file specimens after tensile and constant amplitude tests
show differences in terms of failure mechanisms. After ten-
sile tests, no fractured surfaces occur and the threaded rods
were not turnable anymore. Deformations between
threaded rod and internal threads of the specimens prevent
rotational movements after the tests. Turns of internal
threads connected to the threaded rod were sheared off in
tensile tests without visible cracks on the exterior surface of
the flat profile specimens.

In Fig. 15, outer bore walls from two opposite views of
AZ91(a) and AZ91(b) flat profile specimens are illustrated.
In initial state (a, c), the surfaces exhibit damaged brittle

@ Springer

Crack propagation
_

material in the middle of the widened zone. It is assumed that
the maximum degree of forming is achieved in the middle of
the widened zone during friction drilling process, since the
material exhibits the largest displacement there. The extent
of process-related damage varies for both AZ91(a) and
AZ91(b) specimens, as can be seen for outer bore walls of
different specimens after constant amplitude tests at Fi,.x =
2.5 kN (b, d). Fractured surfaces were generated with cracks at
a distance of about 4 mm from the border of the specimen
which corresponds to the screw-in depth of the threaded rod,
as reported for AZ31 flat profile specimens after continuous
load increase tests by Wittke and Walther [20].

Figure 16 shows SEM images of a fractured surface of an
AZ91(a) flat profile specimen after constant amplitude test at
Fiax=2.5 kN as overview and detail. Fatigue fracture char-
acteristics, like river patterns (top right, bottom left) and stri-
ations (bottom right), respectively, indicate that the crack ini-
tiates at the thread root due to stress triaxiality and propagates
towards the outer areas of the specimen. A brittle transgranular
fracture mode can be observed with cleavage facets (bottom
right). Fracture mode changes to overload fracture at a dis-
tance of about 3 mm from the thread root towards longitudinal
direction (top left).

Light microscopic images from longitudinal section of
counterpart from fractured surface of AZ91(a) flat profile
specimen after constant amplitude test at F,,, = 2.5 kN are
shown as overview and detail in Fig. 17. On the etched
surface, two stages of crack propagation can be identified.
During mechanical loads, a multi-axial stress state leads to
maximum loads in the thread root. Starting with crack ini-
tiation at the thread root between the fourth and fifth turn,
which corresponds to the screw-in depth of the threaded
rod, the crack propagates at an angle of 45° to the loading
direction and after approximately 3 mm of crack path
normal to the loading direction. After the change in propa-
gation direction, the fracture mode changes from
transgranular to intergranular fracture along the beta-phase,
which indicates the area of overload fracture. The two frac-
ture modes were also reported in fatigue tests for cylindrical
AZ91 specimens by Eisenmeier et al. [45].
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5 Conclusions and outlook

Quasi-static and cyclic mechanical properties of internal
threads manufactured by friction drilling and subsequent
thread forming in thin-walled AZ91 casting alloy were inves-
tigated. The mechanical results were correlated with the pro-
file qualities in form of computed tomography analyses and
hardness mappings. Two batches were manufactured without
and with pre-heating the friction drilling tool before
manufacturing. The results can be summarized as follows:

Thread quality

» Rugged surfaces in outer area of cross section and cavities,
which extend along brittle beta-phase.

* Incompletely manufactured turns in cross section due to
oval forms of core holes.

* Process-related variations in qualities of specimens in both
batches.

Mechanical properties

* No influence of pre-heating of friction drilling tool on
quasi-static and fatigue properties, respectively.

» Serrated flow curves after reaching maximum forces in
tensile tests.

* Geometrical effect superimposed by PLC-effect, where
areas from threads fail one after another so that residual
profile decreases with increasing total strain.

» No influence of testing temperature on maximum bearable
loads.

+ Relative constant strain hardening plateaus for plastic
strain amplitudes in fatigue tests.

« Difference for values in strain hardening plateau even for
small differences in lifetime.

* Low scatter in Woehler curve indicates that manufacturing
process leads to reproducible thread qualities.

Work hardening/fracture behavior

*  Process-related and stress-related work hardening effect at
edge area of threads.

* No fractured surfaces and threaded rods not turnable any-
more after tensile tests.

* Turns connected to threaded rod sheared off without vis-
ible cracks on exterior surface.

* Crack initiation at thread root between fourth and fifth turn
occurs in cyclic tests.

» Two stages of crack propagation until complete failure due
to overload fracture.

The results provide the basis for further studies, e.g., to
analyze the failure mechanisms in tensile and fatigue tests.

To compare the different failure mechanisms during and after
mechanical loading, computed tomography investigations be-
fore and after the tests and in defined stress conditions are
planned.
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