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The influence of friction welding on the grain size and particle characteristics in 
completed joints was investigated 
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ABSTRACT. The metallurgical and me- 
chanical properties of friction welded 
MA 956 oxide dispersion strengthened 
(ODS) iron-based superalloy material 
were investigated. The mechanical prop- 
erties of friction welded joints were eval- 
uated using a combination of room tem- 
perature and elevated temperature 
tensile testing and creep rupture testing. 
The microstructural features and particle 
characteristics were examined using op- 
tical and transmission electron mi- 
croscopy. The distribution of residual 
stress in completed joints was analyzed 
using FEM analysis. 

The room temperature and elevated 
temperature tensile strengths of friction 
welded joints were similar to those of as- 
received MA 956 base material and, in 
all cases, failure occurred away from the 
weld interface. However, the creep rup- 
ture properties of friction welded joints 
were much poorer than those of as-re- 
ceived MA 956 base material. 

The friction welding operation cre- 
ated low-aspect-ratio, fully recrystallized 
grains at the joint centerline and sub- 
stantially altered the oxide particle 
chemistry, dimensions and shape in the 
joint region. It is speculated that the 
coarse, irregularly shaped particles in re- 
gions immediately adjacent to the weld 
interface were produced as a result of a 
strain-induced agglomeration of small- 
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diameter yttria dispersoids with larger-di- 
ameter alumina and Ti(C,N) particles. 

Thermal elastic-plastic FEM modeling 
was used to analyze the residual stress 
generated by the friction welding opera- 
tion. Close to the weld interface, the 
residual stress component perpendicular 
to the axial direction was much higher 
than the circumferential and radial direc- 
tion components. However, its magni- 
tude was less than the yield stress of the 
as-received MA 956 base material. The 
calculated results suggest that no plastic 
strain was produced as a direct result of 
cooling following friction welding. 

Introduction 

Oxide Dispersion Strengthened 
(ODS) materials have superior mechani- 
cal and corrosion resistance at high tem- 
peratures compared to conventional su- 
peralloys. This readily explains the 
driving force for the replacement of 
wrought or cast superalloys by ODS ma- 
terials for aerospace industry applica- 
tions. Iron-based ODS superalloys com- 
prise MA 956 (containing 20 wt-% Cr, 
0.5 wt-% Y203) and MA 957 (containing 
14 wt-% Cr, 0.25 wt-% Y203) and have 
higher melting points and improved cor- 
rosion resistance properties compared to 
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nickel-based ODS alloys. The present 
paper investigates the properties of fric- 
tion welded iron-based MA 956 superal- 
Ioy base material. 

Ideally, the mechanical properties of 
as-received ODS base material and the 
joint region should be identical; however, 
this has not proved to be the case. When 
ODS superalloys are joined using fusion 
welding, e.g., using gas tungsten arc, elec- 
tron beam and laser beam welding, the 
completed joints have inferior creep rup- 
ture strengths at high temperatures com- 
pared to as-received ODS base material 
(Refs. 1-6). The inadequate creep rupture 
strength of fusion welded ODS base ma- 
terial has been associated with agglomer- 
ation of oxide dispersoids in the melt re- 
gion and with the formation of 
fine-grained, dispersoid-free solidification 
structures that favor preferential damage 
accumulation. In addition, the mechani- 
cal properties of transient liquid phase 
(TLP) bonded ODS base material are infe- 
rior to that of as-received base material. 
For example, Nakao, et al. (Ref. 7), found 
that the creep rupture strengths of TLP- 
bonded MA 956 samples were poorer due 
to oxide segregation at the melt zone-base 
metal interfaces and nucleation of poly- 
crystals in the melted region. 

Limited research has been published 
indicating the detailed metallurgical 
changes that occur during friction weld- 
ing of ODS superalloys. Moore, et al. 
(Ref. 8), compared the properties of fric- 
tion welded joints in precipitation-hard- 
ened Udimet 700 and dispersion- 
strengthened TD-Ni superalloy 
materials. Udimet 700 friction joints had 
tensile and creep rupture strengths equiv- 
alent to the as-received base material. 
However, the creep rupture strength of 
TD-Ni joints at 1090°C were less than 
10% of the as-received base material 
properties. The poor creep rupture 
strength of TD-Ni joints was ascribed to 
a combination of factors, i.e., to the for- 
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Fig. I - -  Component geometry, coordinate system and grid employed during FEM analysis of  
residual stress generation. 
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Fig. 2 - -  Design of the high-temperature tensile and creep test specimens. 

Table 1 - -  Chemical Composition of MA 956 Base Material 

Material C Mn Si Ni Cr 

MA956 0.014 0.10 0.11 0.09 18.81 

l i  AI Y203 Fe 

0.37 4.57 0.495 Bal. 

mation of recrystallized grains at the joint 
centerline and segregation of oxide ma- 
terial at the weld interface promoted be- 
cause of limited deformability of the base 
material (Ref. 8). Similarly, Jahnke, et al. 
(Ref. 5), suggested that limited deforma- 
bility of the base material promoted re- 
tention of oxide material and contamina- 
tion at the contact region of friction 
welded Ni-based superalloys containing 
high y' contents. 

The present paper presents the results 
of a comprehensive study of the metal- 
lurgical and mechanical properties of 
MA 956 friction welds. The following as- 
pects are highlighted: 

• The effect of joining parameter set- 
tings on tensile strength properties 

• The influence of friction welding on 
the grain size and particle characteristics 
(diameter, shape, chemistry and area 
fraction) in completed joints 

• Residual stress generation when the 
component cools to room temperature 
following friction welding 

• The mechanical properties of fric- 
tion welded joints (involving room tem- 
perature and high temperature tensile 
testing, and creep rupture testing). 

Exper imenta l  

Materials 

The chemical composition (in wt-%) 
of the MA 956 base material employed in 
the present study is shown in Table 1. 
This material was supplied as hot-ex- 
truded bars that were heat treated at 1273 
K for 1 h. Test samples 10 mm in diame- 
ter x 50 mm long were prepared for fric- 
tion welding experimentation with the 
long dimension parallel to the hot extru- 
sion direction in the as-supplied MA 956 
base material. Prior to friction joining, 
the contacting surfaces were polished 
using a lathe (the final surface finish was 
similar to that produced with #1200 
grade emery paper) and cleaned using 
acetone. 

Welding Parameter Settings 

Friction welding was carried out using 
a direct-drive friction welding device. 
The following range of welding parame- 
ter settings was investigated: 

• Friction Pressure: 20, 50 and 100 
MPa 

• Friction Time: 2, 5 and 8 s 
• Forging Pressure: 20-250 MPa 
• Forging Time: 6 s 
• Rotation Speed: 2400 rpm 
Table 2 shows the joining parameters 

investigated and the resulting ultimate 
tensile strength properties of as-welded 
MA 956 friction joints. Detailed micro- 
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Fig. 3 - -  Effect o f  friction pressure and friction time on jo int  
tensile strength properties (the jo int  efficiency is the ratio o f  the 
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Fig. 4 - -  Effect of  forging pressure and friction time on jo int  
tensile strength properties (the jo int  efficiency is the ratio of  
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Fig. 5 - -  Friction welded MA 
956 base material (at a friction 
pressure of  50 MPa, a forging 
pressure of  50 MPa, a friction 
welding time of  2 s and a forg- 
ing time of  6 s). A - -  Regions 
RI, Ril and Ril l  at low magnifi- 
cation; B - -  Regions RI, RII 
and Rill at high magnification. 
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gions RI, RII and Rill. The reported values are the average of mea- 
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Fig. 9 - -  Particle size distribution in the as-received MA 956 base 
material. 

scopic analysis was carried out on MA 
956 joints produced using a friction 
welding pressure of 50 MPa, a friction 
time of 2 s and forging pressures of either 
50 or 150 MPa (each applied for a hold- 
ing time of 2 s). 

Metallography 

Both optical and electron microscopy 
were employed to characterize the fric- 
tion welded test specimens. Samples for 

optical metallography were prepared by 
sectioning the welded joint at right an- 
gles to the weld interface along the di- 
ameter. The test samples were electropo- 
lished and etched in a solution of 5 vol-% 
HCI and 95 vol-% ethanol. Transmission 
electron microscopy (TEM) samples were 
prepared as follows. Test specimens 
(0.5-1.0 mm thick) were carefully ex- 
tracted by sectioning perpendicular to 
the weld interface and mechanically 
thinned to a thickness of 0.1-0.2 mm. 

The TEM foils were then polished and 
etched in a solution of 10 vol-% HCl and 
90 vol-% ethanol so that a specific dim- 
ple location relative to the weld interface 
could be evaluated. The 3-mm-diameter 
dimpled foils were then electropolished 
with a twin-jet polisher (Struers-Tenupol) 
using a solution of 10 vol-% perchloric 
acid and 90 vol-% acetic acid. TEM 
imaging and energy-dispersive x-ray 
(EDS) analyses were carried out using a 
Hitachi H-800/8010 TEM/STEM micro- 
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scope operating at 200 kV. 
The dimensions and area fraction of 

second-phase particles in a given size 
range in the base material and joint re- 
gion were evaluated using point count- 
ing, i.e., by examining 20 fields of view 
on micrographs taken at 5000X and 
30,000X magnification on a range of test 
specimens. It must be borne in mind that 
there is an inherent error in this mea- 
surement approach because the TEM im- 
ages are not two-dimensional in form 
and that this is especially the case when 
the particle dimensions are smaller than 
the foil thickness. With this in mind, the 
dimensional and area fraction measure- 
ments should be regarded as approxi- 
mate indications of these parameters. 
The grain size was measured from TEM 
microsections extracted from five differ- 
ent locations at the joint interface (at the 
component centerline and in four sample 
locations at 1-mm distances from the 
centerline). The grain size was measured 
using the linear intercept method on two 
welded joints produced using identical 
joining parameter settings. Four pho- 
tomicrographs were taken at 3000X mag- 
nification at each location during the 
analysis. 

FEM Modeling of Residual Stress 

The temperature dependency of the 
thermophysical constants (density, ther- 
mal expansion coefficient, thermal con- 
ductivity, specific heat) and the mechan- 
ical properties (elastic modulus, yield 
stress, ultimate strength) of MA 956 base 
material are shown in the Appendix - -  
Figs. A1-A3. Although axial shortening 
occurred during friction welding, this has 
no influence on residual stress generation 
because MA 956 base material has very 
low yield strength at temperatures ex- 
ceeding 1473 K. Because the yield 
strength of MA 956 base material is low 
(50 MPa) at temperatures above 1473 K 
only plastic deformation results from the 
forging operation. Residual stress is gen- 
erated when the joint cools from 1473 K 
to room temperature. It will be shown that 
the magnitude of the calculated residual 
stress values is much less than the yield 
strength of the MA 956 base material at 
room temperature (700 MPa) and there- 
fore it can be anticipated that no plastic 
straining occurs as a direct result of cool- 
ing from 1473 K to room temperature. 

Figure 1 shows the component geom- 
etry, coordinate system and grid em- 
ployed during FEM analysis. Isoparamet- 
ric four-node finite elements were 
examined during the FEM analysis; the 
total number of elements was 864 and 
the total number of nodal points was 931. 

Table 2--The Effect of Joining Parameters on the Ultimate Tensile Strength of MA 956 Joints 

Ultimate 
Rotation Friction Foxing Tensile 
Speed Pressure Pressure Friction Forging Strength 
(rpm) (MPa) (MPa) ~me (s) ~me (s) (MPa) 

2400 50 50 5 6 717 
2400 50 50 2 6 774 
2400 50 150 2 6 795 
2400 50 250 2 6 784 
2400 50 50 8 6 740 
2400 20 20 2 6 645 
2400 100 100 2 6 774 
2400 20 20 8 6 542 
2400 20 20 5 6 609 
2400 20 20 5 6 628 
2400 20 20 8 6 601 
2400 50 50 5 6 804 
2400 50 50 8 6 779 
2400 100 10 8 6 785 
2400 100 250 8 6 775 
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Fig. 10 - -  TEM micrographs showing the change in part icle characteristics in regions o f  the joint.  
A - -  Region Ril l; B - -  region RII; C - -  Rlin is the jo in t  centefl ine; and D - -  Rlout is the bound-  
ary between regions RI and RII. 

The thermal history produced by the 
friction welding operation was calculated 
using an unsteady-state, axisymmetric, 
thermal conduction FEM analysis. In 
these calculations, the heat generated, q, 
during welding was 1.39 kJ/s and this en- 
ergy was generated in a 2-s friction weld- 
ing period. This FEM modeling approach 
has already provided an excellent corre- 
lation between experimentally measured 
and calculated results during dissimilar 

friction joining of titanium and AISI 304L 
stainless steel (Ref. 11). The calculated 
peak temperature during friction welding 
of MA 956 base material was compared 
with that measured using two-color py- 
rometry. It is worth noting that two-color 
pyrometry only indicates the temperature 
attained at the joint periphery. It should 
be noted in all figures that the distance 
noted is the distance from the final weld 
interface location. 
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Fig. I 1 - -  Coarse, irregularly shaped particles found at different radial distances in region RI. Lo- 
cations p l ,  p3 and p5 are 2 mm apart. A - -  Schematic o f  particle locations; B - -  p l  ; C - -  p3; 
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Table 3A--The Relative Frequencies and Average Diameters of Particles Having Dimensions 
Exceeding 100 nm in the As-Received MA 956 Base Material 

AI Ti Y-AI AI-Y AI-Ti Y-AI-Ti 

F {a} (%) 13 50 21 8 4 4 
d (b) (nm) 480 330 260 280 400 320 

(a) F = Frquency (%) 
(b) d = Average Diameter 
(c) Number of particles measured =200. 

Table 3B--The Relative Frequencies and Average Diameters of 200 Particles Observed at the 
Weld Interface in Friction Welded MA 956 Base Material at a Forging Pressure of 50 MPa 

Y-AI Ti AI-Ti AI-Y Y-AI-Ti Mix (c) 

F (a) (%) 61.8 5.9 1.4 1.4 8.8 20.7 
d (b) (nm) 360 210 320 180 480 640 

(a) F= Frequency (%) 
(b) d=Average diameter 
(c) Number of particle measured =200. 
Note: For Tables 3A and 3B, AI refers to aluminum-rich particles; 1i refers to titanium-rich particles; Y-AI refers to yttrium-rich 
particles containing aluminum; AI-Y refers to aluminum-rich particles containing yttrium; AI-Ti refers to aluminum-rich parti- 
cles containing titanium; and Y-AI-11 refers to yttrium-rich particles containing aluminum and titanium. Mix refers to particles 
that contain a mixture of yttrium, titanium and aluminum. 

Mechanical Properties 

The mechanical properties of friction 
welded MA 956 base material were eval- 
uated using a combination of room tem- 
perature and elevated temperature ten- 
sile testing and creep testing. The 
ultimate tensile strength (at room tem- 
perature) of the MA 956 base material 
was 835.5 MPa. The dimensions of the 
tensile test samples were 6 mm diameter 
x 50 mm long. High-temperature tensile 
testing was carried out in an argon at- 
mosphere at 923 K. During room tem- 

perature tensile testing, the crosshead 
speed was 0.017 mm/s. During high- 
temperature tensile testing, the 
crosshead speed was 0.37 mm/s. The 
holding time at temperature was 300 s 
prior to testing. In subsequent figures, the 
ultimate tensile strengths of completed 
joints are reported. 

The creep rupture properties of MA 
956 friction joints were evaluated at 923 
K (the applied stress was 880 MPa during 
testing). The creep rupture test specimen 
dimensions were also 6 mm diameter x 
50 mm long - -  Fig. 2. During high-tem- 

perature tensile and creep testing, the test 
specimens were induction heated at 0.15 
K/s from room temperature to 923 K. 

Results and  Discussion 

Joining Parameters and 
Mechanical Properties 

Figures 3 and 4 show the effects of 
friction pressure, friction time and forging 
pressure on the room temperature tensile 
strength properties of MA 956 friction 
welds. Table 2 shows a detailed break- 
down of the joining parameter settings 
applied and the resulting joint mechani- 
cal properties. In these figures, the influ- 
ence of different joining parameter set- 
tings on joint efficiency is shown 
graphically (the joint efficiency is the 
ratio of the ultimate tensile strengths of 
the joint and the MA 956 base material). 

Grain Size Variation 

The different regions in the friction 
welded joint are shown in Fig. 5A and B. 
For convenience, the friction welded 
joint is subdivided into discrete mi- 
crostructural regions: 

Region RI: the fully plasticized region 
on either side of the weld interface. This 
region contains small equiaxed recrystal- 
lized grains and has a "single lens" shape 
(like a double convex lens). 

Region RII: the region where the base 
material grains are plastically deformed 
by the forging cycle that completes the 
friction welding operation. This region 
has a "single lens" shape (like a double 
convex lens). 

Region Ril l :  the as-received base ma- 
terial comprising elongated grains ori- 
ented parallel to the extrusion direction. 

Figure 6 shows the influence of forg- 
ing pressure on the width of regions RI 
and RII. The reported values are the av- 
erage of measurements at the component 
centerline and at + 3 mm in the radial di- 
rection on either side of the component 
centerline. The dimensions of regions RI 
and RII both decreased when the forging 
pressure increased from 20 to 250 MPa. 

The influence of friction pressure on 
the average grain size in regions RI and 
RII is shown in Fig. 7. An increase in fric- 
tion pressure markedly decreased the av- 
erage grain size in region RI. Increasing 
friction pressure also decreased the grain 
size in region RII. 

Figure 8 shows the change in grain 
size across region RI (the region close to 

• the joint interface)• The grain size was 
largest at the weld interface and, in the 
axial direction, decreased when travers- 
ing region RI. In the radial direction, the 
grain size markedly increased with in- 
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creasing distance from the component 
cen te r l ine -  Fig. 8. 

The formation of equiaxed grains in 
region RI is determined by the process of 
dynamic recrystallization. Increasing the 
temperature or lowering the strain rate at 
any location will result in larger subgrain 
dimensions (Ref. 9). The highest temper- 
ature occurs at the weld interface region 
and, consequently, this is where the 
largest grain size was observed for any 
given radial location - -  Fig. 8. The pres- 
ence of finer grain size in areas away 
from the weld interface (at the RI/RII 
boundary) is consistent with the lower 
temperatures and strains that occur in 
this location. Based on a first order as- 
sumption that a constant pressure distri- 
bution and constant effective frictional 
coefficient are applied during friction 
joining, higher temperatures may be pro- 
duced close to the joint periphery. Al- 
though this might explain the larger grain 
size observed at increasing radial dis- 
tances, it is worth noting that the pressure 
distribution is not uniform when joining 
solid bars and the effective frictional co- 
efficient is not constant. 

Particle Characteristics 

Figure 9 shows the particle size distri- 
bution and the area fraction of particles in 
the as-received MA 956 base material. 
Many oxide particles in the superalloy 
base material had dimensions less than 
20 nm. Table 3A shows the average di- 
ameter and chemical compositions of 
200 particles having dimensions exceed- 
ing 100 nm in the MA 956 base material. 
Based on a detailed comparison with 
published research on particles detected 
in MA 956 base material (where both X- 
ray diffraction (XRD) and energy disper- 
sive (EDS) analyses were applied), it is es- 
timated qualitatively that the large 
(>lO0-nm-diameter) particles that exhib- 
ited AI only and Ti only were AI20~ and 
Ti(C,N), respectively (Ref. 10). Particles 
displaying Y-AI peaks during EDS analy- 
sis were oxide mixtures of Y203 and AI203 
while those displaying AI-Ti and Y-AI-Ti 
peaks comprised mixtures of different ox- 
ides or oxide and carbo-nitride species. 

Figure 10 shows the qualitative 
changes in the dimensions and shapes of 
particles observed in regions RI, RII and 
Rill of the joint. Many coarse and irregu- 
larly shaped particles were observed in 
regions RI and RII. The size of the irregu- 
larly shaped particles observed in region 
RI markedly increased near the joint pe- 

Fig. 13 - -  Possible particle agglomeration 
mechanism (after Ref. 10). 

r i p h e r y -  Fig. 11. In addition, the chem- 
ical composition varied across coarse ir- 
regularly shaped particles - -  Fig. 12. For 
example, in Fig. 12, location A is rich in 
AI and Y and location B is rich in Ti, while 
the central region of the particle contains 
a mixture of Y, AI and Ti. 

Tables 3A and B compare the average 
diameters and chemical compositions of 
200 particles having diameters >100 nm 
in region RI with those found in the as-re- 
ceived base material. It is important to 
note that particle agglomeration substan- 
tially altered the number and distribution 
of the small-diameter yttria particles ob- 
served in the joint region. 

It has been speculated that the combi- 
nation of plastic flow, possibly in con- 
junction with locally melted regions at 
grain boundaries in the MA 956 base ma- 
terial, promotes agglomeration of small yt- 
tria particles with larger alumina and 
Ti(C,N) particles (Ref. 10). Following ag- 
glomeration, chemical reaction occurs 
between yttria and alumina and, during 
cooling, the shape of the agglomerated 
particles is determined by the driving force 
to decrease the particle/matrix interfacial 
energy. Figure 13 shows a schematic rep- 
resentation of this particle agglomeration 
mechanism. The shape of the irregularly 
shaped particles in Figs. 10-12 and the 
variation in chemical composition across 
irregularly shaped particles (Fig. 12) are 
consistent with the proposed particle ag- 
glomeration mechanism. 
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Fig. 14 - -  A - -  Calculated thermal cycle at the joint centerline; B - -  thermal cycle at the joint periphery (measured using optical pyrometry). 

Residual Stress 

The calculated temperature distribu- 
tion produced in the z-direction at the 

!0: 
. ,  . .  

100 , , l , i , ' 
" - - 0  1 2 3 4 

A Distance r(mm) 

component centerline is shown in Fig. 
14A. The experimentally measured tem- 
perature cycle at the joint periphery is 
shown in Fig. 14B. The calculated and ex- 

perimentally mea- 
sured peak tempera- 
ture values were 
1673 and 1597 K, 
respectively. Using 
the calculated ther- 
mal history, residual 
stress generation 
was examined via 
an axisymmetric, 
thermal elastic-plas- 
tic stress analysis 
(assuming the Von 
Mises criterion). 

Figure 15A-C 
shows the distribu- 
tions of Oz (perpen- 
dicular to the weld 
interface), G, (radial 
direction) and o0 

(circumferential direction) as a function 
of radial distance from the component 
centerline in the region immediately ad- 
jacent to the joint interface, oz is tensile 
across much of the radius and becomes 
compressive near the joint periphery. The 
behavior of G0 in the radial direction is 
similar to that of Gz. In contrast, Gr has a 
small tensile value across the radius. In 
the radial direction, Gz is much higher 
than G, or G0. 

Because Gz has a large influence on 
final joint strength, the Gz distribution in 
the axial direction will be discussed in 
more detail. Figure 16A and B shows the 
distribution of Gz in the axial direction in 
the region close to the center of the com- 
ponent (at r = 0.5 mm) and close to the 
periphery of the joint (at r = 4.995 mm). 
Near the centerline, o~ is tensile and be- 
comes compressive in the region about 7 
mm from the joint interface - -  Fig. 16A. 
The maximum tensile stress (Oz)max occurs 
very close to the weld interface. Quite 
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-100 ' ' i , i , i I 
0 1 2 3 4 5 

B Distance r(mm) 

100 

50 

i 0 

I t  z I  20.O05(mm) 

- 1 0 0  ' , I i , , 

C o. 1 2 s 4 s 
Olstance r(mm) 

Fig. 15 - -  A - -  Distribution of c~z in the radial direction (immediately adjacent to the weld interface); B - -  distribution of  ae in the radial direction 
(immediately adjacent to the weld interface); C - -  distribution of  a, in the radial direction (immediately adjacent to the weld interface). 
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Fig. 16 - -  A - -  Distribution of oz in the direction perpendicular to the weld interface (close to the center of  the component); B - -  distribution of ~z 
in the direction perpendicular to the weld interface (close to the joint periphery). 

different behavior was exhibited near the 
joint periphery - -  Fig. 16B. ~z is com- 
pressive in the region close to the weld 
interface and becomes tensile in the re- 
gion about 6 mm from the joint interface. 
The o'z value has an important influence 
on the tensile strength of completed 
joints and the presence of compressive o" z 
values at the joint periphery will have a 
beneficial effect on joint mechanical 
properties. 

Figure 17 shows the distribution of (~o 
in the axial direction in the region close 
to the joint periphery (at r = 4.995 mm). 
The highest tensile values of ~0 occur at 
a distance of 6 mm from the joint inter- 
face. o0 becomes compressive at about 4 
mm from the joint interface. 

The magnitudes of the calculated 
residual stress values are much less than 
the yield strength of the MA 956 base ma- 
terial at room temperature (700 MPa). 
Consequently, it can be anticipated that 
no plastic straining occurs as a direct re- 
sult of cooling from 1473 K to room tem- 
peratu re. 

Mechanical Properties 

Figure 18A and B shows the tensile 
strength, elongation and reduction of 
area values of the welded test samples 
during room temperature and elevated 
temperature tensile testing (for forging 
pressures of 50 and 150 MPa, respec- 
tively). The friction welded joints had 
room tensile strength properties compa- 
rable to those of the as-received MA 956 
base material. Also, detailed fractogra- 
phy confirmed that failure occurred 
away from the weld interface in all ten- 
sile test specimens. 

Figure 19 compares the creep rupture 
properties of friction welded specimens 

with those of the 
base material tested 
in the longitudinal 200 

and transverse direc- ~. 
tions. The creep rup- o. 
ture life of friction ~ 100 ) ~  /, welded joints was o 
markedly poorer ~ 0 
(about 10%) than • L . ~  
that of the as-re- 

F ceived MA 956 base 
material. When a ~=-100 
forging pressure of .~ 
50 MPa was em- n. ~ 
ployed, fracture initi- -200 ' 
ated in regions RI 
and RII and at the 
RI/RII boundary. In 
contrast, when a 
forging pressure of 
150 MPa was em- 
ployed during fric- 
tion welding, frac- 
ture initiated in 
region RII. It is worth noting that many 
grain boundaries in region RII lie at 45 
deg to the tensile axis and hence are 
aligned with the maximum resolved 
shear stress. This wil l facilitate grain 
boundary sliding and may, in part, ac- 
count for the much lower creep rupture 
strength properties of MA 956 friction 
welded joints. 

It is apparent that room temperature 
and elevated temperature tensile testing 
of friction welded MA 956 base material 
does not provide an effective indication 
of the likely creep rupture properties of 
completed joints. The friction welding 
operation creates low-aspect-ratio, re- 
crystallized grains at the joint centerline, 
and substantially alters the oxide particle 
chemistry, dimensions and shape. The 
formation of low-aspect-ratio, recrystal- 

(, 
0 10 20 

at r :  4.995(mm) 

i ! 

30  40  5 0  

Distance z(mm) 

Fig. 17 - -  Distribution of oe in the direction perpendicular to the weld 
interface (close to the periphery of  the component). 

lized grains and the agglomeration of 
small-diameter yttria particles forming 
coarse, irregularly shaped oxide particles 
in the joint region readily accounts for 
the poor stress rupture properties and for 
preferential creep failure in region RI of 
friction welds produced using a forging 
pressure of 50 MPa. However, as men- 
tioned earlier, the fracture location was 
preferentially located in region RII in fric- 
tion welds produced using a forging pres- 
sure of 150 MPa. The results in Fig. 6 
confirm that increasing forging pressure 
decreases the width of region RII. It has 
already been confirmed that the creep 
rupture strength is markedly decreased 
when the grain orientation favors prefer- 
ential damage accumulation at grain 
boundary regions (Ref. 12). In joints pro- 
duced using a forging pressure of 150 
MPa it is suggested that many grains in 
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Fig. 19 - -  Creep rupture strength of  friction welded MA 956 base material. 

region RII become aligned so that prefer- 
ential damage accumulation is promoted 
at grain boundary regions. 

Conclusions 

The metallurgical and mechanical 
properties of friction welded MA 956 su- 
peralloy base material were investigated. 
For convenience, the joints were consid- 
ered to comprise three distinct regions: 
region RI, where fully recrystallized 
grains were observed; region RII, where 
the base material grains were deformed 
by the forging operation that completes 
friction welding; and the as-received MA 
956 base material (region Rill). The fol- 
lowing are the principal conclusions: 

1) The room temperature and ele- 
vated temperature tensile strengths of 
friction welded joints were similar to 
those of as-received MA 956 base mate- 
rial. 

2) The creep rupture properties of fric- 
tion welded joints were much poorer 
than those of as-received MA 956 base 
material. The location of failure during 
creep rupture testing depended on the 
forging pressure applied during friction 
welding. Creep failure occurred in re- 
gions RI and RII and at the RI/RII bound- 
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ary in welds produced using a forging 
pressure of 50 MPa. When the forging 
pressure increased to 150 MPa, creep 
failure initiated in region RII. In joints 
produced using a higher forging pressure 
it is suggested that many grains become 
aligned so that preferential damage ac- 
cumulation is promoted at grain bound- 
ary regions. 

3) The friction welding operation cre- 
ated low-aspect-ratio, fully recrystallized 
grains at the joint centerline and sub- 
stantial ly altered the oxide particle 
chemistry, dimensions and shape in the 
joint region. Coarse, irregularly shaped 
particles were observed in regions RI and 
RII adjacent to the weld interface. In re- 
gion RI, it is speculated that the irregu- 
larly shaped oxide particles resulted from 
strain-induced agglomeration of small- 
diameter yttria dispersoids with larger-di- 
ameter alumina and Ti(C,N) particles. 

4) Thermal elastic-plastic FEM model- 
ing was used to analyze the residual 
stress generated by the friction welding 
operation. Close to the weld interface in 
the radial direction, az (the stress com- 
ponent in the axial direction) has a much 
higher value than Go (the circumferential 
component) or a~ (the radial component). 
The calculated results suggest that no 
plastic strain was produced as a direct re- 
sult of cooling fo l lowing the friction 
welding operation. 
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Fig. A 1 - -  Thermal conductivity, specific heat and density of  
MA 956 superalloy base material at a range of  temperatures. 
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Fig. A2 - -  Young's modulus and coefficient o f  thermal expan- 
sion of  MA 956 superalloy base material at a range of  temper- 
atures. 
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Fig. A3 - -  Yield strength and ultimate tensile strength of  MA 
956 superalloy base material at a range of  temperatures. 
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