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A B S T R A C T   

A novel approach for down-selection of a repaired support structure design produced using Laser Blown Powder 
– Direct Energy Deposition (LBP-DED) and filled with interstitial Ni-Al powder (~0.75 area fraction) in a turbine 
segment was investigated. Simulation of flattening and un-flattening of the segment with implications to 
degradation of the support structure was quantified using a four-point bend test to identify the role of axial 
Young’s modulus in out-of-plane flexure. Two markedly different LBP additive structures; Diamond Lattice (DL) - 
nodal and Continuous Path (CP) – non-nodal, were produced and compared with the un-repaired condition. At 
room temperature, the forward and rear walls and internal nodes of the original equipment (OE) and DL support 
structures were found to contribute significantly to the Young’s modulus, with significantly reduced stiffness 
observed in the CP structures. Oxidation plays a key role in the development of internal compressive stresses 
within the abradable, with a two-fold increase in elastic modulus in the CP structure, but a smaller increase 
occurred in OE and DL support structures. A decrease in elastic modulus and concomitant increase in radius of 
curvature (flattening) occurred with an increasing number of flexural cycles. Cracking is most prominent in the 
nodal design within the front and rear walls and cracks propagate either to the surface or towards the base of the 
abradable lattice. No such degradation was observed for equivalent flexural cycles in the original and CP support 
structures, even up to a significant number of cycles. A criterion for catastrophic failure of the abradable was 
deduced from a steep decrease in flexural elastic modulus accompanied with a marked change in curvature. A 
non-nodal design support structure is optimum to counter in- service flattening/un-flattening.   

1. Introduction 

Additive manufacturing (AM), which involves creating or modifying 
a component through the addition of layers of material, is a versatile 
method used in numerous sectors such as biomedical, aerospace as well 
as automotive prototyping. Broadly, there are two types of AM metallic 
processes; (i) Powder Bed Fusion (PBF) processes, such as Laser Powder 
Bed Fusion (LPBF) and (ii) Directed Energy Deposition (DED) processes, 
such as Laser Blown Powder Direct Energy Deposition (LBP-DED), 
sometimes also referred to as laser deposition, blown powder additive, 
Laser Engineered Net Shaping (LENS), Laser Metal Deposition (LMD), 
Laser Cladding or Construction Laser Additive Direct (CLAD) [1]. Of the 
two, the DED process has a wide and promising range of applications in 
the manufacture of large components and in the repair of existing 
components. In DED, focused thermal energy is used to fuse materials by 

melting them as they are being deposited [2]. This is achieved by feeding 
wire or powder particles continuously into the melt pool formed by an 
energy source such as a laser, electron beam or arc. Relative motion of 
the heat source to the substrate generates the pre-designed configura-
tion, which is referred to as the “laser deposition’s or build structure’s 
tool path”. 

Creation of successive layers in AM involves re-melting of some 
amount of the previous layer to ensure fusion of the successively 
deposited layers. On the one hand, rapid heating/cooling rates result in 
steep temperature gradients controlling the time interval between suc-
cessive layers of deposition, while on the other, process parameters, such 
as laser power, spot size etc. influence the dynamics of the molten pool 
[3,4]. Both these factors affect the mechanical and microstructural 
properties of AM builds owing to the complicated thermal history 
experienced during the build process [5]. One focus in DED is the 
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development of tailored microstructures for specific applications, char-
acterised by the anisotropy of the mechanical properties, such as hard-
ness, yield strength (YS) and ultimate tensile stress (UTS) [6–9]. A 
second application is in the creation of intricate lattice designs, specif-
ically as in the case of open cellular (honeycomb) structures, where 
uniaxial compressive strength under monotonic and sometimes cyclic 
loading has been reported [10–14]. Notably, Yang et al. undertook a 
series of such tests, performing high cycle compression-compression 
fatigue experiments on a range of different LPBF lattice designs and 
found that a gradient structure offered a superior fatigue response 
compared to the uniform equivalent [15,16]. A third driver for the use of 
DED is repairing components. Saboori et al. [17] reported several case 
studies where the DED process has previously been used to repair 
numerous components found in a modern aerospace turbine engine, 
including bladed disks, or ‘blisks’, compressor blades, single crystal 
turbine blades and seal components. However, there is currently limited 
research available in the wider literature detailing the repair of a 
damaged abradable coating in a seal segment component, apart from 
patents previously collated by several of the current authors [18,19]. In 
a segment, the abradable feature is comprised of an open lattice struc-
ture with a Ni-Al filler alloy within the interstices. In the un-repaired 
(original equipment, OE) condition, the nickel alloy segment is manu-
factured by the investment casting route of directional solidification to 
produce a single crystal. The lattice is subsequently produced by plunge 
electro-discharge machining (EDM) and the interstices are then filled 
with Ni-Al powder and sintered. The function of the abradable is to 
prevent leakage of air by controlling turbine blade-tip clearance during 
engine running. This is achieved when the fins of a shrouded turbine 
blade cut tracks within the abradable. Following engine running, the 
repair process essentially involves re-building of the “worn-out” 
abradable structure on the segment by laser deposition. The typical 
sequence of operations in the repair process broadly involve; (i) removal 
of the worn-out abradable following engine-running using milling, (ii) 
additively building the support structure on the substrate (as-cast 
CMSX-3, Table 1) using LBP-DED with a Ni-base alloy feedstock, labelled 
Alloy X, which is a typical Ni-base superalloy with γ (Co, Cr and Mo) and 
γ′- (Al, Ta and Ti) phase stabilisers; and grain boundary strengthening 
elements; Hf, B and C, (iii) filling the interstices with Ni-Al powder, 
followed by (iv) sintering. Fig. 1 shows a segment with LBP-DED 
repaired abradable support structures, using a continuous support 
structure tool-path. 

During service, the temperature difference between the hot gas- 
washed faces (abradable surface) and the cooled casing-side faces de-
velops a radial thermal gradient across the segment, with a typical 
temperature difference of ~400 K. This thermal gradient gives rise to a 
shape change, where the segment effectively “flattens” (increased radius 
of curvature), like that occurring in a bimetallic strip. The key difference 
is that in the segment, a change in curvature arises from a radial tem-
perature gradient while in the case of a bimetallic strip, the curvature 
arises from a difference in thermal expansion coefficient of the two 
constituents [20]. The integrity of the deposited abradable on the 
segment is therefore subject to the accumulated deformation occurring 
within the abradable during cyclic flattening/un-flattening of the 
segment under engine running and idle conditions. This is therefore 
equivalent to strain-controlled thermo-mechanical fatigue (TMF) 
behaviour. The residual stresses that develop within the abradable are 
dictated by the elastic modulus, given that segment flattening is essen-
tially in the elastic domain. The elastic modulus is dictated primarily by 
the design of the abradable support structure, but the Ni-Al filler also 
plays a part. The principal aim of this paper will be therefore to design a 

simple test approach that will aid in down-selection of the most opti-
mum abradable support structure design that minimises such residual 
stress during in-service flattening/un-flattening. The 
flattening/un-flattening of the segment and abradable in-service is akin 
to displacement controlled behaviour and can be well described by 
flexural bending, as in four-point bending. Under flexural loading, the 
degradation of the abradable occurs through vertical cracks, which will 
nucleate and propagate at stress concentrations in the support structure. 

While a rigorous study of these effects will involve carrying out 
detailed TMF tests on whole segments for a given design of the abradable 
support structure, such experiments are not straightforward even using 
non-standard geometries as well as being very expensive and time 
consuming and therefore beyond the scope of a low Technology Read-
iness Level (TRL) research project [21]. This study will investigate the 
properties of Original Equipment (OE) and laser deposited/repaired 
abradable support structures with different designs under flexural 
loading. Accordingly, the scope of this article encompasses the following 
objectives:  

(1) To demonstrate the role of the support structure design and 
contribution of the sintered Ni-Al filler on the elastic modulus up 
to 1273 K (1000 ◦C), which approaches the operating tempera-
ture of the abradable.  

(2) To carry out displacement-controlled flexural tests using four- 
point bending to quantitatively assess the different support 
structure designs to failure. The tests are carried out at room 
temperature (RT) to delineate the role of residual stress and are to 
be used solely as a comparator between two segment designs 
under similar displacement. 

2. Experimental method 

2.1. Laser blown powder – directed energy deposition (LBP-DED) process 

The originally manufactured segment was single crystal and was 
investment cast via directional solidification using the state-of-the-art 
investment casting process. The LBP-DED process was used to addi-
tively repair the seal segment components and produce the test speci-
mens. Fig. 2(a) is a schematic representation of the laser deposition 

Table 1 
Nominal composition (wt%) for CMSX-3.  

Alloy Al Co Cr Ti Mo Ta W Si Hf B C Ni 

CMSX-3  5.6  5  8  1  0.6  6  8 –  0.1 – – Bal.  

Fig. 1. A seal segment with the LBP-DED repaired abradable support struc-
tures, using a continuous support structure tool-path. No Ni-Al is present within 
the interstices. 
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process at the deposition head and substrate. A continuous stream of 
powder feedstock blown out of the deposition nozzle is focused on the 
substrate surface where a laser beam impinges to create a melt pool. 
Melting of the underlying surface and the addition of powder forms a 
bead of deposited material on the substrate. Subsequent layers are added 
sequentially on top to build the support structure. Fig. 2(b) shows the 
first layer of the continuous path support structure being laser deposited 
on the upper land of the segment and the completed build on the lower 
land. The laser deposition tool paths are created from models of the 
support structure. CNC Cartesian based laser deposition systems control 
the laser deposition motion and programmed parameters. Two different 
seal segments types, whose arc lengths were 110 mm and 72 mm, were 
LBP-DED repaired using two different tool path support structure de-
signs. The Diamond Lattice (DL) was designed to resemble the Original 
Equipment (OE) nodal design, containing continuous (long) forward and 
rear walls. The Continuous Path (CP) was designed to be less rigid, node 
free and with discontinuous forward and rear walls. Two different 
abradable arc lengths were considered; 110 mm long segments were 
repaired with both the DL and CP support structures, while only the DL 
design was evaluated on the 72 mm long support structure. Both 
structures were made of walls with a minimum thickness of ~ 300 µm. 
The LBP-DED process is extremely complex and affected by large num-
ber of variables. Intimate control of these variables is required to 
repeatably produce support structures of sufficient quality to meet en-
gine service conditions. Key parameters utilised to achieve the build 
quality and geometric requirements included laser power, laser spot 
size, travel speed, process gas flow rate, and powder feed rate. Unfor-
tunately, the specific quantifiable parameters are commercially sensi-
tive, but the parameters utilized are consistent across all build 
geometries. Process controls include system calibration, monitoring and 
data logging of key variables, regular verification of parameters that 
cannot be monitored directly and the manufacture of separate process 
control test samples to verify the quality and internal soundness of the 
deposited structures. All LBP-DED builds were carried out using a single 
parameter set. 

2.2. Test-piece preparation 

Test-pieces of various types were prepared from original and 
repaired turbine seal segments of different sizes. The role of a nodal 

(diamond lattice – DL) versus a non-nodal (continuous path - CP) sup-
port structure was considered. Moreover, in the case of the latter, the 
front and rear walls are also missing and the support structure is 
comprised entirely of serpentine loops. A non-repaired baseline (DL) 
was also assessed. Table 2 shows the designations given in this paper to 
the different abradable types, based on the overall arc length. The width 
and height of the support structure for A1, B1 and C1 were ~10 mm and 
2.5 – 2.7 mm respectively, while for B2, these were ~7 mm and 3.5 – 
3.8 mm respectively. 

The samples were extracted from the two types of segment using wire 
electro-discharge machining (EDM), forming a composite specimen 
comprising the underlying substrate and the abradable. The convex 
curved substrate face was then ground to an approximately constant 
thickness by hand grinding on a SiC flat paper. Excess width and length 
of substrate were similarly ground back to be closely level with the 
abradable walls. The top surface of the abradable was left in the as- 
manufactured condition. Oxidation of the Ni-Al in-fill material was 
performed either before EDM extraction or afterwards, in the latter case 
producing different outcomes owing to the relief of constraints within 
the abradable. In preliminary test-pieces the substrate thickness was 
reduced to between 0.25 and 0.45 mm, but in later tests, the maximum 
substrate thickness allowable by the segment cooling passage architec-
ture was employed, which was typically 1.2–1.5 mm. There was also 
some variation in width of the test specimens, mainly in the case of Type 
A1 specimens, corresponding to the residual thickness of the long front 
and rear walls. Initial measurements of dynamic Young’s modulus were 
made on OE specimens, where the front and rear walls were in the as- 
manufactured condition, but in later measurements the front and rear 
walls were trimmed so that only the nodal lattice was left on the sub-
strate. This was however not the case with the Type C1 specimens, 

Fig. 2. (a) Schematic representation of the laser deposition process at the deposition head and substrate; (b) the first layer of the continuous path support structure 
being laser deposited on the upper land and the completed build on the lower land. 

Table 2 
Abradable types evaluated.  

Abradable type Overall arc length 
110 mm 

Overall arc length 
72 mm 

Original manufacture (OE) Type A1 −

DED - Diamond lattice 
repair 

Type B1 Type B2 

DED - Continuous path 
repair 

Type C1 −
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where the side-walls were absent. Type B1 and Type B2 specimens were 
left with the front and rear walls intact. 

Quality standards used to evaluate the integrity of additively built 
parts and process control samples included; (i) visual inspection of 
external appearance (colour, smoothness, waviness and semi-adhered 
powder), (ii) external indications (voids, cracks, lack of fusion and 
presence of foreign material), (iii) geometric assessment of the built 
support structure for wall thickness, location and (iv) metallurgical 
evaluation of process control samples for both geometric and quality 
metrics (wall thickness (width), cracks, lack of fusion, porosity, voids, 
and depth of penetration). 

2.3. Measurement of dynamic elastic modulus 

The apparent dynamic Young’s (elastic) modulus along the length of 
the abradable test-piece was measured following principles outlined in 
ASTM E1876, which employs the impact excitation method to determine 
the natural vibration frequencies of a prismatic beam [22]. The effect of 
the small level of curvature in the abradables was ignored. This is 
justified since the radius of curvature is greater than eight-times the 
thickness, permitting the use of straight flexural equations in ordinary 
beam bending which can be extended to beam vibration for modulus 
[23]. The mass of each specimen was measured on a calibrated elec-
tronic balance. The width and thickness were measured at three posi-
tions along each of the edges and the (chord) length was measured using 
calibrated Vernier callipers. The mass and averaged dimensional data 
were used for the calculation of elastic properties. 

The measurements were made using a 1250HTVP facility manufac-
tured by IMCE, Genk, Belgium. Room temperature (RT) measurements 
were made with the test-piece supported at 0.223 times the length from 
each end (i.e. at vibration nodes for the fundamental flexural mode) on 
nylon strings and struck centrally with a ceramic ball on a plastic strip. A 
microphone detects the emitted impact sound and a subsequent fast 
Fourier transform (FFT) determines the frequency spectrum. The 
apparent through-thickness (out-of-plane) flexural modulus of the 
composite test-piece is computed from the fundamental flexural mode 
frequency and the test-piece mass and dimensions, i.e. the test-piece is 
treated as a homogeneous body. This follows the procedure defined in 
[22]. Additionally, results for the in-plane flexural and longitudinal vi-
bration directions were usually determined and are reported in some 
cases, but only for comparison, but these differ in value because of the 
composite structure of the test-piece. 

The dynamic Young’s modulus in the longitudinal direction corre-
sponding to the flexural and longitudinal vibration modes is calculated 
using Eqs. (1a) and (2a) respectively [17]; 

E = 0.9465
(

mff

b

) (
L
t

)3

T1 (1a)  

where, E = Young’s modulus (Pa), m = mass of bar (g), b, t and L are 
width, thickness and length of the test-piece respectively (mm), ff 
= fundamental resonant frequency of bar (Hz) and T1 = a correction 
factor for fundamental flexure to account for finite thickness and Pois-
son’s ratio. The full form of T1 is given in Eq. (3) in [22] and is initially of 
the form; 

T1 = 1+ 6.585(1+ + 0.0752μ+ 0.8109μ2)(t/L)2
. .. (1b) 

For L/t > > 20, T1 can be simplified to give;.  

T1 ≈ [1+ 6⋅585 (t/L)2] for L/t >> 20 for out-of-plane flexure mode       (1c) 

For the in-plane flexural mode, t and b are interchanged in Eq. (1a), 
as the test-piece is effectively rotated by 90◦. 

In the case of the longitudinal mode [22]: 

E = 4 m f 2
l

[
L

btK

]

(2a)  

where, fl = fundamental longitudinal frequency of bar (Hz) and K 
= correction factor to account for the finite diameter-to-length ratio and 
Poisson’s ratio µ; 

K = 1 −
[

π2 μ2 De
2

8 L2

]

(2b)  

where De = effective diameter (mm) of the bar, which for a rectangular 
cross-section reduces to; 

De
2 =

2
3

(
b2 + t2) (2c) 

High temperature measurements were recorded in the controlled 
atmosphere furnace of the facility. The test-piece was suspended from a 
ceramic frame using nichrome wire suspension loops wound around it at 
0.223 L from either end and struck from beneath using a remote ceramic 
impactor [22]. The emitted sound was detected by a microphone located 
outside of the furnace on the end of a ceramic tube waveguide posi-
tioned approximately 10 mm above the centre of the test-piece. Prior to 
measurements the furnace was evacuated twice and back-filled with Ar 
and the test was conducted in flowing Ar. Two heating/cooling runs 
were carried out at a nominal heating/cooling rate of 2 K s− 1. Like at RT, 
the apparent Young’s modulus is calculated from the frequency spec-
trum corresponding to the fundamental flexural vibration mode. Again, 
the basic assumptions in the analysis were that the effect of the test-piece 
curvature on the vibrational response was minimal and that the material 
is homogenous and isotropic. The presence of anisotropy, as in the 
present case, implies that only an apparent shear (torsional) modulus 
can be determined so Poisson’s ratio cannot be validly calculated.  
Table 3 gives the different sample pedigrees and conditions for the 
measurement of apparent dynamic Young’s modulus corresponding to 
the preliminary measurements where the samples were not pre-oxidised.  
Table 4 presents results only for the abradable layer that has been 
deconvoluted from the composite using an elastic bilayer model 
assuming the elastic properties of the substrate from single crystal 
modulus data in the appropriate average orientation (as explained in 
Section 3). In the case of the latter measurements with thicker sub-
strates, the segments were initially pre-oxidised in air at 1273 K 
(1000 ◦C) for 24 h and 100 h. Subsequently the abradables with un-
derlying substrates were wire EDM’d from the segments for measure-
ment of the elastic modulus. Some of these samples were subsequently 
also used in the low cyclic fatigue (LCF) tests outlined in the following 
section. 

2.4. Flexural loading tests 

The flexural loading cycles were performed under displacement 
control. Accordingly, an increasing imposed displacement was consid-

Table 3 
Room temperature calculated apparent axial dynamic Young’s modulus in 
different vibration modes corresponding to Types A1, Type B1 and Type C1 
abradables with underlying substrate. Note that in this series of test-pieces the 
substrate thickness is typically 0.25 – 0.45 mm.  

Specimen type and 
number 

Apparent Young’s Modulus along length of specimen 
(GPa) 

Out-of-Plane 
Flexure 

In-Plane 
Flexure 

Longitudinal 

Type A1, DE 001 (OE)  41.8  74.0  55.2 
Type A1, DE 002 (OE)  52.8  84.3  59.5 
Type A1, DE 003 (OE)  33.6  72.4  51.9 
Type B1, DE 004  27.2  60.3  30.9 
Type B1, DE 005  28.9  54.4  31.8 
Type B1, DE 006  30.1  66.5  36.8 
Type C1, DE 007  0.67  20.8  15.3 
Type C1, DE 008  0.72  21.1  19.8  
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ered. For a given displacement, slow cycles preceded fast cycles to assess 
the accumulation of damage within the support structure. This was 
deduced from the maximum load, the slope of the load vs displacement 
curve as well as the net offset displacement at zero-load following un- 
loading. The aim was to systematically assess the effect of increasing 
displacement on the cracking/degradation of the abradable. The 
abradable specimens were pre-oxidised in air at 1273 K (1000 ◦C) for 
24 h and 100 h (Table 5) before extraction by EDM, where the thickness 

of the underlying substrate was typically between 1.0 and 1.5 mm. 
Testing was carried out in an Instron 4505 Universal Testing Machine 
equipped with a 10 kN load cell, using a non-articulating four-point 
flexure jig with laterally adjustable spans. A schematic diagram of the 
four-point test specimen is given in Fig. 3, where the load is applied on 
the substrate, while the support rollers are in contact with the abradable. 
The application of load results in flattening of the specimen, akin to 
what occurs in-service, owing to a thermal gradient. The quasi-static 
elastic modulus can be calculated by [24]; 

E =

(
F
δ

)(
L3

8bt3

)

(3)  

where, F/δ is the slope of the load (F) – machine displacement (δ) trend, 
and L, b and t are the length, breadth and thickness of the specimen. In 
view of the low stiffness of the geometry, corrections for machine 
compliance have not been accounted for, for simplicity purposes. 

For Type B2 specimens the inner/outer spans were adjusted to 
34 mm and 68 mm respectively, while for specimens of Types A1, B1 
and C1 the inner/outer spans were adjusted to 50 mm and 100 mm 
respectively. The test-piece was positioned with the abradable side face 
down and contacting the support rollers, with the loading rollers sym-
metrically located on the substrate back-face, as schematically illus-
trated in Fig. 3. This loading arrangement therefore simulates the 
flattening that would have occurred in the presence of a thermal 
gradient in service. Axial and lateral movement of the specimen on the 
loading rollers was restricted using small steel yokes located at the ends 
of the respective sizes of test-pieces. Sufficient gaps were allowed 
lengthwise to avoid restricting the flexure of the test-piece during 
loading. The wear of the abradable, which contacted the support rollers 
was minimised by taping small 0.5 mm thick spring steel pads on the 
abradable surfaces at both ends to act as bearing supports. The tests were 
performed under displacement control, rather than load control. This 
was to preclude early test termination from premature failure owing to 
unrealistic runaway displacements arising from degradation of the 
abradable during testing. Displacement control would therefore permit 
the tracking of accumulated degradation over a number of cycles. To do 
this, the following protocol was adopted. 

Table 4 
Room temperature axial dynamic Young’s modulus in different vibration modes 
corresponding to Types A1, Type B1 and Type C1 abradables with underlying 
substrate after sidewall modification. Note that in this series of test-pieces the 
substrate thickness is typically 0.25 – 0.45 mm. Also reported is the deconvo-
luted elastic modulus of the abradable only using Eq. (3).  

Specimen 
type and 
number 

Apparent elastic modulus along length 
of specimen, GPa 

Deconvoluted apparent 
elastic modulus of the 
abradable-only for out- 
of-plane flexure, GPa Out-of- 

Plane 
Flexure 

In-Plane 
Flexure 

Longitudinal 

Type A1, 
DE001  

38.3  72.1  53.3  18.6 

Type A1, 
DE002  

48.3  80.5  56.2   

Type A1, 
DE002a  

40.7  69.2  51.7  21.5 

Type A1, 
DE003  

30.9  68.2  50.3  28.1 

Type B1, 
DE004  

26.4  54.6  29.2  13.8 

Type B1, 
DE005  

27.1  55.2  29.7  12.6 

Type B1, 
DE006  

29.4  62.2  35.0  13.1 

Type C1, DE 
007  

0.63  17.0  14.2  0.16 

Type C1, DE 
008  

0.76  15.1  15.1  0.18  

a After further machining. 

Table 5 
List of specimens and conditions for the flexural loading cyclic tests corre-
sponding to Type A1, Type B2 and Type C1 abradables with underlying sub-
strate. Substrate thickness is typically 1 – 1.3 mm.  

Specimen 
Nomenclature 

Displacement, δ 
(mm) 

Number of 
Cycles 

Condition 

DED diamond lattice support structure – Type B2 
16 L 0.44 25,000 oxidised (1000 ◦C, 

24 h) 
16 U 0.60 25,000 oxidised (1000 ◦C, 

24 h) 
5 L 0.80 25,000 oxidised (1000 ◦C, 

24 h) 
5 U 0.80 25,000 oxidised (1000 ◦C, 

100 h) 
4 U 0.80 80,000 oxidised (1000 ◦C, 

100 h) 
23 U 1.10 20,000 oxidised (1000 ◦C, 

100 h) 
4 L 1.20 5000 oxidised (1000 ◦C, 

100 h) 
DED continuous path support structure - Type C1 
172_16U 1.50 40,000 oxidised (1000 ◦C, 

100 h) 
Un-repaired – Type A1 
RG8U 1.40 40,000 oxidised (1000 ◦C, 

100 h) 

* U and L refer to the front (upper - U) and rear (lower – L) abradables on a 
segment, as in Fig. 1. 
* * For sample 16 L, following cyclic loading for 25,000 cycles at 0.44 mm 
displacement, monotonic loading was performed thereafter up to 0.9 mm 
displacement. 

Fig. 3. Schematic diagram of the four-point bend test used for flexural testing 
of the abradable specimens. 
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(i) Measurement of the dynamic elastic modulus of starting 
specimen – Use impact excitation based on the approach defined 
in Section 2.2.  

(ii) Measurement of the specimen curvature – Using a Nikon 
measuring microscope, measure the z-axis focus depth on the 
substrate face with a resolution better than ± 0.002 mm along 
the centre-line (x) of the substrate at 5 mm intervals. Then fit a 
best-fit polynomial curve to the displacements to obtain the 
equation for the curved surface; R = 1/(d2z/dx2), where R 
= radius of curvature.  

(iii) Initial slow cycles for measurement of quasi-static loading 
elastic modulus – Starting with zero-displacement make two 
slow (1 mm min− 1 cross-head speed) loading cycles to the 
desired loading roller displacement, δ, to obtain force/displace-
ment curves.  

(iv) Fast flexural cycles – Carry out fast fatigue cycles (12 mm min− 1 

and 18 mm min− 1 cross-head speeds for Type B2 and Types A1, 
B1, C1 respectively) up to a given number of pre-determined 
cycles.  

(v) Optical examination of side-walls – Remove the specimen from 
the test machine and using an optical microscope examine the 
forward and rear walls (Type B2 and Type A1), as well as the 
outer surface of the abradables (all types) to assess for any 
damage/cracks. It must be emphasised that the examination of 
the support structure after each group of flexural loading cycles 
would preclude detailed sample preparation (mounting/polish-
ing etc.), as would have been the case for a usual metallographic 
examination. This is because such preparation would have 
necessarily damaged the abradable before the next set of loading 
cycles in this interrupted testing method. Hence, examination of 
cracks was restricted to optical close-up views of cracks within 
rough surfaces at the end of each group of cycles. Moreover, since 
the onus was on the support structure, it was necessary to focus 
this region at the expense of the surrounding Ni-Al filler region 
and which consequently remains un-focused.  

(vi) Repeat steps (i) to (v) up to the next set of pre-determined 
group of cycles – During each successive group of cycles, a 
change in specimen curvature develops. This results in an 
increasing period of complete off-loading resulting in a reduction 
in the true loaded deflection imposed by the machine. To 
circumvent this issue, the machine position at the onset of 
loading was re-adjusted to a “new zero position” after each group 
of cycles. This ensured that the originally required displacement 
was then re-applied for the start of the next group of loading 
cycles. 

In initial experiments, the imposed peak deflection, δ was progres-
sively increased starting with; δ = 0.44 mm for Type B2 specimens, 
given that the typical average deflection during flattening in a thermal 
gradient during in-service conditions (and with a typical temperature 
difference of ~ 400 ◦C from the cold face of the segment to the hot gas 
washed surface of the abradable operating at a temperature, 
T = 1000 ◦C) was in the range of; 0.39 – 0.55 mm. The maximum 
threshold deflection corresponded to the value above which there was a 
marked increase in radius of curvature accompanied by a steep decrease 
in Young’s modulus. This corresponded to δ = 1.1 mm for Type B2. In 
order to compare the two LBP-DED support structures (Types B and C), 
as well as the implications of LBP-DED repair (Type A and Type B), cyclic 
fatigue tests were carried out also for Type A and Type C specimens. 
However, since the span-length of the available Type B differed from 
Type A and Type C specimens, for a representative comparison, it is 
more appropriate to consider displacements that result in an equivalent 
change in curvature, ΔR. This was determined as the change in curva-
ture occurring after the initial 1st and 2nd slow loading cycles. 
Furthermore, for expedience, comparison between Type B2 and the 
available Types A1 and C1 was only made with displacements 

corresponding to the threshold displacement for Type B2. Taking into 
account the greater span-length in Types A1 and C1, the machine 
deflection for Types A1 and C1 corresponding to δ = 1.1 mm for Type B2 
is (100/68) x 1.1 mm = 1.61 mm. A deflection of 1.5 mm was therefore 
applied to the loading rollers in C1. Accordingly, the change in curvature 
after the initial 1st and 2nd slow loading cycles was; ΔR = 385 mm, 
compared with ΔR = 280 mm (Type B2). The greater change in curva-
ture for Types A1 and C1 compared with Type B2 allows a good com-
parison between the different cases. Tests were carried out up to a 
minimum number of 20,000 cycles and accordingly interrupted at 1000, 
2000, 5,000 and 10,000 cycles. In some cases, tests were also conducted 
up to 25,000, 40,000 and 80,000 cycles to assess damage induced at 
higher numbers of cycles. Accordingly, an upper bound of the number of 
cycles for a given support structure were defined based on no further 
change in the maximum load or permanent flattening. 

2.5. Measurement of change in specimen curvature from pre-oxidation 

All abradable specimens in the flexural cyclic loading tests were pre- 
oxidised, which results in the development of residual stresses within 
the abradable. This is not straightforward to measure using conventional 
methods owing to the presence of the in-fill. A more qualitative 
approach, but yet very instructive, was used that focuses on the change 
in specimen curvature. The latter shape change arises from stress 
relaxation effects. 

Specimen curvature was measured using a shadow graph. The 
specimens were clamped on the abradable lining side with the substrate 
facing upwards. This meant that the measured edge (the bottom of the 
substrate) would be as flat and consistent as possible for accuracy. 
Measurements were taken at equal intervals of 5 mm along the length, 
with the results displayed in Fig. 4. Effort was made to make each end of 
the specimen start at zero position to reduce the corrections needed in 
the data. 

3. Results 

3.1. Elastic modulus under different vibration directions 

3.1.1. Room temperature tests 
Initially, the elastic moduli of specimens with the abradable (height 

~2 – 2.7 mm) coating on a thin underlying substrate (thickness =
0.25–0.45 mm) were determined, since the aim was to calculate the 
elastic modulus of the abradable-only, by minimising the substrate 
thickness. Three pedigrees of specimens were considered, which 
following the terminology defined in Table 2 are; Types A1, B1 and C1. 
The plan-views of the abradables are presented in Fig. 5. In Type A1, 
Fig. 5(a), there clearly exists a variable thickness of the continuous front 
and rear walls where the lattice K-nodes intersect, depending on how the 
specimens are extracted from the segments. Consequently, the side-walls 
were trimmed to just expose the nodal lattice to overcome the issues 
with variable thickness; Fig. 5(b). This is not so in the case of Type B1; 
Fig. 5(c) where the re-built forward and rear walls can readily be 
retained in their entirety, and in the case of Type C1; Fig. 5(e) where 
there are no front/rear walls and the abradable support structure is 
surrounded by the sinter (Ni-AL) in-fill. The excess Ni-Al sinter ahead of 
the support structure was also removed in the LBP-DED case, as given in 
Fig. 5(d) and 5(f). Fig. 6(a) – (c) presents the FFT spectra for different 
vibration modes of the test-pieces where the sequence of peaks corre-
spond to the sequence of vibration modes. Two key observations can be 
made;.  

• There is more damping with diminished peak intensities observed in 
the LBP-DED abradable Type B1 and most significantly in Type C1 
compared with the original manufacture Type A1.  

• The peaks also shift to lower frequency, most noticeably in C1, 
indicating a decrease in modulus for broadly equivalent geometries. 
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Table 3 lists the calculated apparent axial dynamic Young’s modulus 
corresponding to the different vibration directions. The following ob-
servations can be made;.  

(i) The apparent Young’s modulus for a given sample is dependent 
on the direction of vibration; it is lowest in out-of-plane flexure 
and greatest for in-plane-flexure, with the longitudinal mode 
intermediate.  

(ii) The apparent Young’s modulus in out-of-plane flexure in the case 
of Type C1 is an order of magnitude lower than Type A1 and Type 
B1 specimens. 

The variation in elastic modulus primarily for Type A1, points to the 
important contribution of the front and rear wall thickness, which was 
variable along the length of the abradable; Fig. 5(a). Accordingly, to 
permit a consistent comparison, the excess material in the forward and 
rear walls was trimmed in Type A1; Fig. 5(b), while in Types B1 and C1, 
the excess Ni-Al sinter outside of the support structure was also 
removed; Fig. 5(d) and (f) respectively. Repeat measurements are given 
in Table 4 where the differences between test-pieces are markedly 
reduced, but also included is the de-convoluted elastic modulus of the 
abradable only. 

If the properties of the substrate are known, it is possible to decon-

Fig. 4. Graphical and photographic represen-
tation of specimen curvature after pre- 
oxidation. (a) continuous path specimen 
without sinter filler increasing in curvature 
after oxidation, abradable lining on concave 
side of the strip, (b) visual representation of 
specimen without sinter filler, (c) continuous 
path specimen with sinter filler phase, specimen 
begins flat with abradable lining on convex side 
of strip, curvature increases during oxidation, 
abradable lining remaining on the convex side 
of the strip, (d) visual representation of spec-
imen with Ni-Al sinter filler. Please note the y- 
axis different scales in (a) and (c).   
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volute the elastic modulus attributable to the abradable structure alone. 
Since the principal mode of displacement of the abradable in service is 
out-of-plane flexure, which arises from thermal flattening of the segment 
in the presence of a radial thermal gradient, this calculation is performed 
for this vibration direction only. De-convolution in this case is achieved 
by using a two-layer coating model assuming the value of the modulus of 
the substrate alone, Es. The elastic modulus of the abradable layer, Ec is 
given by [25]: 

Ec =

[
− A +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A2 + C

√

2 R3

]

Es (4)  

where, R = t
T, F = (1 + R)3

(
Eq
Es

)
, A = 4R2 + 6 R + 4 – F, C = 4R2 (F 

– 1), t = thickness of abradable, T = thickness of the substrate and Eq 
= effective modulus of the test-piece treated as a whole and Es = elastic 
modulus of substrate in the axial direction. 

Using X-ray back-reflection Laue measurements, the Euler angles can 
be obtained from which the crystallographic orientation of the substrate 
along the length of the abradable and subsequently the elastic modulus 
can be calculated [26]. A key assumption is that in all the tests the effect 
of the test-piece curvature is neglected, since it has a minimal contri-
bution to vibrational response. The Young’s modulus of CMSX-3 (sub-
strate) along the abradable length was calculated to be in the range; Es 
= ~130 – 140 GPa. Accordingly, the calculated elastic moduli in 
out-of-plane flexure of the abradable (Ec) using Eq. (3) are reported in 
the last column of Table 4. In the composite specimen, the elastic 
modulus in out-of-plane flexure is two orders of magnitude lower for 
Type C1 compared with Type A1 and Type B1, with the latter two 
possessing ‘reinforcing’ forward and rear walls. 

3.1.2. High Temperature Tests 
Impact excitation was also used in high temperature tests across two 

heating/cooling cycles. Fig. 7(a) and (b) present the axial dynamic 
apparent elastic modulus in out-of-plane flexure across successive 
heating/cooling cycles for Type A1 in the fundamental flexural mode, 
while Fig. 7(c) and (d) present it for Type B1 specimens respectively. 
During first heating, the Young’s modulus is near-constant up to typi-
cally 873 K (600 ◦C) for both specimens. For Type B1 there is a cusp 
observed between 873 K (600 ◦C) to 1073 K (800 ◦C) followed by a rise 
to 1273 K (1000 ◦C) and a decease thereafter to 1473 K (1200 ◦C). For 
Type A1, above 873 K (600 ◦C) there is an increase up to 1273 K 
(1000 ◦C) followed by a small decrease thereafter to 1473 K (1200 ◦C). 
During cooling the Young’s modulus increases from 1473 K (1200 ◦C) 
down to RT. There is a marked difference in the Young’s modulus be-
tween the first heating and subsequent cooling curves, with a near-two- 
fold increase in the Young’s modulus during cooling. During the second 
heating cycle, the Young’s modulus generally decreases up to 1473 K 
(1200 ◦C), but the cusp is still observed between 873 K (600 ◦C) to 
1073 K (800 ◦C). During cooling, the Young’s modulus increases down 
to RT. There is a markedly lower deviation between the second heating 
and cooling curves and only a small increase in Young’s modulus on 
cooling compared with heating is observed. 

Since the abradable is a composite structure comprised of a metallic 
lattice structure with Ni-Al powder packed within the interstices, the 
dependence of the Young’s modulus on transient heating/cooling cycles 
indicates the role played by local sintering/oxidation effects occurring 
within Ni-Al as well as thermal expansion mismatch between Ni-Al and 
the support structure. Also, during service operation, the abradable 
would be in the oxidised condition, therefore making it pertinent to 
measure the elastic modulus of the abradable in the oxidised state. 
Consequently, all samples were subsequently pre-oxidised at 1273 K 
(1000 ◦C) for up to 24 h or 100 h. During expansile oxidation, residual 
strains develop leading to flattening of the extracted abradable spec-
imen, especially when the substrate thickness is small, i.e. between 0.25 
and 0.45 mm. Subsequently, a thicker substrate was retained; typically, 
up to 1.3 mm in the oxidised abradables. Also, high temperature 
apparent elastic modulus measurements on the LBP-DED build structure 
were carried out on abradables with smaller chord length, i.e. B2, as in 
Table 2, the reason being that this design, with build process parameters, 
as in Section 2.1, is used in subsequent flexural tests, rather than B1, 
when comparing with types A and C. Therefore, this design was used for 
measuring the high temperature apparent dynamic Young’s modulus.  
Fig. 8 presents the apparent axial Young’s modulus in out-of-plane 
flexure direction for composite (abradable + substrate) specimens of 
Types A1, B2 and C1 over successive heating/cooling cycles between 
room temperature (RT) and 1273 K (1000 ◦C). Fig. 8(a), (b) refer to 
Type A1 over the 1st and 2nd heating/cooling cycles respectively, Fig. 8 
(c), (d) correspond to Type B2 over the 1st and 2nd heating/cooling 
cycles respectively and Fig. 8(e), (f) pertain to Type C1 over the 1st and 
2nd heating/cooling cycles respectively. It should be noted that the 
typical substrate thickness in these specimens varied between 1 and 
1.3 mm, unlike in the earlier experiments summarised in Tables 3A and 
3B. Again, the fundamental flexural vibration mode was used, as in 
Fig. 7(a) and (b). In Type A1, hysteresis is observed (~5 GPa) in the first 
heating/cooling run, but in the second heating/cooling cycle this is 
markedly lower (~2 GPa). A kink was also observed during both heating 
and cooling at 523 K (250 ◦C). In the Type B2 specimen, slight hysteresis 
is observed (~1 GPa) in the first heating/cooling run, but this is absent 
in the second heating/cooling run. Again, a kink is observed during both 
heating and cooling at 523 K (250 ◦C). Finally, in the Type C1 specimen, 
a marked difference is observed. A maxima is observed typically be-
tween 473 K (200 ◦C) and 673 K (400 ◦C), but thereafter there is an 
increase in Young’s modulus. A difference of ~5 GPa is observed be-
tween heating/cooling runs, with a larger value obtained on cooling. 
Therefore, while in the case of Type A1 and Type B2 an expected vari-
ation in apparent elastic modulus similar to that in Fig. 5(a) and (b) is 

Fig. 5. Plan-view of the composite specimen (abradable and underlying sub-
strate with thickness between 0.25 and 0.45 mm); (a) Type A1 specimen, (b) 
Type A1 specimen with trimmed forward and rear walls, (c) Type B1 specimen, 
(d) Type B1 specimen with excess Ni-Al sinter ahead of the support structure 
removed, (e) Type C1 specimen, (f) Type C1 specimen with excess Ni-Al sinter 
ahead of the support structure removed. 
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observed, a marked difference exists in the Type C1 specimen. The key 
aspect is that the measurements correspond to the composite structure, i. 
e. abradable and substrate, but the abradable is also a composite and 
comprises metallic support walls and Ni-Al powder in the interstices, 
both of which oxidise to some degree. In order to address the role of 
oxidation, Fig. 9(a) presents a back-scattered electron image showing 
two fingers of the support structure, while Fig. 9(b) and (c) correspond 
to Ni and O EDS maps from spectra acquired in this region. It can be seen 
that there is a recession of the support structure walls because of 
oxidation, while oxidation of Ni-Al filler also occurs, following from 
Fig. 9(c). The oxides are typically; (Ni Co), spinels (NiAl2O4) and Al2O3. 
The implication of these factors on the apparent elastic modulus will be 
examined in the discussion section. 

3.2. Displacement controlled flexural loading cycles 

The four-point bend tests were carried out under displacement 
control at room temperature (RT). Force vs displacement curves have 
been used to assess the degradation of the abradables across all designs, 
rather than convert these to stress vs strain. There are reasons for not 
attempting the latter. First, the arc length of all abradables (A1, B1 and 
C1, Table 1) were the same and when the arc length was smaller, as in 
case of B2 (Table 2), the displacement was appropriately scaled to give 
an equivalent displacement to the longer arc length abradables. Second, 
it is also more meaningful to consider displacements, since this param-
eter is relevant for deflection of the abradable owing to a temperature 
gradient in-service. Finally, owing to the sandwich (CMSX-3 substrate 
and abradable) structure, the through-thickness elastic modulus is only 
an “effective” modulus. It provides a very good criterion for comparison 
of the different designs during flexure, but less relevant as an elastic 
modulus per se for the calculation of stress from strain. 

Two slow loading/unloading (1 mm min− 1) cycles preceded the fast 

loading/unloading cycles, such that the load-displacement plot under 
quasi-static conditions can be examined. The samples have been oxi-
dised at 1273 K (1000 ◦C) for 24 h and 100 h, to overcome the effect of 
oxidation, as observed in the hysteresis in Fig. 7(a) – (d), in the absence 
of pre-oxidation. Table 5 lists details of the various flexural tests, which 
comprises the oxidation conditions, the imposed deflection at the 
loading rollers and the number of loading cycles. Fig. 10 presents the 
measured apparent dynamic Young’s modulus in out-of-plane flexure 
mode at RT between successive groups of fatigue cycles under zero-load 
corresponding to; Type A1, Type B2 and Type C1 specimens. 

The results show that in the Type B specimen, for a displacement (δ) 
of 0.44 mm < δ ≤ 0.8 mm, there is an initial decrease in apparent elastic 
modulus, after which there is no noticeable decrease in elastic modulus 
up to 25,000 cycles. Specifically, for a displacement, δ = 0.8 mm, a 
continual decrease in elastic modulus occurs (~ 18–20 GPa occurs up to 
20,000 cycles). Then between 20,000 and 80,000 cycles, the decrease in 
elastic modulus is ~ 4 GPa. When the same specimen type if subjected to 
displacements of 1.1 mm and 1.2 mm, a steep decline in apparent elastic 
modulus occurs after 5 cycles and 1000 cycles respectively. For 
δ = 1.1 mm, the decrease in elastic modulus is ~ 27 GPa which occurs 
over 10,000 cycles, at which point the test was terminated, while for 
δ = 1.2 mm, the decrease in elastic modulus is ~ 30 GPa which takes 
place over 5000 cycles (test terminated). In the Type A1 specimen, for 
δ = 1.5 mm, there is an initial drop in elastic modulus of ~ 15 GPa, 
followed by a near-constant elastic modulus up to 40,000 cycles there-
after. For Type C1, a small drop in elastic modulus was observed (~ 
5 GPa) over 40,000 cycles for δ = 1.5 mm. 

The apparent dynamic elastic modulus of the composite specimens 
presented in Fig. 10 corresponds to zero-load and is measured between 
successive groups of flexural cycles. On the other hand, the quasi- 
statically loaded flexural modulus can be measured from two slow 
loading cycles that precede the fast cycles. Fig. 11 presents the load- 

Fig. 6. Room temperature (RT) fast Fourier transform frequency spectra for different vibration modes; Fn, out-of-plane (through-thickness) flexural mode peaks, FPn, 
in-plane flexure mode peaks and Ln, longitudinal mode peaks of abradable with underlying substrate; (a) Type A1 (OE), (b) Type B1 (c) Type C1. 
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displacement graphs for slow loading/unloading cycles at the 
commencement of successive groups of flexural cycles for two typical 
displacements. These correspond to, δ = 0.8 mm and 1.1 mm respec-
tively (Type B2), where there is a marked difference in the evolution of 
the dynamic elastic modulus with an increasing number of fatigue cy-
cles. Here; (a), (b) - cycles 1 and 2, (c), (d) - cycles 1001 and 1002, (e), (f) 
- cycles 20,001 and 20,002. (a), (c) and (e) refer to #5 U (δ = 0.8 mm) 
and (b), (d) and (f) refer to #23 U (δ = 1.1 mm). The displacement is 
greater than zero when load equals zero following un-loading, owing to 
the next flattening (permanent deformation) of the specimen. This will 
be addressed in Fig. 13 (a) – (d). 

Fig. 12(a) and (b) present the calculated quasi-static elastic modulus 
for #4 U and #23 U respectively over two successive slow loading cy-
cles. The results are shown for the lower loading range (50–150 N) and 
higher loading range (350–450 N), since the load vs cross head 
displacement graphs in Fig. 10 is not linear across the entire loading 
range. Also included is the dynamic elastic modulus from impact exci-
tation in the unloaded condition. The results show that there is a per-
manent offset displacement at the end of the 1st unloading cycle but is 
markedly lower at the end of the 2nd unloading cycle. This incremental 
permanent offset displacement decreases with an increasing number of 
fatigue cycles, i.e. 1001/1002 and 20,001/20,002 cycles and is also 
greater for the higher imposed displacement. Owing to the change in 
slope during loading, the quasi-static elastic modulus varies across the 
loading range, where there is generally an overall decrease in elastic 
modulus with increasing fatigue cycles for a given loading range and the 
quasi-static moduli are significantly lower than those measured under 
the zero-load condition. 

The variation in the gradient of the slope in the load-displacement 
plot coupled with the permanent offset displacement is a result of 
stress relaxation that occurs during successive loading cycles, as indi-
cated by the decrease in elastic modulus. This permanent offset that 
develops manifests as a change in shape of the specimen and can be 
quantified by characterising the test-piece back-face height, which is 
related to the curvature of the abradable, between successive groups of 
fatigue cycles. Fig. 13(a) - (d) plot the test-piece back-face height after 
successive groups of flexural cycles corresponding to different imposed 
displacements; δ = 0.8 mm (#4 U), 1.1 mm (#23 U) and 1.2 mm (#4 L) 
for Type B2 and 1.5 mm for Type C1 (#172_16U) respectively. The re-
sults show that there is a change in curvature of the specimen after 
oxidation before imposing any displacement on either abradable ge-
ometry. The corresponding increase in radius of curvature is typically; 
ΔR = 115 – 160 mm. In the Type B2 specimens, there is a rapid “flat-
tening” (increasing radius of curvature) that occurs beyond a threshold 
number of fatigue cycles with increasing magnitude of displacement. For 
δ = 0.8 mm flattening is gradual, but for δ = 1.1 mm a marked increase 
in radius of curvature occurs between 1000 and 2000 cycles and for 
δ = 1.2 mm this occurs between 5 and 1000 cycles. Further, the devel-
opment of asymmetry in shape of the abradable specimen along its 
length indicates inhomogeneous deformation. In the case of Type C1 
specimens, while there is a marked flattening after oxidation, thereafter 
a negligible amount of permanent flattening during loading is observed. 

It is important to note that the marked change in curvature of the 
Type B2 specimens subjected to δ = 1.1 mm and 1.2 mm is also 
consistent with the rapid decrease in Young’s modulus, as shown in 
Fig. 10. The decrease is consistent with the accumulation of deformation 

Fig. 7. Apparent axial Young’s modulus of the abradable and underlying substrate (0.25–0.45 mm thickness) in out-of-plane flexure direction across two heating/ 
cooling cycles between room temperature (RT) and 1473 K (1200 ◦C); (a) Type A1 – 1st heating/cooling, (b) Type A1 – 2nd heating/cooling, (c) Type B1 – 1st 
heating/cooling, (d) Type B1 – 2nd heating/cooling. 

N. D’Souza et al.                                                                                                                                                                                                                                



Additive Manufacturing 56 (2022) 102905

11

within the Type B2 abradable during fatigue. 

3.3. Deformation within the support structure 

The deformation was examined within the Type B2 specimens, 
where maximum degradation was observed. A detailed inspection of the 
forward and rear walls and internal lattice was carried out and some 
representative examples are presented. Fig. 14(a) and (b) correspond to 
a location on the side-wall, 5.8 mm to the right of the centre for #4 L 

(δ = 1.2 mm), after 2000 and 5000 fatigue cycles respectively. Fig. 15 
(a) and (b) correspond to a location on the side-wall 6.5 mm to the right 
of the centre for #4 L (δ = 1.2 mm) after 2000 and 5000 fatigue cycles 
respectively. Similarly, Fig. 16(a) – (d) refer to #5 L (δ = 0.8 mm) and 
show the internal lattice structure after 10,000 cycles, both in the vi-
cinity of K-nodes (at the wall) and X-nodes (internal lattice). The for-
ward/rear walls can be seen to contain discontinuities on either side of 
some of the K-nodes. These are either closed curved shrinkage fissures 
running broadly upwards towards the top surface of the abradable or a 

Fig. 8. Apparent axial Young’s modulus in out-of-plane flexure direction for composite (abradable + substrate) specimens of Types A1, B2 and C1 over successive 
heating/cooling cycles between room temperature (RT) and 1273 K (1000 ◦C); (a), (b) refer to Type A1 over the 1st and 2nd heating/cooling cycles respectively, (c), 
(d) corresponds to Type B2 over the 1st and 2nd heating/cooling cycles respectively, (e), (f) pertain to Type C1 over the 1st and 2nd heating/cooling cycles 
respectively. Substrate thickness is 1 – 1.3 mm. 
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series of fissures lying one above the other. Porosity is observed within 
these regions and indicates that these are shrinkage related. Fine cracks 
are seen to develop from the ends of fissures with an increasing number 
of fatigue cycles. These can be broadly classed as:  

• When fissures originate close to the upper abradable surface, cracks 
emanating from the upper end of a closed fissure propagate to the top 
of the wall.  

• Cracks also nucleate below the lower ends of shrinkage fissures 
already connected to the top edge of the abradable wall and with 
increasing number of cycles grow towards the base of the abradable.  

• Cracks tend to link adjacent fissures. When two fissures are located in 
the proximity of each other vertically, cracks emanating from each 
fissure concatenate. 

Cracking within the internal lattice X-nodes that propagate to the top 
of the lattice is only observed very sporadically, indicating that the 
diamond lattice is relatively undamaged and deformation is primarily 
concentrated within the forward/rear walls. In contrast, there was no 
observed damage in either Type A1 or Type C1 specimens apart from 
some cracks visible through the sintered Ni-Al powder in the latter. 

Fig. 17(a) and (b) present two alternative views of the same crack 
face; (a) referring to the face with the crack in plan-view at a front/rear 
supporting wall and (b) representing a side-view of the front/rear walls 
at the K node. Fig. 17(a) shows that owing to pre-oxidation at 1000 ◦C 
for 100 h, it is very difficult to noticeably discern any prominent crack 
propagation paths from simple fractography. Along the inside face of the 
crack there is considerable oxide build-up, as denoted by the region 
within the yellow curve. Along many of the K nodes along the front/rear 
walls of the support structure there are vertical cracks propagating from 
the top of the wall. Fig. 17(b) shows the length and geometry of a typical 
crack at a K node, clearly indicating it has developed at a certain location 
at the top of the support structure front/rear wall and subsequently 
propagated downwards towards the substrate during flexural testing. 

As can be seen in Fig. 18(a), there are many pores present within the 
front/rear walls at the K nodes, acting as potential crack initiation sites. 
Propagation then occurs through concatenation of the micro-pore fea-
tures. This is further highlighted in Fig. 18(b), which shows a high 
magnification image of these pores coalescing. Fig. 18(c) is a secondary 

Fig. 9. Examination of oxidation of abradable after exposure at 1273 K (1000 ◦C) for 100 h; (a) back-scattered electron image (BEI), energy dispersive X-ray 
spectroscopy (EDS) maps for (b) Ni and (c) O. 

Fig. 10. Apparent axial Young’s modulus in out-of-plane flexure direction at 
room temperature (RT) after successive groups of fatigue cycles measured 
under zero-load conditions for abradable samples with underlying substrates 
subjected to different flexural fatigue displacements; Type A1, Type B2 and 
Type C1. They have all been pre-oxidised at 1273 K (1000 ◦C) for 24 h or 100 h. 
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electron image of a portion of the support structure wall, highlighting 
the cellular solidification structure. However, as argued, the propaga-
tion of the cracks can be adequately followed by a more mesoscopic 
based analysis as has been shown in Fig. 18(a) and (b). 

4. Discussion 

The basic assumption in the impact excitation method used to 
measure the apparent dynamic elastic modulus of a prismatic beam from 
the natural frequencies of vibration is that the sample is homogeneous 
and isotropic. The substrate is homogeneous and while a slight curva-
ture exists along the length of the specimen (maximum height of back- 
face = 1 – 1.5 mm across a length of ~ 70 – 100 mm), this small cur-
vature can be ignored. By using Laue back-reflection and measurement 
of the crystallographic angles α and ρ within the substrate along the axial 
length of the abradable, the elastic modulus of the substrate can be 
calculated from the single crystal elastic constants using Eq. (4) [27,28]. 

However, there is also lack of homogeneity within the abradable owing 
to the existence of the Ni-Al powder. This latter factor is principal reason 
for the dependence of the apparent dynamic elastic modulus on the di-
rection of vibration; being the lowest in out-of-plane flexure and greatest 
for in-plane flexure. This is unlike that for a homogenous isotropic solid, 
where the elastic modulus should be independent of the direction of 
vibration. Since the axial elastic modulus of the substrate (~127 GPa) is 
much greater than that of the abradable (0.16–28.1 GPa), it is clear from 
Tables 3 and 4 that the contribution of the substrate to the effective 
elastic modulus is greatest for in-plane flexure and least for out-of-plane 
bending. Therefore, the elastic modulus of the composite specimen in 
out-of-plane flexure is influenced primarily by the “less-stiff” abradable. 
The other key aspect relates to the implications of abradable design to 
the elastic modulus in out-of-plane flexure. It can be deduced that in the 
case of the diamond lattice (Types A1, B1 and B2), the axial elastic 
modulus is primarily dictated by the forward and rear walls and the 
internal nodal structure, both of which are absent in Type C1 resulting in 

Fig. 11. Load-displacement graphs for slow loading/unloading cycles (1 mm min− 1) before commencement of successive group of flexural cycles (12 mm min− 1) for 
Type B2; (a), (b) - cycles 1 and 2, (c), (d) - cycles 1001 and 1002, (e), (f) - cycles 20,001 and 20,002. (a), (c) and (e) refer to #5 U; δ = 0.8 mm and (b), (d) and (f) refer 
to #23 U; δ = 1.1 mm. 
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the abradable layer in the latter having a markedly lower stiffness. One 
possible reason for the greater modulus in Type A1 compared with Types 
B1 and B2, arises because of the single-crystal structure in the former 
that is devoid of the cracks and porosity seen in the LBP-DED build 
(Types B1 and B2). Notwithstanding that the single crystal structure 
(CMSX-3) has a lower modulus (~130 GPa) than polycrystalline alloy X 
in the support structure (~200 GPa), the greater net modulus in Type A1 
must imply that the microstructural integrity of the lattice geometry 
contributes to the overall stiffness. 

The other observation that requires explanation is the evolution of 
the apparent elastic modulus on heating/cooling, most noticeably in the 
Type C1 specimens and also in the 1st and 2nd heating runs in the un- 
oxidised Types A1 and B1 specimens. The marked increase in elastic 
modulus in the case of the un-oxidised specimens points very strongly to 
the role of residual stresses that are built up within the abradable when 
the Ni-Al powder in the interstices starts to oxidise to (Ni, Co) O and 
spinels, as shown in Fig. 9(a) & (b), resulting in a volumetric increase 
within the interstices, since the Pilling-Bedworth ratio of these oxides is 

Fig. 12. Calculated quasi-static elastic modulus respectively over two successive loading cycles for Type B2; (a) #4 U; δ = 0.8 mm, (b) #23 U; δ = 1.1 mm.  

Fig. 13. Test-piece back-face height after a successive group of flexural cycles corresponding to different imposed displacements (δ) for Type B2; (a) 0.8 mm (#4 U), 
(b) 1.1 mm (#23 U), (c) 1.2 mm (#4 L), (d) Type C1, 1.5 mm (#172_16U). 
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greater than 1. The volume increase within the interstices results in axial 
compression of the front and rear lattice walls. This residual stress 
prevails during cooling and results in a consistently larger value for the 
elastic modulus during cooling compared with the 1st heating run. The 
definitive role of residual compressive stresses within the support 
structure, arising from the volumetric increase accompanying oxidation 

of Ni-Al within the interstices, can be deduced from Fig. 4(a) and (c). 
Following annealing in the absence of any Ni-Al in-fill and when viewed 
from the abradable side, the concave shape of the specimen indicates a 
shortening of the abradable relative to the substrate. From this change in 
shape following relaxation, it can be concluded that the support struc-
ture must have been in a state of tension following build and subsequent 

Fig. 14. Optical view of region in side-wall in #4 L (δ = 1.2 mm) located 5.8 mm to the right of centre after; (a) 2000, (b) 5000 flexural cycles.  

Fig. 15. Optical view of region in side-wall in #4 L (δ = 1.2 mm) located 6.5 mm to the left of centre after; (a) 2000 (b) 5000 flexural cycles.  
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relaxation during annealing leads to a reduction in tensile stresses 
through this shape change. However, in the presence of in-fill, the shape 
change is not only opposite in nature (i.e. convex when viewed from the 
abradable side) but also markedly greater in magnitude compared with 
the former. This opposite change in shape must imply that the abradable 
during subsequent oxidation must have been in a state of compression. 
The increasing compressive stresses built up within the support structure 
can only be relaxed by tensile elongation of the abradable. This is 
achievable for a specimen shape change resulting in an increase in 
length of abradable relative to the substrate, as observed. 

A phenomenological argument based on the residual stress can 

therefore be invoked to qualitatively account for the dependence of the 
elastic modulus on the geometry of the support structure, i.e. nodal 
versus non-nodal (continuous path) design. The entire seal segment was 
pre-oxidised during which volumetric expansion of Ni-Al during 
oxidation results in bi-axial compression being set up within the support 
structure. During cooling, the higher thermal expansion coefficient of 
the substrate compared with the abradable (support structure and Ni-Al 
and Ni-Al oxides), results in further compressive stresses developing 
within the support structure, since the latter is constrained by the rigid 
substrate. In the case of Type C, some relaxation of residual stresses 
occurs because of the absence of front/rear walls, but nevertheless there 

Fig. 16. Optical view of internal nodal structure at the top of the abradable in #5 L (δ = 0.8 mm) after 10,000 flexural cycles; (a) 4 mm to the right of centre, (b) 
2 mm to the left of centre in vicinity of side-wall, (c) 5 mm to the left of centre, (d) at the centre in vicinity of side-wall. 

Fig. 17. (a) Secondary electron image of crack face at a K node with oxide layer encompassed within the yellow curve. The examined face corresponds to the fracture 
surface through the length of front/rear wall (b) Secondary electron image illustrating crack length and geometry from a side view (rotating the crack face by 90◦

from Fig. 17(a) at a K node). The length of the crack is denoted by the yellow curve. 
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is still an overall axial constraint owing to the rigid curvature of the 
substrate comprising the segment. However, when the abradable is 
extracted from the segment, some of this constraint is eliminated and 
relaxation occurs within the support structure resulting in flattening 
(increased radius of curvature). This is greatest for Type C, given the 
absence of front/rear walls and flattening of the specimen is accompa-
nied by gaps opening between the support structure and Ni-Al and Ni-Al 
oxides in the interstices. In Types A and B, the relaxation of compressive 
stresses is significantly lower compared with Type C and any relaxation 
is concentrated at nodes in the front/rear walls and to a lesser extent 
within the internal lattice nodes. 

While carrying out dynamic modulus measurements, the extracted 
abradable with underlying substrate (i.e. ~ 1–1.3 mm) is subsequently 
heated. The higher thermal expansion coefficient of the substrate results 
in some further relaxation of stresses within the support structure, 
resulting in a decrease in radius of curvature of the specimen (unflat-
tening). Consequently, the gaps that had “opened up” between inter-
stitial Ni-Al and Ni-Al oxides on cooling now close, thereby resulting in 
an “effective” contact of the interstitial species with the support struc-
ture walls. In the absence of front/rear walls, this closing up of gaps 
between interstitial Ni-Al and Ni-Al oxides and the support structure in 
Type C abradables effectively increases the stiffness of the test-piece, 
accounting for the observations in Fig. 8(e) and (f). In specimens of 
Types A and B, the front/rear walls primarily contribute to the elastic 
modulus and the above effect is only secondary. Therefore, the variation 
of out-of-plane flexural modulus follows the usual temperature depen-
dence, as in Fig. 8(a) – (d). 

The apparent Young’s modulus of the abradable in the out-of-plane 
vibration direction plays a key role in the four-point bending fatigue 
tests, which is observed most noticeably for Type B1 specimens. From 
Fig. 10 it can be observed that for an imposed deflection, δ ≤ 0.8 mm, 
beyond an initial decrease in elastic modulus after a number of flexural 
cycles, the decrease thereafter is small, but for δ ≥ 1.1 mm there is a 
rapid decline over a smaller number of cycles. The decreasing apparent 
elastic modulus with an increasing number of cycles accompanied by the 
flattening of the specimen is a manifestation of inelastic (plastic) 
deformation within the support structure. This can be deduced from the 
quasi-static loading conditions in Fig. 11(a) – (f). The non-linearity in 
the load-displacement plot is a clear indication of accumulating dam-
age/cracking within the support structure. For both displacements it is 
clear that cracking is occurring during the loading cycle, which accounts 
for the offset between loading/unloading curves. For δ = 0.8 mm, a 
marked offset is observed only after the first loading cycle, while for 
δ = 1.1 mm, a significant offset occurs up to the onset of 1000 flexural 
cycles, i.e. the 1,001st. The decrease in peak load is gradual for 
δ = 0.8 mm (~ 150 N) over 20,000 cycles, but for δ = 1.1 mm the 
decrease is steep between 1000 and 5000 cycles (~ 200 N) with a 
smaller further decrease (~ 30 N) thereafter to 20,000 cycles. In the 

latter, the quasi-static apparent elastic modulus is ~ 30–35 GPa lower 
than the dynamic modulus; Fig. 10 and Fig. 12(b). These facts coupled 
with the marked change in specimen curvature; Fig. 13(b) beyond 1000 
cycles indicates that significant plastic deformation occurs within the 
abradable, which must be related to stress concentrations leading to 
extensive cracking. Therefore, a rapid decrease in the dynamic elastic 
modulus is concomitant with a significant decrease in the maximum 
applied load as well as a marked change in specimen curvature. This 
criterion can be used to examine fatigue tests for the range of dis-
placements and support structure design. For higher imposed deflection 
(δ = 1.2 mm) a rapid decrease in dynamic elastic modulus occurs 
beyond 5 cycles (Fig. 10) and this is also accompanied by a rapid change 
in specimen curvature (as also seen in Fig. 13(c) beyond 5 cycles). For 
lower imposed deflection (δ ≤ 0.8 mm) or for continuous path design 
(δ ≤ 1.5 mm), there is neither a marked change in specimen curvature 
nor a decrease in dynamic elastic modulus, which indicates minimal 
degradation of the abradable. 

The accumulation of damage within the abradable during bending 
will be within the support structure. During bending, the front/rear 
walls in case of the lattice support structure experience tensile stresses, 
which are highest at the outer layers of the abradable in the vicinity of 
the surface. In the Type B2 specimens, the pre-existing solidification 
fissures within the front/rear walls act as stress concentration features 
and nucleate cracks. With the growth of a few localised cracks within the 
front/rear walls, stress concentrations develop which focuses further 
deformation at such cracks, subsequently shielding areas in the vicinity. 
The rate of degradation is thus likely to be controlled by the density of 
such wall defects. It is pertinent to note that damage within the internal 
lattice only occurs to a limited extent; as shown in Fig. 16(a) – (d), with 
some cracks at the vicinity of X-nodes having grown to intersect the 
abradable surface, indicating that the internal lattice structure can be 
envisaged as being axially more compliant than the front/rear walls. In 
the absence of front/rear walls and the internal nodal lattice structure, 
as in the continuous path, Type C1, for an equivalent change in specimen 
curvature, there is no discernible damage within the abradable. Also, in 
the absence of solidification defects within the front/rear walls, as in a 
single crystal front/rear wall, there is no discernible damage observed 
within the abradable also for an equivalent change in specimen curva-
ture, as seen in the Type A1 structures. 

The current flexural tests were performed at RT. Nevertheless, they 
elucidate implications of the support structure design on the out-of- 
plane flexure modulus, which in turn affects the nucleation and propa-
gation of cracks during cyclic loading. Specifically, it has been shown 
that in the absence of front/rear walls and internal lattice nodes there is 
a marked decrease in out-of-plane flexure modulus owing to the lower 
residual stresses within the abradable. Furthermore, in the case of a 
lattice support structure, the propagation of cracks from solidification 
fissures in the front/rear walls is accompanied by a changing specimen 

Fig. 18. (a) Low magnification micrograph at the front/rear wall at a K node showing visible porosity (b) Secondary electron image of micro-pores found within 
close proximity and beginning to concatenate (c) Secondary electron image of the cellular solidification structure at the top of the front/rear support structure. 
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curvature and concomitantly accompanied by a decrease in out-of-plane 
flexure modulus. 

5. Conclusions 

From this research, the following conclusions can be drawn:  

(1) The inhomogeneous abradable structure results in the axial 
apparent dynamic elastic modulus being dependent on the di-
rection of vibration; it is lowest for out-of-plane flexure and 
highest for in-plane flexure.  
(i) At room temperature, the abradable forward and rear walls 

and internal nodes in Types A1, Type B1 and B2 contribute 
significantly to the apparent elastic modulus in out-of-plane 
flexure (E ~ 10 – 20 GPa), while in the absence of forward 
and rear walls in case of the continuous path support struc-
ture, Type C1, the abradable contributes little to the overall 
stiffness (E ~ 0.1 GPa).  

(ii) Oxidation of the Ni-Al infill sinter results in internal stresses 
developing within the abradable with an increase in elastic 
modulus. This is most prominent in the continuous path 
design, Type C1, where a two-fold increase in apparent 
elastic modulus occurs in out-of-plane flexure.  

(2) Four-point bending was used to study the implications of the 
elastic modulus of the abradable under fatigue. There is a 
decrease in elastic modulus with increasing flexural cycles and a 
concomitant increase in radius of curvature (flattening). 
(i) A threshold displacement for Type B2 abradables was iden-

tified (δ ≥ 1.1 mm), beyond which there is a rapid decrease 
in elastic modulus after a given number of flexural cycles. For 
increasing displacement, this occurred at a lower number of 
cycles. No such degradation was observed up to 40,000 cy-
cles for equivalent changes in curvatures in the Type A1 and 
Type C1 specimens.  

(ii) In the Type B2 abradable specimens, deformation was mainly 
restricted to the forward and rear walls where cracking was 
observed. Cracks nucleated at LBP-DED solidification 
shrinkage fissures and propagated either to the surface or 
towards the base of the abradable. Coalescence of cracks was 
also observed at closely located fissures. Limited cracking 
was observed within the internal lattice nodes. 
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