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A NizAl-X intermetallic compound prepared from a rapidly solidified powder was
consolidated with hot isostatic pressing (HIP). Its microstructural development during the
process has been examined. It involves a change from an inhomogeneous structure (a
mixture of dendritic and equiaxed structures) to a uniformly distributed equiaxed structure
and the formation of a disordered y network phase from a metastably ordered matrix
supersaturated with chromium, as a result of non-equilibrium solidification of the powder.
The resulting microstructure of the consolidated material is mainly a function of HIP
temperature. Mechanical properties of the HIP material at room and elevated temperatures
have been determined. The results show that both the hardness and yield strength of the
material decrease, while both the ultimate tensile strength and tensile elongation increase
with rising HIP temperature up to 1250 °C. Scanning electron microscope examination of
the fracture surfaces of tested samples reveals a transition from interparticle fracture to
transparticle fracture with increasing HIP temperature. © 1999 Kluwer Academic
Publishers

1. Introduction being made to improve the mechanical properties of the
The intermetallic compound BiAl has been considered material and to scale-up a feasible method of fabricat-
a good candidate material for structural applications atng PM components. A critical step in PM fabrication
elevated temperatures, due to its unusual characteristis the consolidation of a rapidly solidified powder.
mechanical property (i.e. the increase of flow stress with Hot isostatic pressing (HIP), utilizing a combina-
rising temperature up to about 70D) and good oxida- tion of elevated temperature and isostatic gas pres-
tion resistance [1, 2]. It becomes more attractive whersure to consolidate powder [11, 12], plays an important
the problem of its low-temperature brittleness can beole in PM fabrication. It is versatile and its commer-
solved through boron modification [3—6]. Significant cial applications include the fabrication of high-quality
improvements in ductility have been observed in themetallic and ceramic components, which are otherwise
boron-modified materials prepared with both powderdifficult to make. Moreover, the process enables the
metallurgy (PM) and casting techniqgues [3, 4]. How-powder to be consolidated into near-net-shape com-
ever, PM starting with powder production involving ponents, thereby maximizing material utilization. It is
rapid solidification offers a number of unique advan-well known that NjAl-based intermetallic compounds
tages that are important to the ductility of the material.are generally brittle at low temperatures and difficult
For example, segregation in the powdered material cato hot work due to their unusual temperature—property
be minimized (or no macrosegregation could occur inresponse, although components with useful properties
the compacted powder), very fine grains can be prohave successfully been produced. Therefore, the HIP
duced, and the solid solubility of alloying elements in- process is specially useful in the fabrication of PM
creased [7]. A possible disadvantage is, however, thadllisAl-based intermetallic components [13-19].
surface contamination of the powder could lead to un- InPart| of thiscommunication [20], the densification
desirable properties [8—10]. At present, a lot of effort isbehaviour of a NJAI-X intermetallic powder during
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HIP has been reported. It is shown that the constructed diameter of 250 mm and a length of 750 mm was used.
HIP maps generally agree with the experimental redn the first set of HIP experiments, temperatures of 850,
sults. However, deviations have been observed in th850, 1050, 1150, 1250 and 133D were used, while
low-temperature power-law creep region, and also irthe applied pressure was kept constant at 100 MPa and
the high-temperature short-time HIP cycles. These havthe time at 30 or 120 min. In the second set of HIP
been attributed to the special property—temperature deexperiments, the pressure varied from 5 to 150 MPa,
pendence exhibited by this intermetallic. In Part Il, thewhile the temperature was fixed at 950 or 1180and
results of microstructural examination of the HIP ma-the time at 30 or 120 min.
terial as well as its mechanical properties at room and The microstructure of the HIP intermetallic was stud-
elevated temperatures will be presented. The influencied by optical microscopy (OM) and transmission elec-
of HIP variables on microstructural development andtron microscopy (TEM). OM specimens were etched
mechanical properties of the consolidated material willwith a solution consisting of 85% acetic acid, 8%
be discussed. HNO3, 2% HF and 5% glycerol by volume. Disc-
shaped TEM specimens were thinned with jet polishing
in an electrolyte with 7.5% perchloric acid, 10% butyl
2. Experimental procedure cellosolve, 70% ethanol and 12.5% distilled water, by
The material used in the present study was a modivolUme, atatemperature betwee#0 and—-30°Cand
fied NigAl intermetallic compound containing boron, & Potential of 30 V. TEM specimens were examined in

zirconium and chromium. Its chemical composition to- & Philips EM 400T or CM 30T microscope.
gether with impurities is given in Table I. The powder Vickers hardness was measured on polished surfaces

(GAPDRY plant, Higargs AB, Sweden) was prepared Of Specimens cut from HIP bars. Tensile properties of
from a master alloy by using induction melting in an the intermetallic HIP at 100 MPa and various tem-
argon atmosphere and then argon atomization. Powd&eratures (850, 950, 1050, 1150, 1250 and T€30
particles larger than 250m were discarded. The sieved Were determined atroom and elevated temperatures up
powder had a volume mean diameter of 76 and [0 950°C. Tensile tests were performed at a constant

a spherical shape. More detailed information about th&€"0SS-head speed of 1.494 mm rri'ir(forgequnding
powder can be found in [20]. to an initial strain rate of 8 x 10°*s™+) using a

Prior to consolidation, the powder was poured intoSCréw-driven TTC-ML Instron machine equipped with
stainless steel tubes with a diameter of 20 mm, a thick® COmputer-assisted strain monitor. The samples were
ness of 2 mm and a length of 600 mm under argor{:yllndn(:al with a gauge length of 30 mm and a diam-
protection and then sealed. The canned powder wakter o_f 6 mm. Fractqre surfaces of_tested samples were
consolidated with the HIP process under varying con£xamined by scanning electron microscopy (SEM).
ditions at Bodycote Industrial Materials Technology,

Belgium. Most of the experiments were performed us- . .

ing a laboratory-scale HIP unit having a cylindrical 3- Results and discussion .

sample chamberwith a diameter of 100 mm and a heigh$- 1+ Microstructure of the atomized powder
of 200 mm. Butin order to prepare samples for the eval Optical microstructure of sectioned powder particles is

uation of mechanical properties, a larger HIP unit withShown in Fig. 1. Fig. 1ais a low-magnification micro-
graph, which gives a general view of the microstructure

of this atomized powder. Details of the microstructural

TABLE | Analysed chemical composition and impurity levels in the characteristics of the pOWder’ €. havmg both dendritic

atomized powder (wt %, but p.p.m. for N, H and O) and equiaxed structures, can be seenin Fig. 1b at higher
) ) magnification. Although the metallographic sections
Al Ni r GBS C S N HO may not reveal the real particle diameters, an approxi-

mate representation of the size distribution of powder

8.32 Balance 0.94 7.41 0.030 0.008 0.03®.005 75 41 148 , i )
particles can be obtained when arelatively large number

Figure 1 Optical micrographs showing both dendritic and equiaxed structures in the powder.

1558



of powder particles are taken into account. It has beetures) to a uniformly distributed equiaxed structure and
observed that there is no dependency of structure (derthe formation of the disordered network phase from
dritic or equiaxed) or dendrite spacing on particle sizethe metastably ordered matrix.
and thus on the atomization cooling rate; different mi- The dependence of the microstructure of the in-
crostructures and different dendritic spacings can béermetallic on the HIP temperature between 850 and
found in both large and small particles and even within1330°C has been shown in [20] (see Fig. 8 therein).
the same particle. Moreover, the relative amounts offhe microstructure of the HIP material can be divided
dendritic and equiaxed structures are also independentto three categories:
of particle size. This result is not in agreement with
the general observation of the relationship between mi- 1. When the material is subjected to HIP at tempera-
crostructure and particle size reported in other materialtures below 950C, its microstructure is about the same
[6,7,9,10]. as that observed in the as-atomized powder. After HIP,
TEM reveals that the as-atomized material has essereach powder particle retains its own identity and char-
tially a single-phase structure. Unlike the microstruc-acteristic microstructure, as shown in Fig. 8a and b for
tures observed in the same material prepared witthe material subjected to HIP at 850 and 9Q0 re-
the Osprey spray-deposition and casting processespectively.
[21-24], no disordered’ network structure can be 2. With increasing HIP temperature, homogeniza-
found in the atomized powder, except certain disortion and recrystallization of the matrix and formation
dering at grain boundaries. The volume fraction of theof the disordered, phase in the metastably ordered
disorderedy phase in the powdered material is very y’ phase are in progress. Even when a HIP tempera-
low, probably less than 1-2%, as contrasted to that inure of 1150C is reached, the above-mentioned mi-
the Osprey-spray-deposited or ingot-cast materials (uprostructural development is not completed yet. The
to approximately 10—15%). Therefore, the as-atomizedheterogeneous nature of the powder, i.e. different types
powder is characterized by a microstructure consistin@f structure (dendritic and equiaxed) within individual
mainly of a metastably ordered phase with a superparticles, partially remains, as shown in Fig. 8c and d
saturated concentration of the A type constituent (infor the material subjected to HIP at 1050 and 1160
A3B structure) resulting from non-equilibrium solidi- respectively.
fication. The antiphase domain (APD) structure in the 3. When the material is subjected to HIP at tempera-
grain interior has been observed in the atomized powtures above 1250C, a uniformly distributed equiaxed
der, as shown in Fig. 2. In this figure, discretedo-  structure with a coarser grain size is formed. A well
mains of 80—100 nm in size are separated by antiphasgevelopedy /y’ network structure can be observed
boundaries. within individual particles, as shown in Fig. 8e and f.
It is interesting to note that the average size of the
y /v’ network structure in the HIP material at 1250
and 1330C is about the same. This implies that the

HIP material network size of th " structure under an equilib-
Microstructural evolution in the present intermetallic . ze of they /y e
rium condition is presumably only composition sen-

during HIP is complicated because the atomized pow itive but not temperature sensitive. Original particle
der particles have a metastably ordered structure SupeE-oundaries can s?ill be discerned iﬁ theg matef)rial be-
saturated with chromium as a result of non-equilibrium . L .
solidification. It involves a change in characteristic mi- cause of the_b|moda| dlstrlbuthn of Fh‘? disordered
crostructure from a rapidly solidified, inhomogeneousphase _resultlng from segregation, similar to that ob-
structure (a mixture of dendritic and equiaxed struc—served mth_e Ospre_zy-spray/—deposned materlaI.[Zl, 22].

Usually, a fine equiaxed/y’ network structure is ob-
served in the particle interior and a coarser equiaxed
y /v’ network structure or a radial structure at the par-
ticle boundaries. In addition, the powder particles in
the material subjected to HIP at 133D are no longer
spherical because the intermetallic becomes very soft
at this temperature and undergoes heavy deformation
during HIP. However, the powder particles in the ma-
terial subjected to HIP at lower temperatures remain
spherical.

3.2. Microstructural characterization of the

The newly, incompletely developed microstructure
of the material subjected to HIP at low temperatures is
very fine; that subjected to HIP at 1050 and 1160
even shows a featureless structure in OM at high mag-
nifications. Fig. 3 shows the microstructures of the HIP
material with differential interference contrast (DIC)
in order to improve the contrast of the micrographs
Figure 2 TEM dark field micrograph showing the APD structure in the @Nd thus to reveal all the characteristic microstructures,
atomized powder. such as dendrites, grain boundaries arigt’ network
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Figure 3 Optical (DIC) micrographs showing the microstructures developed in the material subjected to HIP at 100 MPa and at temperatures of
(a) 850, (b) 950, (c) 1050, (d) 1150, (e) 1250, and (f) 1330

structure. However, due to the fineness of the mivelopedy/y’ network (or radial) structure is observed,
crostructure of the material subjected to HIP at 1050see in Fig. 4e and f, showing the microstructure in the
and 1150C, the DIC micrographs with a magnifica- areas containing the original particle boundaries.

tion of x500 are still not clear enough to show the From OM examination of the HIP material, it is also
details of microstructural features. Fig. 4 gives a set ohoted that large powder particles usually retain a high
DIC micrographs taken from the HIP material with a degree of residual sphericity, as can be seen in Fig. 8d
magnification ofx2000, which show more details of in [20]. This implies that the large particles have expe-
its microstructure. In the material subjected to HIP atrienced less deformation than small ones during HIP.
850 and 950C, no disorderegt phase can be observed Such particles exhibit a much coarser microstructure,
in the grain interior, see Fig. 4a and b. In the materialas shown in Fig. 8d [20] and Fig. 5, which suggests
subjected to HIP at 1050 and 115D, a certain amount that less microstructural change has taken place. This
of the disorderegr phase is present in the grain interior observation is similar to that reported by Kaysseal.
butitis not connected to formya/y’ network structure, [25] with regard to the effect of particle size and de-
as shown in Fig. 4c and d. In the material subjected tdormation on the microstructural development within
HIP at 1250 and 133, as discussed earlier, awell de- individual particles during HIP.
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Figure 4 High-magpnification optical (DIC) micrographs showing details of the microstructures in the material subjected to HIP at 100 MPa and at
temperatures of (a) 850, (b) 950, (c) 1050, (d) 1150, (e) 1250, and (f)°T330

In addition, several defect structures have been obture or pressure, the powder particles would undergo
served in the HIP material. Fig. 6 is a micrographhigher deformation so that the enclosed gas bubbles
taken from the material subjected to HIP at 13160  or pores would be broken down and then closed com-
showing internal cracks within an original powder pletely. In the material subjected to HIP at 1380
particle. In the material subjected to HIP at low tem-incipient interparticle melting is observed, as shown
peratures, similar defect structures have also been olin Fig. 7. The melted material usually forms much
served. However, in the material subjected to HIP athickery/y’ boundaries. During cooling from the HIP
1250 and 1330C, such internal cracks have not beentemperature, a mixed microstructure of the disordered
found. These internal cracks presumably result fromy phase and secondary precipitated particles is
enclosed gas bubbles or pores in some of the atonformed at these boundaries. In addition, a considerable
ized powder particles. These pores may break dowamount of oxide particles mostly located at the original
to form the internal cracks when the powder is subpowder particle boundaries is observed in the mate-
jected to HIP at a certain temperature and pressureial subjected to HIP at 133@, as shown in Fig. 8.
When hot isostatically pressed at a higher temperaThese oxide particles are formed during hot isostatic
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Figure 5 Optical micrograph showing a large, less deformed patrticle in
the 1050 HIP material.

Figure 6 Optical micrograph showing internal cracks within a powder
particle in the HIP material.

Figure 7 Optical micrograph showing incipient interparticle melting in
the 1330°C HIP material.

Figure 8 Optical micrographs showing process-introduced oxide parti-
cles in the material formed during HIP at 133D. The oxide particles
are mostly located at the original powder particle boundaries: (a) BF
image, and (b) DIC image.

found in the material consolidated with various pres-
sures at 1150C, as shown in Fig. 9.

In addition to the OM-observed characteristic
microstructure, TEM further reveals a fine grain struc-
ture in the material hot isostatic pressed at temper-
atures<1150°C. Fig. 10 presents TEM bright field
(BF) micrographs taken from the material subjected
to HIP at 850 and 950C, showing a very fine struc-
ture with a grain size of approximately 3x®. Also
seen are deformation-introduced dense dislocations at
grain boundaries and in the grain interior. Other struc-
tures associated with a thermomechanical process have
also been found. Fig. 11 shows a deformation-induced
twin boundary structure located at a grain junction, as
observed in the material subjected to HIP at 950

A mixture of fine antiphase domains (APDSs) in the
central regions of grains and coarse APDs in the re-
gions adjacent to grain boundaries within individual
grains is observed in the material subjected to HIP at
850 and 950C (Fig. 12). This microstructural feature,
i.e. APDs with a bimodal size distribution, is the same

pressing at this high temperature, as they have nas that observed in the atomized powder [21]. Com-
been found in the material subjected to HIP at lowerbined with the results obtained from OM examination,

temperatures.

it is concluded that the characteristic microstructure of

As discussed above, HIP temperature is a major facthe atomized powder, both on a large scale (dendritic

tor influencing the microstructure of the HIP material,

and equiaxed structures) and on afine scale (APD struc-

while HIP pressure exerts far less influence. For inture), is mostly retained in the material subjected to HIP
stance, no evident differences in microstructure can bat 850 and 950C.
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Figure 9 Optical micrographs showing microstructures developed in the material subjected to HIP a€Xr&Dat pressures of (a) 10, (b) 50, (c) 75,
(d) 100, and (e) 150 MPa.

Fig. 13 presents a set of TEM dark field (DF) micro- places a well developed disordergdtructure can be
graphs showing the microstructural evolution on a fineobserved.
scale for the material subjected to HIP at differenttem- In the material subjected to HIP at higher tempera-
peratures. Here, the changes in the APD structure anires (1150, 1250 and 133Q), no APD structure is
the formation of the disordergdphase with increasing observed. This indicates that the order—disorder transi-
HIP temperature are demonstrated. It is clear that withion temperature of the Cr-containingddi intermetal-
increasing HIP temperature from 850 up to 1060 lic is much lower than its melting temperature, in con-
Fig. 13a—c, the APD size increases, the morphology ofradiction to the results often reported for thesMi
the APD boundaries changes from a well defined cryseompound. The APD structure is also not observed
tallographic feature (Fig. 2) to a less crystallographicin the HIP material because it has been cooled down
irregular one, and disordering at the APD boundarievery slowly after consolidation. Both of these specula-
increases. In the material subjected to HIP at 1@50 tions have been verified through quenching experiments
a marked thickness of the disordered film at moston this alloy [26]. In these experiments, bulk samples
of the APD boundaries can be detected and at someere heated up to 1200, 1250, 1300 and 133Kept
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Figure 10 TEM bright field micrographs showing a fine grain structure with dense dislocations in the material subjected to HTP at (a) 850 and
(b) 950°C.

Figure 11 TEM micrographs showing a deformation-introduced twin boundary structure in thel9B0material: (a) BF image and (b) DF image
formed using a twin reflection.

Figure 12 TEM dark field micrographs showing the APD structure and domain size distribution within individual grains in the material subjected to
HIP at (a) 850 and (b) 95CC.

for 2 h and then water quenched or furnace cooled. An a furnace from 1330C, although a sequential order-
newly formed fine network of APDs, resulting from a ing process during cooling could be expected, no APD
sequential ordering process [27], was observed in thetructure could be found. This resultindicates that alow
guenched samples. When the sample was slowly cooletboling rate will allow individual APD nuclei formed
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Figure 13 TEM dark field micrographs showing microstructure evolution in the material during HIP at 100 MPa and at temperatures of (a) 850,
(b) 950, (c) 1050, (d) 115, (€) 1250, and (f) 1330

during cooling to grow up to a size of an entire grain orcan be observed. However, in the material subjected
any other substructures. This could also be the case fao HIP at 1250 and 133, a well establishegt/y’
the microstructural development in the material sub-network structure can be seen. The thick parts of the
jected to HIP at high temperatures. disorderedy phase boundaries are usually filled with
As shown in Fig. 13d—f, extensive formation of the fine particles of the ordered phase precipitated dur-
disorderedy phase has occurred in the material sub-ing cooling. This can be observed even in the material
jected to HIP at the temperatures between 1150 anslubjected to HIP at 105, as shown in Fig. 13c.
1330°C. The disorderegr phase formed in the mate-  The formation of the disordered phase in the HIP
rial subjected to HIP at 115@ usually has a discrete material can be affected by microsegregation of alloy-
distribution and, therefore, np/y’ network structure ing elements. This is demonstrated in Fig. 14a, in which
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Figure 14 TEM dark field micrographs showing the effect of microsegregation on the formation of a disopdphede in the material subjected to
HIP at (a) 950 and (b) 105@.

(a)

Figure 15 TEM micrographs showing an oxide particle observed in the 283BIIP material: (a) BF image, and (b) DF image formed using a
reflection from the oxide particle.

a well developed’/y’ web (disordered’ phase filled material subjected to HIP at 100 MPa and different tem-
with secondary precipitated particles) in the material peratures have been determined. The effect of HIP tem-
subjected to HIP at 95 can been seen. On the other perature on the mechanical properties of the material
hand, Fig. 14b shows a micrograph taken from a regiois shown in Figs 17 and 18. Fig. 17 shows the hard-
that is essentially free of the disordergdoundary in  ness values measured in the as-hot-isostatic-pressed
the material subjected to HIPed at 1080 material, which are the averages of at least six mea-
Fig. 15 presents a set of micrographs with both thesurements. Fig. 18 presents its tensile property values,
BF and DF images of an oxide particle observed in theeach of which is the average of three tests. The HIP
material subjected to HIP at 1330. The oxide particle material shows a good reproducibility in its mechan-
surrounded by densely packed dislocations is formed d@tal properties; no evident differences in mechanical
a grain boundary. The DF image is obtained by using groperties have been found between different samples
reflection from the oxide particle. A very fine powder (which were cut from different places of a HIP bar or
particle with a diameter of less thanuin, observed in  from different HIP bars). Therefore, it can be concluded
the material subjected to HIP at 133D, is shown in  that HIP can indeed be used to prepare theANiX
Fig. 16 with both the BF and DF images. The crystalintermetallic material from its powder with a homoge-
structure of the particle has not been identified, but it isneous microstructure or a homogeneous distribution of
not the regular L4 structure. porosity if a low temperature is used.
The results show that a HIP temperature of 850
is obviously not adequate for proper processing of the
3.3. Mechanical properties of the HIP material, as indicated by its low hardness value, ten-
consolidated materials sile strength and ductility, because it has a very low
Room-temperature hardness and tensile properties atlative density. In fact, microhardness measurement
room and elevated temperatures up 950 of the  shows a very high hardness value of 345 VPN (Vickers
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For the material subjected to HIP at temperatures 800
>950°C, the results indicate that the room-temperature 1
hardness and the yield strength at temperatures belov 700
750°C decrease, while the ultimate tensile strength and g ]

tensile elongation as well as the yield strength at tem- 600—_
peratures higher than 75Q increase with increasing 1
HIP temperature up to 125C. These results are asso- § 500 il
ciated with the characteristic microstructure developed .,

during HIP. The fineness of the microstructure is re- =

sponsible for higher room-temperature hardness anc g0 -
yield strength (at temperatures/50°C) of the mate-  § —O0— 950
rial subjected to HIP at lower temperatures. Higher ulti- g 2001 — % 1080
mate tensile strength and tensile elongation of the mate-& { T %0

rial subjected to HIP at higher temperatures are causec 100 1 o 1250

by the presence of a large amount of the disordered 1 % w0

y phase and also a homogeneous matrix microstruc- 0 N e
ture. The material subjected to HIP at 138Dshows 0 200 400 €00 800 1000
lower mechanical properties than that subjected to HIP Testing Temperature, °C

at 1250°C, especially its ultimate tensile strength and
tensile ductility, due to the presence of some defect
structures, such as incipient interparticle melting and 1200
oxide particles around the original powder particles,
formed during HIP at this high temperature, as well as
grain coarsening. However, the results obtained at test-
ing temperatures-750°C indicate that a higher HIP
temperature, corresponding to a coarser structure, may
be favourable for a higher yield strength of the inter-
metallic at high temperatures.

The relation between tensile properties and testing
temperature is given in Fig. 19. The unusual yielding
behaviour of the Cr-containing Bl-based powder
consolidated by HIP, i.e. rising of the yield stress from
room temperature to a temperatufg,and then falling
at higher temperatures, is demonstrated in Fig. 19a. The —&— 1250
peak temperaturdy, at which the material reaches its 1 —°— 1
highest yield stress, varies with HIP temperature. With 0 — T T
increasing HIP temperature, it shifts to a higher temper- 0 200 400 600 800 1000
ature. In the present study, we find tiigf the 950°C
HIP material is about 600C, while T, of the 1330°C
HIP material is about 800C. The dependence of the
tensile ductility of the HIP-consolidated intermetallic
on temperature shows dynamic embrittlement at mod-
erate temperatures (around 6@). Thus the ultimate
tensile strength of the samples tested within this tem-
perature regionis also lower, although the yield strength
of the intermetallic is in most cases the highest.

From the data shown in Fig. 18, it can be seen that
the ultimate strength and tensile ductility of the alloy
at testing temperatures up to 78Dare consistent with
each other; the ultimate strength increases with increas-
ing elongation and vice versa. In fact, from the tensile
load—extension (stress—strain) curves of the material,
it has been found that the applied load after the yield
point always shows a positive response to an increase
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8(”_
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&
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Testing Temperature, °C
(b)

Tensile Elongation, %

in extension. Therefore, any factor that influences ho-
mogeneous plastic deformation between yielding and 0 ——— T
fracture will influence the ultimate tensile strength of 0 200 400 600 800 1000

the alloy. A homogeneous matrix microstructure with
a fine grain or substructure size is important to the ulti-
mate strength and ductility of the alloy. From the results ©

of harqness and ylgld'strengt_h, one can see that the HIIEi)gure 19 Relationship between the tensile mechanical properties of the
material softens with increasing HIP temperature. Thejip material and tensile-testing temperature: (a) tensile yield strength,
fact that the material subjected to HIP at 1260has  (b) ultimate tensile strength, and (c) tensile elongation.
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Figure 20 SEM micrographs showing a general view of the fracture morphology observed in the room-temperature tested material subjected to HIP
at 100 MPa and at temperatures of (a) 850, (b) 950, (c) 1050, (d) 1150, (e) 1250, and (f£1330

the highest ultimate strength and ductility is mainly Fig. 20 presents a set of SEM fractographs taken
due to its well homogenized matrix microstructure andfrom the material subjected to HIP at 100 MPa and
a well developed//y’ network structure, which pro- various temperatures, and tested at room temperature.
vides a very fine substructure size. This microstruc-They show a transition from interparticle fracture to
ture allows the material to undergo more homogeneousansparticle fracture with increasing HIP temperature.
plastic deformation before fracture and thus to reach @& completely interparticle fracture morphology is ob-
higher tensile strength. The microstructure of the maserved in the material subjected to HIP at 860and
terial subjected to HIP at lower temperatures is alsdested at various temperatures. For the material sub-
fine, but metastable and inhomogeneous. In discussingcted to HIP at temperatures between 950 and 1C50
the tensile properties of the present material, anothefinal rupture is predominantly in the interparticle frac-
important factor, interparticle bonding, must be con-ture mode with mixed interparticle and transparticle
sidered. The interparticle bonding is probably a morefractures, indicating that interparticle bonding in the
important factor in determining the mechanical prop-material is still not strong enough. The area fraction
erties of the material consolidated at low temperaturesof transparticle fracture in the material increases with
This can be seen from SEM fractographs of the testethcreasing HIP temperature. In the material subjected
samples. to HIP at 1250 and 133CC, no interparticle fracture
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Figure 21 SEM micrographs of the material subjected to HIP at 12Z5@nd 100 MPa and tested at room and elevated temperatures, showing dynamic
embrittlement at moderate temperatures (approximately CD0resting temperature: (a) room temperature, (b) 600, (c) 700, (d) 800 and (&} 950

is found. Moreover, SEM examination reveals that theat 950°C, or at a temperature where dynamic embrit-
material subjected to HIP at 1330 has a very coarse tlementoccurs in tensile testing, see Fig. 21c. However,
microstructure, while that subjected to HIP at 1260 a brittle transgranular cleavage fracture feature can be
retains a fine microstructure. However, a well iden-seen in the material subjected to HIP at 1330and
tified ductile fracture structure can always be foundtested at temperatures600°C.
wherever transparticle fracture occurs in the material Based on tensile-testing results and SEM fracto-
subjected to HIP at temperature®50°C. This may graphic examination of the HIP material, the following
suggest that the Cr-containingddil intermetallic con-  concluding remarks can be made. A HIP temperature of
solidated with HIP is intrinsically a ductile material.  850°C is certainly improper to consolidate the powder,
The fracture surfaces of the material subjected tas the mechanical properties of the consolidated mate-
HIPed at high temperatures (1250 and 133Pand rial are very poor and fracture is fully in interparticle
tested at low temperatures exhibit a transgranular, duanode, due to a very low relative density and a small
tile dimple fracture feature. Ductile rupture via dim- particle contact area.
ples can also be found in the 1280 HIP material HIP temperatures between 950 and 11G@are in-
tested at 800C. A transgranular, quasi-cleavage frac- sufficiently high. Although the material subjected to
ture morphology is observed only in the material testecHIP at these temperatures already has a reasonably high
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(98.5% at 950C) or a nearly full £99.75% for the oth-
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