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ABSTRACT

Semicoherent platelets of hep M02C in a bcc Mo matrix were analysed.

The habit plane was found to .be the {301} Mo pianés; the precipitate broad
faces are covered by one set of dislocations lying along [I13] Mo diréction; this
direction is the calculated line which remains invariant in the transfﬁrmation
from the bee to the hep lattice.

The Orientation Relationship is close to the Burgers orientation
relationship with an additional rotation bringing (101)(Mo) and (TOll)MOZC into
coincidence. Due to this rotation two variants are in twin relation.and' it was

found that these two variants grew together.

1. INTROCDUCTION

The orientation relationship and relative morphology of two different
phases has strong consequences on the microstructure, hence the properties of a
material.. In solid state transformation, different approaches such as Eshelby's
elasticity theory (1), Bollman's O-lattice (2) and martensite theory (3) have been
used.

Eshelby's theory. minimises the étrain associatéd with a coherent inclusion
in the crystal reduced to an elastic continuum to predict a habit plane. On the
other hand, Bollman's O-lattice does take into account the crystallographic
nature -of the problem since it optimises the dislocation cbntent of the interface
between two phases.' In a similar way, martensite theory calculates a mobile and
macroscopically distovrtion-free habit plane.

Dahmen and Westmacott (4) have shown that when plotted on stereograms,

the results of these apparently different theories are strikingly similar and poiht
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to a common factor which was shown to be the existence of a line which remains
invariant during the transformation. For example, if the invariant line was a
crystallographic direction, the atoms lying on this direction would not move
during the genera!l shuffle producing one crystal structure from the other.

If the existence of an invariant line (L.L.) is taken as a first principle in
phase transformation, Dahmen (5) has shown that the O.R. of precipitates can be
accurately predicted. This theory has been particularly successful in explaining,
for example, the" different O.R. o_f’MQZC in @ Mo matrix or in a Fe matrix. In
the first ‘éase the ratio of the lattice parameters of the hexagonal phase (M02C)
to the bce phase (Mo) is such that an invariant line (L.L.) can be produced by a
5.26° rotation around [l]ll]Mo yielding the Burgers O.R. In the case of an Fe
matrix, the lattice parameters are such that an LL. cannot be produced and the
M02C precipitates have an unrotated O.R. with the Fe matrix (Pitsch-Schrader
O.R.)(6).

The axié of apparently random bcc Cr needles in a fcc Cu matrix has been
rationalized by this theory (4). When the needles are coherent, they orient them-
selves in order to minimize the strain energy, that is they lie along the possible
I.L. As the strain energy is a continuum concept, these possible LL. build, in
fact, a continuous cone. Experimentally, coherent Cr needles were actually found
to lie on such a cone. However, an additional requirement is necessary for the
loss of coherency; the transformation strain has to be relieved and for that it has
to be close to the direction of an available Burgers. vector. of the Cu matrix; this
crystallographic, hence discrete, requirement determines uniquely the possible
axes for semi-coherent needles to be the <761> directions. This was
experimentally confirmed and the needles were found to cluster around <110>
directions which are the Burgers vector directions in a Cu matrix.

The LL. theory is also helpful in predicting the ideal structure of a semi-

coherent interface. O-lattice theory can give an estimate of the interfacial
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energy, and it can be shown (7) that the_optimum interface has only one set of
dislocations which are parallel to the LL.. This was verified for the bcc to hcp
massive transformation in Al-Ag alloys (8).

These examples show that the LL. hypothesis is quite satisfactory in
predicting O.R.'s in the case of bcc to hcp phase transformation in interstitial
(Mo-C) and substitutional (Al-Ag) alloys. It is as successful for the study of the
bee/fee and bee/hep interfaces in substitutional alloys (Cu-Cr, Ag-Al alloys).

The purpose of this research was to investigate the precise O.R., and the
structure of a bcc/hcp' intérface for an interstitial alloy and to test the LL.
hypothesis and its consequences in this particular case.

The Mo-C system was chosen since semi-coherent platelets form after a
quench-aging heat-treatment (9). This system is also well-documented as will be
shown in the brief literature survey.

2. ABRIEF LITERATURE SURVEY of the Mo-C System

Blrck (9) has presented an extensive and precise study of the evolution of
the microstructure of rapidly quenched Mo-C alloys: with different heat
treatments. His samples were quenched from 2600K in a Ga-In liquid bath to
prevent heterogeneous nucleation. At temperatures above 900K the
supersaturated solid solution decomposes into small platelet precipitates
showing a loop-like contrast in TEM; according to Blirck these precipitates have
(114) habit planes and are coherent.b When annealed at a higher temperature
(1100K), the precipitates are semi-coherent platelets associated with matrix
dislocations. The interface structure and the habit plane was not ‘specified.
These are the precipitates an'alyzed in the present study.

Precipitation of group IVA carbides and nitrides (TiC, TiN, ZrC, ZnRn HfN,
HfC) in molybdenum has been studied by Ryan, Soffa .and' Crawford (10). These

six -compounds have the NaCl face centered cubic structure. Zirconium and
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hafnium carbides and nitrides lie on {100} planes; however, the titanium carbides
and nitrides have a {301} habit plane, a result similar to the one reported in the
present study.

The first stages of precipitation of molybdenum carbides in a molybdenum
matrix have been studied by means of electrical resistivity and transmission
electron microscopy by Blrck (9,11) and Yoshioka and Kimura (12,13). These
results, though very interesting in terms of carbon-vacancy co-precipitation will
not be detailed here.

Kumar and Eyre (14) were interested in the role of interstitial elements on
the deformation and fracture of group VIA metals and more specifically in the
role of MOZC precipitates heterogeneously nucleated in a Mo matrix. They
studied the suppression of intergranular fracture by precipitation of semi-
coherent carbides at grain boundaries. In the course of this investiéation, they
analysed the O.R. between carbides and matrix. They found an approximate

Burgers O.R..

3. EXPERIMENTAL PROCEDURES

The materials were prepared from Molybdenum ribbons supplied by
Johnson, Matthey and Co.. The main impurities are iron (< 20 at ppm) and
chromium (< 10 at ppm). Interstitial impurities are carbon, nitrogen and oxygen
which are at a level less than 100 at ppm in the untreated samples. The strips
were rolled down to a thickness of 150um, and homogenized by joule heating in
an ultra-high vacuum furnace (10-?3 torr) at 2600K. The details of the device are
described in Ref. (15). During such a heat treatment oxygen, nitrogen and
hydrogen outgas to levels below 10 at.ppm (9). At the same time the rolled strip
recrystallizes into large grains with a preferred orientation so that the [100]
axis is perpendicular to the plane of the foil. The specimens were then heated to

1900K in a known volume of acetylene (~ 18) at a given pressure 0™ torr). This
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process ensures an estimated carbon concentration of 500 to 5000 at ppm and is
sufficient to study structural features of precipitation but totally inadequate for
quantitative studies.

To prevent heterogeneous nucleation on grain boundaries, the sample was
quenched by switching off the heating current. The cooling rate was measured
with a 75um tungsten-rhenium thermoco:dp"le and an oscilloscope. It was found to
be ~ 2500Ks-l; In the same UHV system the specimens were then annealed for 1
hr at 1073K.

Electropolishing

From the carburized and annealed strip 2.3mm discs were punched out and
electropolished in a methanol, glycerol, sulfuric acid (80%, 16%, 4%) sdlution.
The temperature was -35°C, the voltage 30V. Adding glycerol resulted in a slower
but better polish, and reduced the preferential etching of big Mo'ZC precipitates.
When using more glycerol, one has to increase thé temperature and decrease the
voltage.

Electron Microscopy

A Philips 301 was used for conventional! microscopy, a JEOL 200CX for
high resolution, a Philips 400 for convergent beam experiments, and the new

1.5MeV Kratos HVEM to obtain good penetration in thick foils.

4. EXPERIMENTAL RESULTS

4.1. Orientation Relationship

As small precipitates give very weak diffraction information, it is helpful
to use the bcc Mo matrix diffraction spots for tilting experiments on the hcp
M02C precipitates, and thus the knowledge of the arientation relationship is
essential. The convergent beam technique was used on relatively big precipitates

° v
protruding from the edge of the foil. The size (500A) and the convergence angle
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3rd) of the electron beam is such that Kikuchi lines are obtained from the

(5.10°
precipitate only, which can then be oriented along a low order zone axis with
very good precision (Fig. 1). The probe is then set on the nearby matrix without
moving the specimen. The relative orientation is then determined with an
accuracy of at least 0.5° (16).

In the case of Fig. 1, the use of a short camera length shows very clearly

[T 1" L Y ] . .
the "distance" between the [O(Jl]M0 and IllZD]MOZC axes.  This distance
corresponds to a rotation of 5.5 + 0.5° around the [ll('.!]Mo axis. The orientation
is the Burgers relationship as was reported by [14]. These authors detected by
analysis of moire patterns a misalignment of [llEJ]Mo and [OODI]MOZ‘C' This
can be precisely ‘measured and visualized by a high resolution lattice image of a
precipitate interface (Fig. lc) and was found to be 2°. A similar result was
reported in the Ta-C system by (5,15). The results are summarized by a double-
stereogram in Fig.2 drawn for the relevant (%) = 1.57 ratio. These results
' a MOZC

were found to be true for smaller platelike precipitates as Fig. 5f obtained by

microdiffraction shows.

4.2. Morphology of the semicoherent carbides

Fig. 3a shows the microstructure of hcp MOZC platelets in the bcc Mo
matrix. Typical dimensions are 0.5um in diameter and 20nm in thickness. The
habit plane was determined by tilting the precipitates edge-on. As the density of
platelets is rather low, the improved penetration offered by high voltage
microscopy is helpful to select a precipitate suitable for analysis. Moreover, it is
easier to decide when a large, rather than thin, section of a precipitate is edge-
on. Precision was increased by imaging under weak beam conditions to eliminate
the strain contrast surrounding the plates.

In Fig. 3 one can see that one platelet is edge-on for both beam directions

[T03] and [I13]; the habit plane is thus uniquely determined to be (301)M0.
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The broad faces of the précipitates‘ are covered with an array of
remarkably étraight lines (Figs. 3, 4). Knowing that they are located in the

interface, they were determined to lie‘along [IlB]MO by trace analysis (for

~example, in B = [013], they are parallel to [200]).

Fig. 4 shows a high magnification picture of one such nearly face-on
platelet. The lines are paired corresponding to the top and bottom of the
precipitate. One can see an indentation at the edge and a "nose" out of the plane

of the precipitate. These last features were quite often observed.

4.3, Analysis of the Intérfacial Lines

The étrain in the matrix neighboring the platelet can be analysed by
classical g.b experimeﬁt, as is shown in Figs. 5a,b,c. The lines are visible wHen
using the 002 reflection (a) but are out of contrasﬁ when using a 031(b) and an 020

(c) reflection. Thus, the strain in the matrix has a displacement vector with a

'strong component along [001]. The remainder might be élong' [100] since it is

invisible with beam directions close to [100].

The contrast behavior of the precipitate itself is totally .obscured by matrix
effects (moire, strain) but valuable information can be gained by
microdiffraction.

Fig. Sf is the microdiffraction pattern of Fig. 5e. It can be seen that
[IlJ]M0 = ‘[IlOO]MO C = B (beam direction) and that there is a rotation along

2
this axis so that [0001] is not exactly parallel to [110] as has been noted for

‘bigger precipitates. In Fig. Se the precipitate is seen edge-on along [113] which

is the direction of the interfacial lines. The section of the platelet is striated
with lines perpendim’:lar to the [0001] direction.

From this [1100] zone, the precipitate has been tilted to [2110] using the
matrix reflections as a navigational aid. The [2110] pattern, instead of well-

defined spots, consists of streaks perpendicular to the (0001) plane, with no spots
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or streaks in the row passing through the forwafd scattered beam and parallel to
these.

This situation can be analysed in the way proposed by (17). Instead of
describing separately matrix and precipitate spots, these can be described as
product and parent lattices related by a shear; in the reciprocal lattice the
invariant plane has a normal 5, and a shear direction n which corresponds in the
direct lattice to a shear of direction ? leaving a plane of normal n invariant.

Fig. 5d can be interpreted in real space as a shear along [1100] in the
plane [0001]. Streaks instead of spots are observed because the shear s is not
of well-defined magnitude.

This whole tilting and diffraction experiment is summarised in the
stereogram of Fig. 6.

4.4 Twin Relation of Double Precipitates.

Many precipitates are paired as is shown, for example, in Fig. 8; that is,
two variants grow together. The habit plane and the line direction for these
precipitates were determined by stereo and trace analysis; they were found to be
respectively (031), [113] and (130), [311]. Given the dislocation line direction
of a plate, the corresponding variant can be uniquely determined since any given
<113> direction is contained in only one {110} which is nearly parallel to the
unique (0001) basal plane of the precipitate.

The results of Fig. 8 are plotted on a composite stereogram in Fig. 9. One
can see that the two variants are related by twinning on the (1101) = K, plane
which is exactly parallel to (101) Mo

4.5. Dislocations in the matrix associated with the precipitate.

Many of the precipitates are hidden in a tangle of dislocations which makes
a detailed analysis difficult. However, two types of commonly observed

dislocations have been distinguished.
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The first type consists of dislocation loops lying in planes (probably 110 )
near the habit plane {301} of the precipitate. These dislocations were always
found to have a g-<lll> type Burgers vector, and they are pinned at the edges of
the platelet. Figs. 10a,b,c show examples of these d_islocations; the arrows show
small loops being punched out from the edges. Fig. 10c shows how the
dislocations are in planes near the habit plane which. is edge-on here.

The second type is less often observed probably due to the fac‘.t these
dislocations are not pinned by the precipitate and can easily glide out. These
dislocations are nearly perpendicular to the piatelets. Their Burge;‘s vectors

were found to be either 52’-<lll> or %<100>. Figs. 10d,e,f show such an example.

5. DISCUSSION

5.1. Invariant Line

As this research follows logically the work by Dahmen '(5,7), and Dahmen
and Westmacott (4), the relevant results of the Invariant Line Theory will first be
* summarized.

It is- well known that the Bain strain transforms an fcc into a bce unit cell
by a contraction along the ['OOl]fCC axis and a uniform expansibn of the (Oﬂl)fcc
plane (18). The other fcc/bcc O.R.s can be derived from the basic O.R. by
rotation around the proper axis (5).

Similarly, as shown in Fig. 7, an hcp cell can be produ'ced out of a non-
primitive bec cell (9). In this case, the equivalent of the Nishiyama-Wasserman
O.R. is the Pitsch-Schrader O.R. This transformation is detailed here for the

c

o ) o
Mo-MoZC (abcc = }.l&?/—\, a =3.002 A, c = 4.720/\, 3

hep

transformation matrix A refers to the axes

hep

= 1.57) case. The _
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(x,y,2) = ([00I] ., [1I10}, ., [110], )
= ([zﬁo]hcp, [0110] hep? [0001]hcp) .
( aallo] .
- {001}
A = o  4foi0] 0
' 1[110)
0 0 % [0001 ]
2[110]

where [hk.2] is the distance between nearest neighbors in the [hk.2] -

direction. In our case.

{0.95 0 0 ( a 0 o\
A = 0 117 0 - | o b 0
0 0 1.11) \ 0 0. ¢

a, b, ¢ being constants defined by this relation.

An invariant line can be obtained by a rotation of angle 8, to be determined,

around the z = [110] bce axis. This can be expressed by

cos8 sin8 0 a 0 0 acos8 bsin@ 0\

-asin@ bcos8® O

o
H

A' ={-sin 8 cos 8 OF O b
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and A'u = y, that is det ]'A' - 1|= 0 for a nontrivial solution (5). When solved, this

equation gives cos 8= !a—ié“—g = 9.963 x lD'l, 8=4,9°

0.950 -0.098 O
A =|o0m081 1168 0
0 0 111

The solution of the equation A'u = u_is the vector

-0.90
0.43
0

in the (x, y, z) axis or [TlB]M0 in the crystallographic axis,

[T13]{001]

———= -0.90,
V1149V 1
[113][110] :
’ ———= + 0.43 ;
V141497141
[T13][110]
0.

V14149 V141

An invariant line is thus produced by rotation around [llO]M0 of 4.9°
instead of 5.26° coi‘responding to the Burgers O.R. Such a difference is just at
the limits of experimental precision. It has also been proved that the Invariant
Line is the [I13-] direction, which is the direction of the straight lines observed.
in the interface of MoZC platelets.

- At this point it is necessary to discuss the structure of an ideal semi-

coherent interface, that is of lowest energy. O-lattice theory permits the
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calculation of the structure of a given interface between two phases in a given
O.R. A general interface contains two sets of dislocations of Burgers vector and
spacing (Ql, dl)’ (92’ dz).

An "energy parameter" P = (bl/dl)z + (bzldz)2 can be attributed to the
interface. Dahmen (7) has shown that this energy can be minimized by letting
one spacing go to infinity, that is minimizing the O-lattice unit cell. p-i /di is a
measure of the transformation strain in the direction of Qi; for example, a large
straiﬁ along 91 would require many dislocations to be accommodated, hence a
small spacing and a large value of Qi /di.l Pis minimized by altering the O.R. so
that the strain Qi /di goes to zero, which is equivalent to having perfect atomic
fit in the direction of gi. This is the requirement for an Invariant Line and it is
demonstrated that the optimum boundary contains a single set of dislocations
parallel to the Invariant Line.

The problem can also be tackled in a different way. In the O-lattice
treatment no question is asked about the origin of the diélocations; they are just
used in the best way to minimize an interface energy. Dahﬁ\en and Westmacott
(4) have shown that in the case of Cr(bce) needles in a Cu(fec) matrix, only those
precipitates which have their transformation strain in the direction of an
available matrix Burgers vector will grow. The transformation matrix A can be
decomposed in a pure deformation matrix P and a shear matrix S. If this shear s
is in the direction of a parent lattice translation, it can be relieved by the
introduction of a set of screw dislocations which constitutes the loss of
coherency. As shown by (4) the strain to be accommodated elastically is reduced

1_p.s.st

to A.S” =P,
With this theoretical background, the present results can be interpreted in
the following way: the straight paired lines are dislocation loops parallel to the

Invariant Line; their shear component is along [ITUO]MQ C which is parallel to
2
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[IlB']MO as can be seen from the diffraction pattern (Fig. 5d), the bright field
images (Fig. 5e) and the indentation (Fig. 4). The loss of coherency is obtained
by glide of matrix dislocations, such as the one analysed in Fig. Qd,e,f into the
interface, on the nearly parallel (llO)M0 and (DlJOl)M02C glide planes.

" Since there is a volume chahge, equal to the determinant of A (23%), the
pure deformation P is not the-identity, and one expects an elastic strain field in
the matrix perpendicular to the LL. This explains why the strain field in the
matrix near the precipitate has a displacement vector along .[IOU]MO (Filgs.
5a,b,c); that is, it has a component perpendicular to [lIUD]MOZC = LL. (Fig. 6).
This strain can occasionally be relieved by glide in the (110) ~ (DOOl)MOZC plane

.leading to the formation of "noses" (Fig. 4).

5.2. Twin Relation of Double Precipitates

The two twin-related variants are derived from each other by a mirror
operation on‘Kl = (TOll)Mozc. By definition two variants are related by a
symmetry operation of the matrix. Hence Kl has to be parallel to a mirror plane’
of the matrix. In a Burgers O.R., this is not the case, but (101)Mo planes are
close to (TOll) planes. However, a rotation of 1° around [Tl}] = [1100] will
bring the two poles into coincidence (Figs. 2-8); by the same operation (110) and
(0001) are no longer parallel which is experimentally observed.

This Kl = (1101) and n = (1102) is not very common in hcp materials but -

has already been observed in big precipitates of TaZC in a matrix of Ta (15).

5.3. Future Experiments

Dahmen (5) has shown that the Invariant Line can be a non-rational
direction. It would be interesting to verify if this is experimentally true by very
careful and precise line direction measurements. ‘In the case of the Ta-C system,
the lattice-parameter ratio is such that the LL. is close to <112> directions. An
analysis of semicoherent Ta2C precipitates would be a very intefesting

comparative study.
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For further study of the lass of coherency, high resolution imaging of the
platelets in the same condition as the one presented in Fig. 5e would be very
valuable, but difficult from a pure experimental poir:nt of view.

Fig. 11 shows the microstructure obtained after a poorly characterized
heat treatment. However, it is interesting in two aspects independent of the
thermal history. First the picture shows that some precipitates can lose
coherency by punching out prismatic loops. This situation could be compared to
the case.of Cr (bcc) needles in the Cu (fcc) matrix (4); the precipitates would be-
the equivalent to those Cr needles lying continuously on the cone of unextended
lines after an annealing treatment of 2h at 700°C. That is, they only satisfy the
requirement for an invariant line but the shear component of the transformation
strain is not close to an available Burgers vector. To prove this point,
microdiffraction on these precipitates will be necessary. They then lose
coherency by punching out edge loops. Edge loops can only be created in pairs of
opposite sign whereas shear loops require no counterpart, and hence it is more
favorable to nucleate a shear loop rather fhan a pair of prismatic loops. One can
expect these precipitates to disappear for longer ageing heat treatments in the
same way as Cr needles cluster around <110> Cu direction; the only precipitates
left should be the ones which lose coherency by shear loop, and are presented
earlier in this study.

Another interesting aspect of this micrograph is the heterogeneous
nucleation of secondary precipitates on the loops (arrows). The same variant of
the precipitates nucleate on the exact spot of the loops. If the loops are of pure
edge character, the fact that the same position is chosen by the precipitate
nucleus on every loop points to a crystallographic influence. This might be
related to the splitting of the dislocation into partials at the spot where the

dislocation line is in a favorable crystallographic direction. The particles could



-15 -

then help the transformation from Mo bcé to'MOZC (h.c.p.) in the same way as a
Shockley partial -é-<112> transforms fcc into h.c.p. crystals.

The precipitates in Fig. 11b are edge-on and lie on the (310) plane. These
planes are expected to be the haB;lt plane of coherent precipitates as has been

reported in the Ta-C system (15). This is in contradiction to the results of Blirck

" who-Feports that the habit plane is {114}
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Figure Captibns

Fig. 1. Determination by convergent beam and lattice fringe imaging of the
precise orientation relationship of an h.c.p. M02C precipitate'in a bee
Mo matrix.

Fig. 2. Composite stereogram showing the O.R. between Mozc (h.c.p.) (% =

-- 1.57) and Mo (b.c.c.).

Fig. 3. Tilting experiment determining the. habit: plane and the direction of
interfacial lines of Mo,C platelets. (700kV)

Fig. 4. High magnification image of a typical MoZC platelet. Arrows show
respectively an indentation and a "nose" in the precipitate.

Fig. 5. a), b), c)k Aﬁa-lysis of the strain field in the matrix surrounding a
platelet. This strain field has a strong component along [100]. d)
Microdiffraction along [Elw]MoZC showing evidence of vshear in the
(0001) plane along the [TlOO]MOZC direction. e) Bright field image
showing that the shear plane is (OUOl)MOZC. f) Microdiffraction of e);
the precipitate spots are underlined. The arrow points to the rotation
of (000’1)M02C away from (llD)MO. |

Fig. 6. Stereogram summarizing the preceding results. The habit plane of the
precipitate is (301), the Invariant Line (arrow) is [TD]MO = [TlOO]MOZC.
This stereogram presents the phases in the Burgers O.R. and doesn't show
the misorientation of (llO)Mo and (OOOI)MOZC for clarity purposes.

Fig. 7. a) unit cell of the b.c.c. lattice;b) distorted h.c.p. cell picked out of the
b.c.c. lattice as in a c) stereogram of the Pitsch-Schrader O.R. (after
18).

Fig. 8. Two precipitates in Twin Relation. The respective LL. direction are

along {I13)] and [3I1].



Fig. 9.

Fig. 10.

Fig. 11.

w19 =

Stereogram corresponding to Fig. 7; the habit planes [(130) and (031)],
the LL. directions ([113], [311]) are indicated. By mirror operation on
K, = (1011), exactly parallel to (101)M0, (UOOl)MOZC is transformed into
(0001) near (UlDMo’ and [I13] = [1100] is exactly transformed into
[3H]M0 = [ImO]T.

a), b) examples of dislocation loops pinned at the precipitate edges.
(700kV). c¢) same type of dislocations, but seen around an edge-on
precipitate. d),e),f) analysis of an -621 [100] dislocation which can slip
on the nearly parallel (110) and (0001) Mo, C planes.

Secondary precipitation on punched out loops (HVEM, 1MeV); in b) one

of the rows of loops is out of contrast. Precipitates on the (310) plane

are visible. The dotted background is due to radiation damage.
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