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A detailed electron metallographic analysis has been conducted on the morphology 

and interface structure of Mo2c precipitates in a quenched and aged Ma-C alloy. 

The precipitates were found to be plate-shaped and to lie em {301} matrix planes. 

The approximate Burgers orientation relationship, (0001) II (110), [I2IO 1 II [Ill 1, 

was confirmed. Characteristic striations along <l13> matrix directions in the 

-~· 

interface were analyzed as slip traces of shear loops on the basal plane. 

The overall features of the precipitate morphology are explained in terms of a 

model based on the invariant line concept. The invariant plane strain condition of a 

planar interface is met by the periodic nucleation of shear loops to relieve the 

developing stresses. An observed small misorientation between the close-packed 

planes is a consequence of .the restraints imposed on the precipitate by the 

surrounding matrix. Good agreement is also found between the model and 

independent observations on other refractory metal interstitial alloy systems. 

1. INTROOUCTION 

The growth of plate-shaped precipitates is found in many instances to proceed by a 

ledge mechanism [ 1]. The kinetic and structural aspects of ledge growth have 

been studied in model systems such as Al-Cu [2,3 1 and an improved understanding 

of the growth mechanisms is developing [ 41. 

In contrast, there are few systematic studies of precipitate plate growth by non­

ledge mechanisms. Systems identified to be in this category include most tran­

sition metal carbon and nitrogen alloys which are of great technological interest. 
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In these alloys a carbide or nitride phase of fcc or hcp structure precipitates in a 

bee matrix. As a result there is usually no pair of .low-index planes with nearly 

perfect match as is found in other systems, e.g. {111} fcc II (0001 ~· in Al-Ag or 

{ 001 }fcc II { 001} Q' in Al-Cu. In the absence of such "natural coherency", 

expressed as an invariant plane transformation strain (IPS), precipitate thickening 

cannot proceed by ledges. 

In many of these systems the transformation strain can be made into an invariant 

line strain (ILS) if during the transformation an appropriate orientation relationship 

(OR) is established [ 5]. This has been observed experimentally for a great number 

of alloy systems. Both lateral growth and thickening of a plate-shaped precipitate 

under these conditions will be distinctly different from the ledge growth of an IPS-

produced plate. The present study focusses ·on one such system, Ma-C, and the 

precipitation of hcp Mo2c plates in the bee lattice. 

Ma-C alloys have received recent attention in an effort to understand the influence 

of interstitial elements on the embrittlement of transition metals. Kumar and Eyre 

[ 6] used transmission electron microscopy to study the crystallography of both 

intra- and intergranular precipitates of Mo2c in slowly cooled Mo. They found an 

OR close to the Burgers relationship [ 7], and using Moire fringes they detected a 

small misorientation between (0001)Mo
2

C and (110)M
0

• They concluded that 

interface boundaries were located on planes in <110>Mo zones and analyzed 

interfacial dislocation networks with unusual a/2<110> Burgers vectors. The 

problem of embrittlement also prompted FlorjanCiC' to study in detail the 

heterogeneous precipitation of Mo2c in Mo grain boundaries [ 8]. He found 

precipitates on { 111}, {112} and {123} Mo habit planes, often leading to a 

.. 
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·sawtooth structure of the grain boundary. An extensive study of the entire 

sequence of precipitation in rapidly quenched Mo-C single crystals was made by 

Burck [9 1 who found small coherent precipitates on {H4} Mo planes which 

developed into semicoherent plates during high temperature aging. He confirmed 

the Burgers OR of Kumar and Eyre's work but did not report the small 

misorientation between close-packed planes. In large precipitates he observed a 

planar substructure which he interpreted as twinning ori UOll} MozC planes. 

A comparison between Mo-C and other transition metal interstitial alloys shows 

close similarities [ S 1. The hexagonal precipitates in V-C [ 101, V-N [ 111, Nb-C 

[12], Nb-N [13], Ta-C [14], Ta-N [13], W-C [IS] and Fe-Cr-N [16] all follow 

the Burgers or the very closely related Potter OR [ 11]. With few exceptions, 

precipitate plates form on 001} matrix planes. In fact, { 301} habit planes w~re 

found even for fcc carbides and nitrides such as TiC and TiN in Mo [ 17]. Thus· it 

appears that the habit plane of all these precipitates is determined by 

crystallographic considerations and this suggests a similar behavior for Mo2c 

precipitates in Mo. 

The Mo-C alloy was therefore chosen as a model system for studying plate-shaped 

precipitates related to the surrounding matrix by an ILS. A systematic TEM inves­

tigation of the crystallography of Mo2c precipitation is presented and the results 

are explained by a general model for the growth and accommodation of ILS­

produced precipitates. 

.\ 
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2. EXPERIMENTAL PROCEDURES 

The materials were prepared from Molybdenum ribbons supplied by Johnson, 

Matthey and Co.. The main substitutional 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 cold rolled to a thickness of 150lJ,m, and homogen~zed by Joule heating in an 

ultra-high vacuum furnace (10-6 Pa) at 2600K. 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 (:.JR.) at a 

given pressure (10-2 Pa). This treatment resulted in the carbon absorption in the 

sample to an estimated concentration of 500 to 5000 at. ppm. While adequate 

for the study of structural features of precipitation, this procedure is not 

suitable for quantitative stu.dies. 

To prevent heterogeneous nucleation on grain boundaries, the sample . was 

quenched at a cooling rate of - 2500 Ks -1 (measured with a 75lJ,m tungsten­

rhenium thermocouple and an oscilloscope) by switching off the heating current. 

The specimens were then annealed in the same UHV system for 1 hat 1073K. 

2.1. Electropolishing. From the carburized and annealed strip 2.3mm discs were 

punched out and electropolished in a methanol, glycerol, sulfuric acid (80%, 16%, 

4% by volume) solution at -350C and 30V. Adding glycerol resulted in a slower but 

• 
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better polish than without glycerol, and reduced the preferential etching out of 

large Mo2c precipitates • 

2.2 Electron Microscopy. A Philips 301 was used for conventional microscopy, a 

JEOL 200CX for high resolution, a Philips 400 for convergent beam experiments, 

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

. 3. EXPERIMENTAL RESULTS 

3.1. Orientation Relationship. To determine the orientation relationship the 

convergent beam technique was used on relatively big precipitates protruding 

from the edge of the foil. The electron beam size (50 nm) and the convergence 

angle (5.10-3rd) was such that Kikuchi lines were obtained from the precipitate 

only. This allowed the beam to be oriented along a low order zone axis with very 

good precision (Fig. 1a). By next translating the probe on to the nearby matrix 

without moving the specimen (Fig. 1b), the relative orientation could be 

determined with an accuracy of at least 0.5°. 

As shown in Fig. 1, using a short diffraction constant very clearly reveals the 

angular distance between the [001] Mo and [2110] Mo
2
C axes corresponding to a 

rotation of 5.2 + 0.5° around the [ 110] M axis. The orientation is approximately 
- 0 

the Burgers OR as shown in the stereogram of Fig. 2. A small misalignment of 

[ 110] Mo and [ 0001] Mo C (not shown in Fig. 2) reported in ref. [ 6] was 
2 

precisely measured in a high resolution lattice image of a precipitate interface 

and found to be 2°. A similar result was reported for the Ta-C system [ 14]. 

* This small rotation brings (l011)Mo
2
C into coincidence with (10l)Mo and 

changes the Burgers to the Potter orientation relationship [ 11]. These results 

* Whenever specific indices are used, they refer to Fig. 2. 
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were also found to be true for smaller platelike precipitates as shown by 

microdiffraction in Fig. Sf. 

3.2. Morphology of the semicoherent carbides. Fig. 3a shows the morphology of 

hcp Mo2C platelets in the bee Mo matrix. Typical dimensions were 500nm in 

diameter and 20nm in thickness. The habit plane was determined by tilting the 

precipitates edge-on. As the density of platelets was rather low, the improved 

penetration offered by high voltage microscopy was helpful in selecting a 

precipitate suitable for analysis. Moreover, it was easier to decide when a 

precipitate was edge-on. Precision was increased by imaging under weak beam 

conditions to minimize the strain contrast surrounding the plates. 

In Fig. 3 it can be seen that one platelet (A) is edge-on for both the [I03] and 

[I13] beam directions; the habit plane was thus uniquely determined to be 

(301)Mo" The habit plane normal and its trace are shown stereographically in 

Fig. 2. 

3.3. Analysis of Interfacial Lines. The broad faces of the precipitates were 

covered with an array of remarkably straight lines (Figs. 3, 4). Knowing that 

they were located in the interface, they were determined to lie along [l13] Mo 

by trace analysis (for example, for the (301) plate, they are parallel to [ 200] 

with beam direction B = [013 ]). Fig. 2 illustrates this direction relative to the 

(301) habit plane and the (0001) basal plane of the precipitate. 

Fig. 4 shows a high magnification picture of one such nearly face-on platelet. 

The lines are paired corresponding to the top and bottom surfaces of the preci­

pitate bounding regions of light and dark contrast. One can see an indentation 
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(A) at the edge and a "nose" (B) out of the plane of the precipitate. Both of these 

features were observed quite often. 

The strain in the matrix neighboring the platelet was determined by a g.g analy­

sis as shown in Figs. 5a,b,c. The lines are visible when using the 002 reflection (a) 

but are out of contrast when using an 03I(b) and an 020 reflection (c). Thus, the 

strain in the matrix has a displacement vector with a strong component along 

[ 001]. The remaining strain is probably along [ 100] since it was found to be 

invisible with beam directions close to [ 100]. 

The contrast behavior of the precipitate itself is often obscured by matrix 

effects (i.e. Moire fringes and strain contrast) but valuable information can be 

gained by microdiffraction. 

Fig. 5f is the microdiffraction pattern of Fig. 5e. It can be seen that B = 
[ I13] Mo .:. [ l100 lMo c and that there is a rotation along this zone axis so that 

2 . 
[ 0001] is not exactly parallel to [ llO] as has been noted previously for bigger 

precipitates. For simplicity, this misorientation is not shown in the stereogram 

(Fig. 2). In Fig. 5e the precipitate is seen edge-on along [l13] which is the 

direction of the interfacial lines. It is also evident from this image that the 

cross-section of the platelet is striated with lines which run perpendicular to the 

[ 0001] direction. 

From this [1100] zone, the precipitate was tilted to [2110] using the matrix 

reflections as a navigational aid. The [ZllO] pattern, instead of well-defined 

,.r 
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spots, consists of streaks perpendicular to the (0001) plane, with no spots or 

streaks in the (0001) systematic row. 

This situation can be analysed in the simplified manner recently proposed [ 18]. . " 

Instead of describing matrix and precipitate spots separately, they can be 

described as product and parent lattices related by a shear; in the reciprocal 

lattice the invariant plane has a normal s>, and a shear direction rt which 

-> 
corresponds in the direct lattice to a shear of direction s leaving a plane with 

normal ;;> invariant. 

Fig. Sd is interpreted in real space as a shear along [l2l0] in the (0001) plane. 

Streaks instead of spots are observed because the shear s> is accomplished by a 

set of dislocations that are not perfectly periodically spaced. 

3.4. Dislocations in the matrix associated with the precipitate. Many of the 

precipitates were hidden in a tangle of dislocations making a detailed analysis 

difficult. However, some of the observed features appeared to be general. 

0 islocation loops such as the ones visible in Fig. 3 were found to lie in planes 

(probably { 110}) near the {30D habit plane of the precipitate. These dislocations 

a . 
had z<111> type Burgers vectors and were pinned at the edges of the platelets. 

4. DISCUSSION 

The most illuminating way to discuss the present results is in terms of the 

concept of an invariant line [ 5]. As shown in Fig. 6, an hcp cell can be produced 

out of a bee cell by strains along the three principal axes x, y, z and a shuffle of 

' " 
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the atoms in every other layer normal to the z-axis (shaded atoms). This 

transformation is analyzed here for the Mo-Mo2c case with abcc = 0.3147 nm, 

ahcp = 0.3002 nm, chcp = 0.4724 nm, c/a = 1.57 [ 19]. 

matrix A refers to the axes 

(x, y, z) 

= ([21IO]h , [OllO]h· , [0001]h ) cp . cp cp 

In this coordinate system the transformation matrix is 

0 0 a 

A = 1.17 0 = 0 

0 1.06 0 

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

The transformation 

0 0 

b 0 

0 c 

An invariant line !:! can be obtained by a rotation through an angle Q , (to be 

determined), around the z = [ 110] bee axis. This can be expressed by 

cos Q sin Q 0 0 a cos Q b sin Q 0 

A' =-sin Q cos Q 0 0 b 0 = -a sin Q b cos Q 0 

0 0 0 c 0 0 c 
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and A'u = u, that is det I A' - I I= 0 for a nontrivial solution [51. When solved, this - -
1 + ab -1 o equation gives cos Q = a+b = 9.963 x 10 and Q = 4.9 

0.950 -0.098 0 

A' = 0.081 1.164 0 

0 0 1.06 

The solution of the equation A'u = u is the vector - ... 

in the (x, y, z) coordinate system. In terms of the crystallographic axes, this 

vector is [113 1 Mo which is indeed the observed direction of interfacial lines. 

An invariant line is thus produced by a rotation of 4. 9° around [ 110 1 Mo (instead 

of 5.26° corresponding to the exact Burgers OR shown in Fig. 2). Within the 

limits of the experimental precision this is the observed OR as illustrated in Fig. 

1. Thus it can be concluded, as suggested earlier [ 141, that the OR between the 

matrix and the precipitate lattice is such that there is a line of no strain, i.e. an 

invariant line. 

4.1. Model. If the precipitate/matrix interface contains this invariant line 

direction (here [l13 1) one condition for a low energy interface is met. It was 

shown in [ 20 1 that needles of bee Cr in fcc Cu followed the same invariant line 

criterion. However, in the present case, the precipitates are plates rather than 
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needles. The observation of the unusual closely spaced interfacial lines along the 

invariant line direction suggests they are related to this change from needle to 

plate shape. A credible model evolves naturally from a consideration of likely 

mechanisms for this transition. The transformation stresses which build up 

whenever the precipitate grows normal to its zero strain axis can be relieved by 

the periodic nucleation and expansion of a shear loop [ 20]. The loop plane must 

contain both the Burgers vector and the invariant line and will generally be 

· inclined to the habit plane. As a result the precipitate plate will be enveloped by 

a parallel set of shear loops lying in the interface. Because of the plate shape of 

the precipitates the appearance of the shear loops in most orientations will be 

one of dipoles along the invariant line. This explains the observed pairing of the 

interfacial lines across the precipitates (see Fig. 4). 

The plane of the shear loops can be seen directly when the precipitate is viewed 

along the invariant line direction as shown in Fig. 5e and the analysis revealed 

this shear plane to be the expected (0001) basal plane of the precipitate. In 

reciprocal space, the diffraction pattern shown in Fig. 5d exhibits splitting of the 

precipitate spots in the (0001] direction, normal to the plane of shear, whereas 

all the spots in the plane perpendicular to the [I2IO l direction are unaffected. 

This method of analysis [ 18] allows a simple direct identification of the shear 

system as (0001)/ [I2IO]. The stereogram in Fig. 2 shows that in the Burgers OR 

this is a shear system common to matrix and precipitate. In the terminology of 

Olson and Cohen [ 21] the shear loops are (perfect) anti coherency dislocations, 

and the resulting shear is lattice invariant. The reason this shear nevertheless 

leads to a splitting of the precipitate spots in the diffraction pattern is the 

ordering of carbon atoms in Mo2c [ 19]. The array of shear loops will result in a 

. ~ 
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periodic sequence of (0001) antiphase boundaries as seen in Fig. 4. The 

continuous nature of the spot splitting is evidence for an imperfect periodicity of 

the antiphase boundaries. 

It can thus be concluded that the growing precipitate relieves the coherency 

stresses by nucleating shear loops on the (0001) precipitate slip plane with a 

Burgers vector in the [l2l0] II [Ill] direction. The. resulting stress relief is 

incomplete, however, since not all the homogeneous (lattice variant) strain lies in 

this direction. Hence the shear loops will be visible in an electron micrograph 

due to the net residual strains, i.e. the difference between the lattice variant and 

the lattice invariant strains. This explains the initially puzzling observation of 

an [001] component in the Burgers vector of the interfacial lines. 

4.2. The deviation from the Burgers OR. The small but consistently observed 

deviation from the Burgers OR by misorientation between the close packed planes 

(llO)m and (OOOl)p may also be understood in this model of precipitate growth. As 

the precipitate loses coherency by continued nucleation of shear loops, the highest 

stress relief occurs for the (301) habit plane. At the same time the constraint of 

the surrounding matrix lattice results in a rotation of the precipitate lattice much 

the same as in a single crystal tensile test with a single slip system operating. The 

magnitudes of shear and rotation are directly related and a complete quantitative 

analysis is in progress. 

For the c/a ratio of the Mo2c, only a small rotation is necessary to bring into 

coincidence (lOll) and (101) to form the Potter OR [ 5]. Two precipitate variants 

related by a (101) mirror operation of the cubic matrix lattice would then be in 
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exact twin orientation with the twinning system K1 = (lOll), n 1 = (1l02). Partial 

strain accommodation can thus be achieved with twin related precipitates. 

Finally, the dislocations surrounding the precipitates (Fig. 3) are thought to 

accommodate strains that build up as the precipitate grows in thickness (as 

opposed to lateral growth). Their behavior is different from that of the shear loops 

since only part of these loops lies in the interface and the remainder is free to 

expand in the matrix in response to elastic stresses. 

4.3. Relation to. other precipitation systems. Although the model for the pre­

cipitate growth and strain accommodation is discussed only for the Ma-C system, 

its application is much more general. {301} habit planes have been reported not 

only for plate precipitates in a number of similar alloys such as V-C [ 10], Nb-C 

[ 12], Ta-C [ 14], but also for systems where the precipitating phase is fcc such as 

TiC and TiN in Mo [ 17]. As outlined in [ 5] the common factors are the 

transformation strains, the shear systems, and the requirement of an invariant line. 

If for the same crystallography, the lattice parameters are such that an invariant 

line cannot be formed, {001} habits and more symmetric ORs are observed. This is 

the case for both hcp/bcc systems such as Mo2c in Fe [ 22] and fcc/bee systems 

such as HfC, HfN, ZrC, ZrN in Mo [ 17]. This clear pattern confirms an earlier 

suggestion that the {301} habit planes are a result of crystallography rather than 

elastic anisotropy [ 14]. Other observations on large carbide particles confirm the 

precipitates slip plane of the present model. In Nb-C, V-C and to a lesser degree in 

Ta-C, extensive faulting was found on the precipitate (0001) planes. 

A significantly different habit plane, { 21l} instead of {3Ql} was observed in V-N 

[ 11] where the transformation strains are accommodated by twinning on { I011} 
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rather than slip on (0001). Of all the hcp/bcc and fcc/bee alloy systems listed 

above, this is the only one to exhibit extensive twinning and also the only one with 

a {211} habit. This is clear evidence for the important role of the mode of strain 

accommodation, slip or twinning, in the determination of the habit plane. Thus the 

model is supported by observations on a variety of alloy systems. The precipitate 

habit plane and resulting interface also conforms to the "minimum energy'' 

criterion of 0-lattice theory [23 1, the invariant plane strain/mobile interface 

requirement of martensite theory [ 241 as well as Eshelby's minimum strain energy 

criterion [ 25 1. It has been shown [ 26,201 that this is not coincidental and the 

present study gives direct evidence for such interfaces. 

5. CONCLUSIONS 

1) Plate shaped precipitates of Mo2C were found to form on { 301} habit planes 

of the Mo matrix. 

2) The observed orientation relationship was such that the matrix and precipi­

tate lattices were related by an invariant line strain with <l13>. as the 

invariant line direction. 

3) Closely spaced lines in the precipitate interface plane lying along the 

direction of the invariant line were analyzed as shear dislocation loops. 

4) Based on the strain accommodation by nucleation of ·these shear loops on 

(0001) planes with Burgers vector along <I2IO> directions, a model is 

5) 

presented for the mechanism of precipitate growth •. 

The model explains the small misorientation between (0001)Mo
2
C and (llO)Mo 

by constrained shear on a single slip system. 
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(6) Strain accommodation by periodic twinning on {lOll} planes rather than by 

shear loops on the (0001) plane leads to a { 211} rather than a { 301} habit 

plane. 
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Fig. 1. Deler.rnination by convergent beam diffraction of the precise orientation 

relationship of an hcp Maze precipitate in a bee Mo matrix. 

Fig. Z. Composite stereogram showing the Burgers OR which is approximately the 

OR between Mo2c (hcp). (c/a = 1.57) and Mo (bee). All specific indices 

use'd in the text refer to this figure. 

Fig. 3. Tilting experiment determining the habit plane and the direction of inlerfa-

cial li!les on Ma2c platelets. (700kV) 

Fig. 4. High magnification image of a typical MozC platelet. Arrows show respec­

tively an indentation (A) and a "nose" (B) in the precipitate. 

Fig. 5. a), b), c): Analysis of t.he strain field in the matrix surrounding a platelet. 

This strain field has a strong component along [ 001]~ d) Microdiffraclion 

pal_lern along (ZllO] Mo C showing evidence of shear in the. (0001) plane 
z 

along the [ Izio] Mo C direction. e) Bright field image showing that the 
2 

shear plane is (0001)Mo c· f) Microdiffraction pallern of e); the preci-
. 2 

pilate sp~ts are outlined. The arrow points La the small rotation of 

Fig. 6. Schem;:tlic showing lattice correspondence between bee cell (heavy out-

lines) imd hcp cell. Every other layer of atoms normal La the z-axis 

(shaded) must undergo a small shuffle. 
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