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ON "ARROW Il MARTENSITE 

Wo Wo Gerberich, G. Georgakopoulos and Go Chanahi 
/ , 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Materials Science and Engineering, College of Engineering 

University of California, Berkeley, California 

In the course of investigating some steel to be used for the study 

of the strain-induced transformation, some very unusual athermal martensite 

morphology was noted. First, the material was severely mechanically worked 

at 450°C which resulted in chemical and structural heterogenities. Secondly, 

the material was somewhat lean in alloy content and upon cooling to room 

temperature, athermal martensite formed. This combination of factors led 

to the formation of what we shall term "arrow" martensite. The details 

by which this morphological appearance resulted are discussed below. 

Material and Processing 

The material had the following composition in weight percent: 

C S SiMn Ni Cr Mo 

0.05 0.03 1.6 1.0 7.5 12.2 4.0 

A 3-inch diameter ingot was prepared, forged at 1100oC, air cooled, aus-

teni tized at 11000C for one hour and warm-rolled 80 percent at 450°C. 

It was subsequently re-austenitized at l2000C for 3 hours and air cooled. 

From this composition, a calculated M of about 43°C was determined. 
s 

Observat ions 

Upon cooling to room temperature, the athermal martensite as shown 

in Figure 1 resulted. It is seen that, in any particular grain, there is 

a single orientation of martensite plates, which, in itself is unusual. 

Furthermore, in anyone line of plates, the interaction between the tip 
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of one and the back of the. subsequent one essentially ";spli t" the subsequent 

plate. The other point was that in many instances, a line of precipitate 

particles, which seemed to be on the order of one micron in diameter, inter-

sected the plates where two plates seemed to run together. This is especially 
I 

true if one extends some of the more obvious p~ecipitate lines to where 

they would intersect plates. Even though the precipitate often disappears 

at this point,. it should be realized that Figure 1 is only a 

I 
two-dimensional slice; thus, precipitates could have been either slightly 

! 
above or below the polishing plane. The possibility of alloy segregation 

being the reason for the i initiation of subsequent plates was attractive 

and, therefore, an electron microprobe analysis of both the matrix and the 

line precipitate was performed. 

USing secondary electron emission at 20 Kv, a scanning electron micro

graph of a Simila~ area is shown in Figure 2. Here, it is seen that a line 

of precipitates is coincident with the initiation of two rows of plates. 

Also, notice that the cohtinuation of a second line of precipitates to 

the left of the first line intersects at the junction of the inItial plate 

and a. subsequent one. Microprobe analysis of both matrix and precipitate 

was done at 20 Kv and a current 0 f 0.03 mi croamperes • A li thi urn flouri de 

crystal was used for Fe,Cr,Ni and Mn, while a pentaerythritol crystal with 

about double the 2d spacing was used for Mo and S. The results in counts' ~ 

per 10 second interval are given in Table 1. First, it is seen. that the 

region containing the line precipitate is low in Cr, Mo and Ni compared 

to the matrix. Secondly, it is seen that there is a heavy concentration 

of Mn and S in the precipitate region as compared to the matrix.' It should 
! 

.: .,' 
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also be noted that a cursory check showed no unusual P andSi in the 
, 
I 

precipitate region. Further eviderice that the precipitates involve Mn 

and S is given by Figure 3 which shows scanning shots of K radiation . '. . a 

from the identical area in Figure 2. Also shown in Table 1 are standards 
II .-

fOll" Mn and.S. 
I . 

I 

Calculation of the equivalent counts for sulfur from the 
I 

FeS2 standard indicates that 30,100 counts would represent 100 percent 
I 

s\4fur • 

. I .';-
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Discussion 

I 
First, consider the electron microprobe data. From Table 1, it is 

seen that in the precipitate region, there was a loss of about 12 to 13 

, percent alloying content with respect to Cr, Ni, Mo. A check on iron was ,~; 

.' made and it was found that there was a 'loss in Fe of about 11.8 percent. 
, I 

Since Fe was the major element, this latter figure was considered as 

representative of the loss in this area. In this context, it is assumed 

that the loss is due to regions being taken up by the precipitate which 
i 

. I 
are void of the above-mentioned elements. Now, if it is assumed that the 

line of 'precipitates is MnS, then taking into account the difference in 

density between matrix and precipitate leads to an estimate of about 15.1 

percent precipitate in the region covered by the microprobe. Considering 

the atomic weight of Mn and MnS, this should give about 

( 54. 94 ) 15.1% x 25,800 counts/lOO% = 2450 counts 87.01 " ' 

in the pr,ecipi tate region. AS may be seen in Table 1, the observed number 

of counts is 2392 on the: average. Similarly, for sulfur, the calculated 
, I 

number of counts is about 1670 whereas the observed number averaged 1367. , 

Actually~ the Mn in the precipitate region is coming partially from the pre-

cipitate 'and partially from the matrix. Considering the same drop in the 

matrix Of about 12 percent, the matrix count of Mn in the precipitate region 

should be 404. If this is subtracted ~rom the average of 2392 counts, then 

about 1988 counts should be associated with the precipitate alone. As 

there was essentially no background count for sulfur, it may be assumed that 

it was all tied up in the precipitates. Using the 1988 counts f~r Mn,the 

. < .:' . 
'" .: .... ;', ":, , '., 
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1367. counts for sulfur ~" and the standards for Mn and 8,i twas found that 

7.71 weight percent Mn ~d 4.54 weight percent sulfur could be associated 

with the precipitates in t~e region examined. ',I'he ratio of these weight 
j 

percents (0.589) compared to the ratio of the atomic weights for Mn and S 
I 

(0'.585) demonstrates that the precipitates must be MnS. 
I • 

Next, consider the morphology of the resulting martensite. First, 

the martensite must nucleate in a peculiar way so as to have many plates 

line up along a single h~bi t plane. Secondly, the plates must grow in a 

peculiar way so as to produce the "arrow" morphology. With respect. to 

nucleation, either compositional variations or local strains due to struc-

turalheterogeni ties may preferentially affect nucleation. It is suggested 

that both the grain boundaries and the precipitates act as nucleation sites. 

The latter site is probably due to a stress field consideration rather than 

chemical considerations since the microprobe analysis indicated no unusual 

variations in any of the elements affecting Ms' This: is even the case 

. with Mn, since if one takes into account the value which was identical to 

the matrix to detenmine the number of counts which should be associated 

with Mn in the precipitates, the stochiometric ratio for MnS resulted. 
" 

With respect.to growth, the slightly curved and split plates are probably 

due to the interaction of st~ess fields. Not only would a second plate 

act as a physical barrier to an initial plate advancing along the same 

habi t' plane, but it might also cause curv~.ture in the austenite-martensite 

interface as suggested by Reed. (1) 

Considering the above discussion, the schematic in Figure 4 is sug-

gested as the mechanism by which "arrow" martensite t'orms. The initial 

. ,'.,~:' :',1. ," " . ~ .. .' i' : ~ .. ' :',. ~ 1 ',' 
" 

,,.:' 
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plates seem to emanate mostly from grain boundaries. As depicted in the 

second step of the schematic, the stress field at the tip of the advancing 

plate triggers a second plate at the line of MnS precipitates. Triggering 

occurs preferentially at this point probably due to either some residual 

stress field about the precipitates or due to the stress concentration 

represented by them. The fact that the triggered plate remains in the same 

line and orientation as the initiating one suggests that the stress field 

at the tip of the advancing plate is fairly localized. Otherwise, some 

other habit plane might be expected to result at least occasionally. As 

the martensite plates grow together, depicted by the third step, there 

is an interaction of the! two stress fields. Rather than completely stopping, 

however, the broad rear of the second plate splits and continues to lengthen 

and thicken on two fronts, giving it an "arrow" configuration. 

In summary then, it'appears that MnS particles,probably formed during 
. I 

i 
the early Stages of processing, are lined up in rows during the 80 percent 

deformation at 450°C •. Cooling to temperatures just below M nucleates . 's 

martensite at the grain boundaries. A series of secondary nucleation events 

due to the interaction of stress fields of both plates and precipitates 
I 

leads to the formation of "arrow" martensite. 
i 

This work was supported by the United States AtOmic Energy Commission . 

.. ' 
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TABLE 1: ELECTRON MICROPROBE DATA IN GOUNTS/I0 SECONDS 

Matrix 

CrK a 

4662. 

·4701 

~814 

4609 

4688 

4760 

4680 

MoL 

208 

202 

188 

171 

192 

201 

171 

a 
NiK 

a 

1457 

1487 

1486 

1502 

1602 

1579 

1505 

+ Mn and FeS2 Standards 

Line Precipitate 

CrK a 

4134 

4292 

3996 

4138 

3863 

3850 

4200 

MoL 

157 

162 

192 

156 

150 

153 

183 

a 
NiK 

a 

1365 

1399 

1294 

1426 

1222 

1255 

1230 

~, 

,y 
" 
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List of Figures 

1. "Arrow" morphology of athermal martensite. 

2. Secondary electron emission scan of "arrow" martensite and line of 

3. 

precipitates. 

Scan of K radiation for line of precipitates: (a) manganese and 
CL 

(b) sulfur - area same as Figure 2. 

4. Proposed sequence of events for formation of "arrow" martensite. 

(1) Martensite nucleates at a grain boundary. 

(2) Interaction of advancing stress field of first martensite plate 

with stress field about particles triggers second plate. 

(3) As the plates grow together, an interaction in their stress 

fields causes a split in the second plate which grows along 

two fronts resulting in "arrow" martensite. 
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Fig. 1 

UCRL-19177 

• 

I 20 It 
XBB 6910-7026 



-11- UCRL-19177 

• 

XBB 6910-7025 

Fig. 2 
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(a) (b) , 10u. 
XBB 6910-7024 

Fig. 3 



-13-

CD ® 

•••• • •• •• • .... 4. ... ' .. • 

XBL 6910-5972 

Fig. 4 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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